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Abstract

This diploma thesis focuses on the mechanisms involved in the formation of silver
nanoparticles by biosynthesis. Here, the -electro-spraying method was employed
with poly(vinyl alcohol), and this was combined with silver nanoparticles
on a poly(e-caprolacton) fibrous material. The theoretical part of the thesis describes
the preparation and antibacterial properties of silver nanoparticles and their incorporation
in polymeric droplets by electrostatic spraying. These processes were conducted to prove
the hypothesis that fibrous materials combined with silver nanoparticles have great
possibility for application in medicine and especially in wound dressings. The experimental
part then demonstrates how silver nanoparticles are prepared by the chosen organic
compound - maleic acid - with concentration gradient. This is followed by the attachment
of polymeric droplets, and final mixing of the polymer with nanoparticles on the fibrous
matrix by electro-spraying. The analyses used to characterise the prepared silver
nanoparticles and fibrous materials include electron microscopy, X-ray diffraction
and dynamic light scattering. These confirmed that the silver nanoparticles were
successfully synthesised, and they were then subjected to antibacterial and cytotoxicity
testing to illustrate their worth in the biomedical field. Finally, the electrostatic spraying
of poly(vinyl alcohol) and its mixture with silver nanoparticles for attachment
to the prepared poly(e-caprolacton) fibrous matrix was evaluated. This also proved

successful and, most importantly, it produced no cytotoxic effect.
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Abstrakt

Diplomova prace se vénuje studiu mechanismu tvorby stfibrnych nanocastic metodou
fytosyntézy a elektrostatickému procesu sprejovani polyvinyl alkoholu a jeho smési
s pfipravenymi nanocasticemi na polykaprolaktonova vldkna. Teoretickd Cast je z Casti
vénovana piipravé a antibakteridlnim vlastnostem nanocéstic stiibra a castecné
elektrostatickému procesu a jeho vyuziti pfi piipravé antibakteridlnich materiald
s potencidlem v medicin€. Experimentalni Cast je zaméfena na popis a charakterizaci
nanocastic stfibra, které jsou piipraveny pomoci vybrané organické slouceniny kyseliny
maleinové a jejich ukotveni na polykaprolaktonovych vlaknech za pomoci elektrostatického
sprejovani smési polymerniho roztoku polyvinyl alkoholu a pfipravenych nanocastic.
Pro charakterizaci nanocastic stfibra a vlakennych materiali bylo pouzito nékolik metod,
jako je elektronovd mikroskopie, rentgenovéd difrakce, dynamicky rozptyl svétla,
antibakteridlni a cytotoxické testovani. Nanocéstice stiibra byly uspéSné syntetizovany.
Ptipravené vlaknité materialy byly vyhodnoceny jako netoxické vici testovanym bunkam

s moznou naslednou aplikaci v medicing.
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Introduction

The concept of nanotechnology covers research and technology development
on the atomic, molecular and macro-molecular levels. This ensures that the final structures
are successfully synthesized in the 1-100 nm size range. Nanotechnology incorporates
the sciences of physics, chemistry, engineering and molecular biology, and it can therefore
be defined as an interdisciplinary and cross-sectional technology which creates and utilises
a variety of structures. These include the nanotechnology developmental devices
and systems with the unique chemical, optical, electrical, mechanical and thermal properties
in their small and intermediate sizes. An example of the complexity of these combined
properties is that increases in the surface area to volume ratio dramatically alter
the nanomaterial mechanical, thermal and catalytic properties compared to those in bulk
materials [1-3].

The theoretical section of the thesis provides a literature overview. The initial part
outlines the issue of silver nanoparticle preparation, and their antibacterial properties
because these create the most research interest. Phytosynthesis was chosen for nanoparticle
preparation because ‘green’ environmental science is currently so important.
Both the advantages and disadvantages of this method are then discussed. Next part outlines
the use of silver nanoparticles as antibacterial agent which could improve wound dressings
efficiency and can thus treat the wound prevalence in geriatric care. This attachment could
be enhanced by the electro- spraying procedure described in the next part of the theory,
and the last part concentrates on the preparation of fibrous materials suitable for use

as a matrix for silver nanoparticle attachment.

The experimental part of this thesis is devoted to the actual silver nanoparticle
preparation and its incorporation in the poly(vinyl alcohol) electrospun droplets attached
to the poly(e-caprolacton) fibres. The success of these processes is then analysed, and this is
followed by the testing of its antibacterial properties and cytotoxicity which are so important

in medicine today. All experimental results are then discussed.
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Theoretical part

1. The beginning of nanotechnology field

Although nanotechnology has been recognised for many years, scientists had little
knowledge of nanometer levels. The first utilised nanosized “material” is known from
Lycurgus cups manufactured in the 4" century, where the glass cups containing metal
Agand Au nanoparticles (NPs) changed light spectrum colour from green to red.
The coloured glasses in medieval churches and cathedrals are also due to different

metal NPs [1].

After many centuries, the first pioneer in nanotechnology was Richard Feynman,
an American physicist, scientist and Nobel Prize laureate in physics who is famous
for his contribution to quantum electrodynamics. His lecture called “There’s plenty of room
at the bottom” given at the American Physical Society meeting at the California Institute
of Technology introduced the possibilities of manipulating tiny objects to generate
specialised materials. This process is now advanced by scanning tunnelling microscopy [4].
He also predicted the invention of electron beam lithography [5], which is currently used

for silicon chip production in the electronic industry [6].

More recently, ferrofluids, particles produced by milling and colloids were among
the substances used in the 1960’s for preparation of new materials with unique properties,
and this was followed by inventions of the scanning tunnelling microscope and atomic force

microscopy in the 1980°s [1].

A new interdisciplinary field of nanotechnology has now been created by increased
scientific interest in new nanomaterials and material preparation and characterisation
by instruments such as the scanning and transmission electron microscope (SEM, TEM)
[1, 6]. The special structural properties at the nanometre level can be used in many areas
such as material engineering. Examples of this include increasing material photocatalytic
activity [7], detecting ions in the chemical industry [8] and adsorption of CO» [9].
Nanotechnology is now very promising in biomaterial research and most important

in medicine and pharmacy applications [10, 11].
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2. Preparation of metal and metal-based nanostructures

The “Bottom-up” and “top-down” methods are basic approaches to obtain
nanostructured materials. Examples of the "top-down" method are ball-milling and laser
ablation, and these methods start with bulk material and lead to their reduction to micro-
and nano-scale size. In contrast, the "bottom-up" process builds structures from elementary
building blocks such as atoms and molecular constituents into an organised structure,

and this approach is used in chemical reduction, precipitation and organic synthesis [12, 13].

Nanostructured material preparation, including particles, films and fibres
can be divided into four main categories: (1) physical, (2) chemical, (3) mechanical

and (4) the biotechnological approach shown in Figure 1 [12, 13].

Chemical methods Biosynthesis
(precipitation, sol-gel) (plants, fungie, bacteria)
—
Physical methods Mechanical methods
(arc-discharge, physical (ball milling,
vapor deposition) ultrasonication)

Nanostructured materials
(films, fibers, nanoparticles)

Figure 1: Diagram of four ways of preparing nanostructured materials. The many ways currently

in use range from sol/gel methods to ball milling and biosynthesis.

2.1. Physical and mechanical approaches

Physical “top-down” methods include arc-discharge in liquids, and sputtering
is a physical approach used in “bottom-up” procedures. Sputtering is most beneficial when
single atoms or molecules are processed in controlled conditions, such as heating, to create
substances without the undesired side-effects of dislocation and precipitation [12]
An appropriate example of sputtering is its use in creating a thin layer of TiO> for solar

panels [14].
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However, one disadvantage of using physical methods is the necessity of stabilisers
to prevent aggregation of NPs which may be toxic and harmful. Physical methods can also
be economically and energetically demanding, especially when they require expensive
equipment such as lasers and specialised conditions of high or low pressure or temperature.
In contrast ,one advantage of this physical methodology is the narrow range of resultant

NP size distribution [12].

Typical examples of mechanical methods are ball milling [14] and reactive milling
[15]. Although these processes are simple, rapid and economically undemanding, they
cannot be used in industry because of their wide range of NPs size distribution and low
purity. Milling, however, can be beneficial when large amounts of metallic and ceramic NPs

powders, amorphous alloys and nanocomposites are required [12, 13].

2.2. Chemical and biotechnological approaches

Although many “bottom-up” approaches have been developed, their use for chemical
methods have the disadvantage of expense and possible toxicity. The final NPs, however,
are often homogenous in size distribution, with high probability of repeatable results
and the final NPs shape is easily designed and controlled. A novel chemical method involves
the use of organic molecules, such a usnic acid, thymol [13] and other molecules [8, 16].
These naturally occurring organic molecules are closely related to biosynthesis [1] and they
are of major importance. The main principles involved in pure natural organic acids

and flavonoids are discussed in chapter 3.3.

Natural biomasses are able to reduce metallic NPs by mixing with an initial metal salt
precursor. These biomasses include phytosynthetic vascular plants and their leachates
and extracts [17], microscopic mycosynthetic fungi [18] and algae [19]. It is mainly
the organic compounds from the biomass which are used in synthesis, and this process
can also be considered a chemical method. The main advantages of this biotechnological
method is that NP synthesis and stabilisation occur in one step and it can be mediated
by organic compounds of biomass origin under the following conditions:

(1) reduction or elimination of chemical solvents and toxic reagents

(2) minimised energy consumption and the use of mild experimental conditions,

(3) less waste, and

(4) increased safety.
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Biosynthesis is an environmentally friendly process which avoids the presence
of hazardous and toxic solvents and waste and it is economically advantageous
for NPs production without the need for special equipment or devices. Therefore,
biosynthesis can be considered a “green chemistry” method. Limitations, however, include
difficulty in describing biosynthesis mechanisms and possible biomass contamination

[12, 20]. This is further discussed in chapter 3.2.
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3. Metal and metal-based nanoparticles use in medicine

NPs are defined by their three dimensions at 100 nm or less, and their most common
form is solid and colloidal particles. The advantages over larger particles include increased
surface to volume ratio, higher antimicrobial activity and improved magnetic properties
[21]. One example is Fe304/Fe>O3 iron oxide NPs which are used as magnetic resonance
spectroscopy contrast agents for biological and cell imaging and in thermal therapeutic
applications. There are then also the Au, TiO2, ZnO, Cu- and Ni- based NPs with reported

antimicrobial activity and drug delivery benefits [21].

This thesis focuses on describing the processes involved in the preparation, properties
and medical applications of nano-silver. Ag NPs have great potential in medicine
as antimicrobial agents [17, 22], diagnostic and optoelectronic platforms [23]. Figure
2 highlights the Ag NPs sizes and rod-like, triangular and circular shapes referred to in
studies on its ability to alter its final properties These characteristics can be manipulated

during synthesis by the choice of reducing agent, stabiliser, pH and temperature[24].

Figure 2: SEM and TEM images of diverse Ag nanostructure shapes and sizes, (A) nanospheres,
(B) necklaces, (C) nanobars, (D) nanocubes, (E) nanoprisms, (F) pyramides, (G) nanostars,
(H) wires and (1) spherical NPs loaded by silica NPs [24].

The choice of Ag NPs, for both this article and its filler-role in wound dressings, was

inspired by their antimicrobial activity and proven Ag' ion release. Ag NPs in aqueous
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environments oxidise and release ions because of proton and oxygen presence. The Ag" ions
release-rate depends of factors including their size, shape and the colloid capping agent
[24-26]. However, Ag NPs cytotoxicity effects are similar for both bacteria and humans,
and therefore enhanced antimicrobial treatment in clinical medicine can be induced
by altering a larger surface area of Ag NP properties. These include morphology and size
changes to provide a larger surface area, use of a higher concentration and a more rapid
Ag" ion release rate. Ag” ion and Ag NP cell damage can be characterised by four main
Ag NP principles:
(1) Ag NPs aggregate and adsorb to the cell surface, thus damaging its membrane
and transport ability;
(2) Ag NPs and ions penetrate and interact with cellular organelles and biomolecules
which affect cellular functions including permeability and respiration;
(3) AgNPs and ions inside the cell can help generate reactive oxygen species
and subsequent cell damage; and
(4) NPs can interact with the bacterial deoxyribonucleic acid (DNA) and cause loss

of transcription and replication.

The Ag NPs and/or Ag" ion penetration mechanism and cell destruction are briefly

indicated in Figure 3.
2 1. Adhesion to the cell membrane
@ " - Alters membrane structure & permeability
- - Leakage of cellular content & ATP
- Impair transport activi
AgNPs e

2. Penetration inside the cell _
& nucleus N -
- Destabilize and denature proteins o, 4 4. Genotoxicity
- Interact with DINA \ \
7 \\

- DMA base damages
- Strand breaks & mutations
- Inhibition of replication and transcription

> -
% Ribosde

Mitochondria “Qucleus 4

3. ROS generation & cellular toxicity :-.-—"'5'

- Oxidize proteins & lipids

- Mitochondrial dysfunction

- Ribosome destabilization

- Endoplasmic reticulum stress

Figure 3: Ag NPs’ main cell destruction mechanisms [24].
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Chemical reduction in the noble metal precursor liquid is one of the most popular
methods of producing Ag NPs. Examples here include silver nitrate (AgNOs3), acetate
(AgCoH30) and sulphate (AgoSO4) use with an appropriate reducing agent [24, 26].

Ag NP nucleation and growth mechanisms in colloidal solution are now discussed.

3.1. Silver nanoparticles nucleation and growth in liquid medium

The chemical and biotechnology “bottom-up” approach enables AgNOs3 salt precursor
metal ions to be transformed to zero-valent form when the reducing agent and precursor

are mixed (Figure 4) [24].

Agr ——+Ag® ; e e o

- Reducing reagent , : % ) a
for chemical synthesis

Reduction Nucleation Nuclei growth AgNPs
and coalescence

Figure 4: Synthesis of Ag NPs, their nucleaction and growth in colloid using the bottom-up chemical
and/or biotechnology method [24].

Figure 5 shows the La Mer model and its modifications most commonly used
to describe the NPs’ nucleation and growth mechanisms. The NP nuclei are created
homogenously in the entire colloid volume, and its stabilisation by organic compounds
occurs simultaneously. The precursor concentration increases after mixing, and this first
stage creates (1) a degree of saturation. Nucleation then occurs in the second stage
(2) with a large number of nuclei created when the level of saturation surpasses the critical
nucleation threshold. Finally, the third phase is nanoparticle growth which proceeds

as follows:

(3) monomer addition/diffusion growth occurs and additional precursor units deposit
on the nuclei surface;

(4) Ostwald ripening ensures that energetically disfavoured small nuclei
are re-dissolved and deposit on more thermodynamically stable larger nuclei; and

(5) coalescence and aggregation occurs, where several NPs join together [12, 26, 27].
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Figure 5: The principle of NP nucleation and growth due to LaMer mechanism for mono-dispersed

colloids; I — precursor monomers, Il - nucleation, Il — NPs growth [27].

However, the LaMer model and its modification cannot predict size distribution
evolution or final NP morphology. It is most important to know these parameters because
they have major effects on antibacterial ability and toxicity [12, 27]. The NPs size, shape,
crystallinity and aggregation ability are all influenced by temperature, pH and the precursor
and reducing agent concentrations, so these must be optimised for particular Ag NPs

synthesis and their intended application [24, 26].

Ag NPs can therefore be prepared with controlled size and specialised shape.
These include the nanowires and nano-cubes which can be produced in multivalent alcohol
‘polyol’ synthesis with polyethylene glycol as the reducing agent. The polyvinylpyrrolidone
(PVP), poly(vinyl) alcohol (PVA) or polyethylene glycol [28] polymer stabilisers
in this synthesis [29] must be present to prevent NP agglomeration [26]. Ag NPs preparation
by ‘green’ phytosynthesis is now described.

3.2. Resolving phytosynthesis mechanisms

This thesis on Ag phytosynthesis has a biotechnological approach, and it stresses that
phytosynthesis is based on plant exploitation [8]. This especially focuses on leachates [3]
and extracts [10], but it also includes the fruit and leaves [9]. All these constituents contain

the phytochemical biomolecules directly involved in reduction, formation and stabilisation
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of metallic NPs in solution. The biosynthesised NP size, shape and concentration are directly
influenced by phytosynthetic parameters of temperature, pH, precursor concentration,
biomass quality, biomass/precursor ratio, exposure time and solution mixing. Controlling

these parameters enables optimised NPs’ characteristics and size [3, 11].

There is inherent difficulty in describing the general biosynthesis mechanisms
and NP stabilisation processes because each biomass is a unique complex system of many
organic biomolecules. These include quercetin [29, 30], kaempferol [29], protacatechuic
acid [30] and rutin [30], all with their individual positively and negatively charged functional
groups. Examples of negatively charged groups include -OH hydroxyls, -NH> aminos
and the -COOH carboxyl groups [17].

Experimental difficulties arise in the repeatability of biosynthesis experiments
and control of the prepared NPs’ morphology and crystallinity. While these require further
optimisation, they constitute typical issues which can be intuitively solved when working
with biological materials. Further possible phytosynthesis problems are created within
the used biomass because individual plants and their blossom and leaf components
can contain different phytochemical content or contamination. Monitoring natural
or anthropogenic contaminants from chemical elements such as CI, Na" and NOs3
in the original biomass is also essential. Thankfully, however, bio-inspired synthetic
protocols have shown promise in minimising environmental impacts, and correct biomass
combinations have been experimentally optimised to obtain functional NPs with the desired
properties [12, 17, 20, 26].

As previously stated, the resolution of phytosynthesis mechanisms is complicated
by the complex spectrum of organic compounds in the biomass. However, it is suggested

in this thesis that the biosynthesis mechanism can be investigated by two pathways;

(1) testing many different extracts and leachates with similar organic compounds
to discover the mechanism or

(2) employing known phytochemicals in the biomass as standards to establish
the role of individual bio-compounds as a reducing agent, a stabiliser

or both [12].

Alkaloids, terpenoids [12] and flavonoids [30] are organic compounds present
in the biomass and these act as reducing agents. Analytic methods such as liquid

chromatography (LC) and mass spectrometry (MS) then enable identification of individual
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phytochemicals present in the biomass and possible elucidation of the biosynthesis

mechanism [12].

LC first separates the compounds in a complex liquid mixture, such as plant extract
or leachate, based on their different polarity in the sample and their interaction
with the column. Each component in the sample interacts slightly differently,
and this separates the components as they flow through the column. At the end
of the analysis, these compounds in the liquid sample can then be identified by MS
and quantified [29, 30].

An example of leachate composition was supplied by E. Aguirre-Hernandez et al [29].
These authors used LC to confirm the presence of flavonoids such as quercetin
and kaempferol in leachate. A further study by A. Oniszczuk and R. Podgorski [30] later

proved the presence of organic compounds including quercetin, rutin and astralgin.

It is most important that monitoring reactions between precursors and individual
phytochemical standards can help predict which plant groups have the potential
to produce NPs. However, each phytosynthesis mechanism is specific and complex,
and the NP phytosynthesised product is dependent on the original mixture of all contained
phytochemicals. These unique properties make each phytosynthesis inimitable [12, 26].

3.3. Silver nanoparticles synthesis by organic compound standards

I have taken a second pathway in this thesis to uncover NP synthesis mechanisms.
Herein, 1 examined Ag NPs synthesis by known organic compounds present in plant
leachates. The following overview of this mode of synthesis links biosynthesis

with the chemical approach.

Jain and Mehata [31] synthesised Ag NPs using reducing and stabilising agents
contained in the Ocimum sanctum leaf leachate and also the standard chemical quercetin
flavonoid present in the leachate (C15sH1007). AgNO3z was used as precursor, and the resultant
Ag NPs had similar characteristics. They both had spherical shape, the similar size
distribution in the 1040 nm range featured in Figure 6 and antibacterial activity
against Escherichia coli (E. coli). The authors demonstrated that the quercetin present

in the leachate was mainly responsible for the resultant Ag NP reduction [31].
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Figure 6: TEM images of AgNPs from (a) leaf leachete Ocimum sanctum; scale bar 20 nm,

and b) flavonoid quercetin; scale bar 50 nm, and their size distribution [31].

The NPs produced by quercetin had a higher degree of stability than those prepared
by the leachate. They then increased the stability of AgNPs by increasing colloid
pH to 10 with NaOH [31]. The possible mechanism involved in reducing Ag NPs
by the quercetin present in the O. sanctum leachate can be described by the chemical

bonding changes in Figure 7.

Figure 7: Reduction mechanism of the Ag'ion to Ag NPs by quercetin molecules present

in O. sanctum liquid extract [31].

The authors considered that the -OH functional group present in quercetin molecular

structure participates as the reducing agent, and that the AgNO3; metal precursor dissociates
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in water to Ag" and NOs™ ions. The most reactive quercetin -OH functional group attached
to the aromatic carbon ring reacts as an acid with the Ag" ion, and this produces the Ag" ions

reduction to Ag NPs and consequent stabilisation [31].

Alavi and Naser then utilised the Artemisia haussknechtii plant [22]
and the Protoparmeliopsis muralis lichen [32] to synthesise a wide range of NPs. These
included Ag, Cu, TiO2, ZnO and Fe3O4 NPs. The authors then used insights gained in those
experiments in their recent 2019 study [13]. This focused on describing the biosynthesis
mechanism using the usnic acid and thymol present in high amounts in the previously tested
plants. Although the chosen compounds proved antibacterial activities, the major

antibacterial activity from Ag and Cu metal NP synthesis came from the metal NPs.

The researchers considered that the likely mechanism of metal NPs reduction featured
in Figure 8 herein constituted a tautomeric transformation of thymol and usnic acid -OH
groups from the enol to keto form. The reactive hydrogen atom released during
this transformation reduced the metal ion in the salt precursor to NPs [13]. While this exact
mechanism was previously reported by Jain and Mehata [31]. Both studies described only
the nucleation and growth of zero-valent Ag NPs [13, 31].

Thymol

HaC CHy H,C CH, HaC

Usnic acid

/ v
HaC HsC CH, He HaC cH,
N + Ag+—b O
HO 0 o HO %

HiC™ 0 HaG 0

Figure 8: The likely mechanism of metal NPs reduction by thymol and usnic acid described
by A.Mehran and K. Naser [13].
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Sahu et al. [16] successfully synthesised Ag NPs using the hesperidin, naringin
and diosmin flavonoids as secondary citrus plant metabolites and then studied the possible
biosynthesis mechanism. They confirmed that the individual -OH groups of flavonoids
caused Ag" ion reduction to Ag NPs. They reported increased Ag NP stability and better
bacterial and cytotoxic properties when naringin was used as the reducing agent
in preference to the other two flavonoids [16]. Table 1 shows Ag NP properties prepared
by different organic phyto-chemicals.

Table 1: Examples of Ag NP properties prepared by different phyto-chemical compounds.

Organic compound | Diameter [nm] Shape Reference
Quercetin 10-40 Spherical [31]
Thymol 40-120 Spherical [13]
Usnic acid 18-25 Spherical [13]
Hesperidin 5-50 Oval
Naringin 5-40 Oval, spherical [16]
Diosmin 20-80 Triangular, hexagonal
5-20 Spherical [8]
Gallic acid 4-12 Spherical [33]
10-20 Spherical [25]

25




4. Electrohydrodynamic process as an efficient tool for

preparation of nanostructured materials

Electrostatic effects on liquid droplet generation were first noted in the 17" century
and electrostatic spinning methods were improved by J. F. Cooley and W. J. Morton
at the beginning of the 20" century [34]. Classic needle electro-spraying and electrospinning
procedures were then designed by J. Zeleny [35]. Unfortunately, transmission and scanning
electron microscopy technology was not available, and scientists could not detect nano-fibre
presence. However, fibre industrial potential was finally recognised in the 1980’s

and electrospinning has now been intensively investigated for the past 20 years [36].

The Nanospider and 4SPIN devices are used in the experimental part of this thesis
for electro-spraying and electrospinning, and their basic equipment and differences are now
discussed; together with the polymer characteristics suitable for preparation of the fibres
important in medical applications. Use of these devices has the following advantages:

(1) spinning a wide range of polymers,
(2) the variability of parameters that can be applied in the processes, and

(3) easy maintenance of the devices and their components.

Czech scientist Professor Oldfich Jirsdk from the Technical University of Liberec
and the Czech Company Elmarco developed, constructed and patented the unique
Nanospider™ needle-free device. This cylindrical spinning electrode has changed to metal
wire, but the same procedure of covering by polymeric solution and high voltage use
for fibre generation still applies. The apparatus is easy to operate, and fibrous samples can

be produced for commercial use because the final web is larger than 1m [36, 37].

The CONTIPRO Czech company then contributed to nanotechnology in the 1990°s
by developing the 4SPIN® needle device. Its main advantage over the Nanospider™ is its
ability to produce an ordered fibre structure using a rotating collector. This 4SPIN®

technology has therefore proven best for rapid laboratory preparation of various materials
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4.1. Basic arrangement of the simple device used for droplet and fibre generation

Both electrospinning and electro-spraying processes require a simple device easily
installed in a standard laboratory using specific safety precautions. The device has

the following three main components (Figure 9):
(1) a solution container, such as a syringe, connected to a pumping system;
(2) a grounded static or rotating collector and
(3) high voltage supply.
The regulation of ambient conditions such as temperature, humidity and other

parameters required to control the drying process and non-contamination of final samples

necessitates isolation in a closed laboratory chamber [38—40].

Co ’Iecto 4

Figure 9: Schematic set-up for preparing nanodroplets/fibres by the electrostatic process.
The typical electrospraying/electrospinning device comprises a syringe connected to a pumping

system, collector and high voltage supply [38].

The high voltage supply creates an electrostatic field that forms an electric current
in the conducting solution ejected from the syringe by the pump. As the intensity
of the electric field increases, the spherical shape of the liquid at the tip of the capillary
becomes longer and this results in creation of a conical shape called the Taylor cone-jet.
The extracted droplets or fibres travel to the collector and the solvent evaporates [38—40].

The following main parameters influence this process;
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(1) technical parameters include the type of syringe, the applied voltage and flow
rate;

(2) solution parameters are viscosity, conductivity, molecular weight (Mw)
and the type of polymer used; and

(3) environmental parameters include humidity and temperature [36, 38—40].

The final properties of the micro-nano-scale droplet or fibre are easily influenced
by simple manipulation of the configured arrangements. These include using single, coaxial
or tri-capillary needles. The rotating or static collectors can then alter fibre orientation from
a non-uniform pattern to a specified direction and care must be taken in increasing applied
voltage because extremes can cause defects such as droplets and beads on fibrous

samples [36, 38—40].

Electrohydrodynamic processes can also be used to prepare ceramics [44], polymers
[3] and others nanostructured objects such as fibres [45] and droplets and particles [46].
Polymers, however, are the most frequently used materials for -electrospinning
and electro-spraying. High Mw polymers can form fibres, but decreased jet-stream tension
created by low Mw polymers forms droplets. Finally, the solution surface tension

and viscosity can be reduced by using different solvents, such as ethanol [36, 38—40].

The appropriate 3D structural arrangement for medical application mimics the natural
extracellular matrix required for cell attachment and growth. These 3D structures
can comprise degradable or non-degradable biomaterials depending on required application,
and synthetic materials such as PVA or poly(e-caprolacton) (PCL) and natural materials
including chitosan and collagen can be used for creating the 3D structures. Although natural
materials enable impulse transfer between implemented cells and surrounding patient tissue,
the synthetics produce better mechanical and chemical stability in the resultant

3D structure [41].

4.2. Electro-spraying for biomedical applications

The main advantages of using electro-spraying in medicine are the production
of bioactive agents such as NPs [42] and droplets which act as carriers for drug

delivery [38, 39, 43]. This is discussed in greater detail in a later chapter.

The main advantage of using electro-spraying in medical field is fabricating droplets
as carriers for drug delivery system [42] or bioactive agents such as NPs, which were discuss

detailed later [38, 39, 43].
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Electrospraying is often employed because it provide:

(1) improved solubility of poorly water-soluble materials when dispersed in tiny
droplets;

(2) bio-electro-spraying provides cell suspensions or encapsulated cells
in bio-polymers. These can be sprayed under small applied voltage to avoid
cell destruction [43]; and

(3) pharmaceutical, peptide and enzyme delivery in controlled release.

Figure 10 highlights the two main electro-spraying processes by single and coaxial

needle [38, 43].

b)

10 pm 2pm

Figure 10: TEM images of differences in internal PLGA droplet structures prepared by, a) single
and b) coaxial needle [38].

Figure 10 a) above reflects the following possibility of production of the drug delivery
system where bioactive agent such as Ag NP [44, 45] or antibiotics such as silver
sulfadiazine [45] or chlorhexidine [44] in a single polymer solution are present [44, 45].
Bioactive agents can be (1) encapsulated in a volume of droplets, or (2) an agent which
can be adsorbed to the polymer droplet surface by weak interactions from hydrogen bonding
or electrostatic forces. Unfortunately, the adsorption mechanism has disadvantages caused
by small amounts of active agent or inappropriate and rapid desorption of the active
agents [38, 43].

Encapsulation is often reported in scientific publications, and the ensuing droplet
preparation is simple and can be maintained in the following ways: (1) the bio-agents
are homogenously dissolved in polymer solution by stirring or ultrasonication and then
easily electro-sprayed or (2) bio-agents interact with the droplets in the particle collection

bath giving cross-linking and new bond formation, and the droplets can then be collected.
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Both methods ensure high encapsulation efficiency and a large amount of primed drug

molecules; even up to 100 % [38, 43].

Phenolic acids and flavonoids constitute a wide group of bioactive compounds with
potential application in both medicine and the food industry, and their encapsulation
in droplets is now assessed. Phenolic acids have poor stability and solubility,
and encapsulation by electro-spraying therefore appears promising. The release of active
compounds can be controlled by use of an appropriate polymer solution [46]. PVA was
the chosen AgNP carrier in this diploma thesis because of its low toxicity
and biocompatibility.

Figure 10 b shows the core-shell structures prepared by the coaxial electro-spraying
process, and these are assessed for appropriate use in medicine. The preparation of these
structures must be skilled because two immiscible liquid solutions are required.
The bioactive agents can be present in the droplet core covered by the protecting shell
or they can be encapsulated by another polymer. This is important in the production
and further application of hydrophilic-and-phobic droplets [38]. For example,
Zamani et al. [47] prepared and investigated core-shell droplets where the core was filled
with the bovine serum albumin protein and the shell comprised poly(lactic-co-glycolic acid)

(PLGA) for pharmaceutical delivery.

4.2.1. Poly(vinyl) alcohol use in electro-sprayed encapsulation

PVA is a crystalline water-soluble polymer without characteristic odour. It is slightly
soluble in ethanol, and Figure 11 highlights that the polymer is composed of repeated units
of vinyl-alcohol monomers. PVA has been recognised for many years since it was first
prepared in 1924 by Hermann and Haehnel’s hydrolysis of polyvinyl acetate. PVA
is a widely used synthetic polymer in many medical applications because it has high
biocompatibility, low toxicity and low tendency for protein adhesion. PV A is resistant to oils
of animal, vegetable or mineral origin and also organic solvents such as aromatic

and aliphatic hydrocarbons, esters, ethers and ketones. It is ductile, strong but flexible [48].
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Figure 11: Repeating PVA unit recorded in the International Union of Pure and Applied
Chemistry (IUPAC).

PVA solubility depends on its Mw and degree of hydrolysis. Its physical properties
depend on the degree of polymerisation, hydrolysis and the Mw which generally varies
from 9,000 to 180,000 g-mol'. These properties also affect PVA solubility in water,
and it is currently accepted that PVA can be hydrolytically biodegraded by fungal origin
present in water ecosystem [48]. The mechanical strength increases with increasing
polymerisation, and high air humidity induces increased PVA film and fibre softness
and flexibility. It is therefore essential to determine the optimal combination of those
properties to produce the most suitable mechanical properties for application. The final PVA
properties can also be affected by mixing with other polymers or fillers in the polymer

solution whenever practical [48].

4.3. Materials for fibre production via electrospinning

Nano-fibres with nanometre diameters in units-to-hundreds have become significant
over the past 20 years [3]. Water insoluble synthetic polymers such as polyacrylonitrile,
polyvinylidene fluoride, and polyurethane and water-soluble synthetic polymers including
PVA, PVP, and polyethylene glycol (PEO) can be spun into nano-fibres. These materials
are then used as carriers for bioactive agents, such as NPs [17], or used as templates
or artificial fibres to form fibrous products with complex and unique 3D structure.
The biodegradable synthetic polymers, PCL, polyglycolic acid, polylacid (PLA) and their

copolymers such as PLGA have many advantages for wide use in electrospinning [38].

The water-insoluble PCL polymer was chosen as the fibre matrix in this diploma thesis
because its hydrophobicity is most important for wound dressing application in medicine.

Incidentally, its fibres are stronger than PVA fibres.
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4.3.1. Polycaprolacton use as a fibrous matrix

Figure 12 shows that the synthetic PCL polymer has hexanoate repeating units
of aliphatic polyester (1,7)-polyoxepan-2-one. PCL was first described by Van Natta et al.
[49]. It is hydrophobic, semi-crystalline, soluble at room temperature and has low 59-64 °C

melting point and approximately -60 °C glass transition temperature [50, 51].

]

Figure 12: The repeating unit of (1,7)-polyoxepan-2-one recorded IUPAC.

PCL dissolution at room temperature is aided by chloroform, dichloromethane,
benzene and toluene. While acetone, dimethylformamide and acetonitrile dissolve PCL

to a limited extent, it is insoluble in alcohol, petroleum ether, diethyl ether and water [51].

PCL is assessed in this thesis because of its ability to degrade in human physiological
conditions. It is also widely investigated for its physical, thermal and mechanical properties
which mainly depend on it 3,000-80,000 g-mol!' Mw and degree of crystallinity.
PCL can be mixed with a wide range of polymers for the formation of copolymers

such as PCL/PLA and PCL/cellulose [50, 51].

PCL is degraded by ester linkage hydrolysis under human physiological conditions

and this is induced with both the following mechanisms occurring simultaneously:

(1) non-enzymatic hydrolytic cleavage of ester groups, and
(2) intracellular degradation by enzymes with high crystallinity and less than
3,000 g-mol™! Mw.
These steps are investigated herein because of PCL’s importance as a matrix

for long-term pharmaceutical release in humans. [50, 51].

PCL degradation time depends on its morphology, Mw and degree of crystallinity.
This ranges from two to four years depending on polymer Mw, and hydrolysis rate can also

be affected by mixing with other substances, including other lactones and lactides [50].
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PCL is approved by the Food and Drug Administration because of its natural
biocompatibility and biodegradability and it causes only mild undesirable side-effects. PCL
is widely studied for its application in medicine as a matrix for drugs with controlled
long term release and long-term implants. Although PCL is especially suitable for wound

dressings, tissue engineering and dentistry, it also has applications in the environmental

sciences and food-packing industries [50, 51].
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5. Electrospun artificial materials with attached nanoparticles

for medical application

Long-term chronic wound healing is beset with the problem of infection because
bacterial infection slows fibroblast proliferation and development and impairs rapid wound
repair. Antibiotics are widely used to combat these infections, but indiscriminate use has led
to resistance, and dressings with localised anti-bacterial delivery are now essential. Novel
artificial wound dressings such as those containing Ag NPs can now accelerate chronic

wound healing and combat microbial infection [30, 38].
The function of antibacterial agents, including Ag NPs, is best achieved by:

(1) mixing the agent(s) with polymer solution to create a bioactive composite,
(2) modifying the entire fibre web surface after electrospinning, or

(3) coaxial electrospinning.

The electro-spun materials are now investigated because of their structural similarity

to the dermal extra cellular matrix [30, 38].

Figure 13 shows an example of Zang et al’s [52] results from coaxial electrospinning
to obtain core-shell PCL/collagen fibres. These are homogeneous without beads and have

porous structure with average 200-400 nm fibre diameter.

Figure 13: TEM image of prepared composited fibers; a) PCL fiber and b) PCL fiber coated
by a collagen shell; scale bar 0.2 um [52].

This study proved that PCL nano-fibres coated with collagen reliably imitated
the natural extra cellular matrix, and had better properties than fibres with individual
components. Cells easily adhered to the PCL/collagen fibres and the authors suggest

that these core-shell nano-fibres have promise for tissue engineering [52].
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Mohseni et al. [11] then studied PCL/PV A nano-fibres as a wound dressing containing
silver sulfadiazine and Ag NPs reduced by chitosan. The homogeneous solution had 10 wt%
PCL at Mw = 80,000 g-mol’!, and it was dissolved in 1:1 chloroform/methanol solvent
and stirred for 3 hours at room temperature. They optimised the electrospinning process
at 3 mL/h flow rate, 27 kV electric potential and 1000 rpm rotating collector speed to obtain

uniform PCL nanofibers.

The authors prepared PVA as the Ag NP/silver sulfadiazine carrier. They stirred
10wt% PV A at Mw = 72,000 g-mol! in distilled water for 4 hours at 8 °C, and added Ag NPs
and silver sulfadiazine at different concentrations. The electrospinning was set to 1 mL/h

flow rate, 21 and 25 kV electric potentials and 1000 rpm rotating collector speed [11].

Increasing Ag NP concentration led to decreased average PVA fibre diameter
due to increased electrical conductivity in the polymer solutions. In contrast, silver
sulfadiazine addition increased average PVA fibre diameter; most likely because of high
Mw and low silver sulfadiazine polarity. Figure 14 highlights the homogeneous Ag NP
dispersion loaded in the PVA fibres [11].

2%

25pm 25
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Figure 14: Elemental mapping analysis of PVA fibers a) loaded by Ag NPs: b) element C,
¢) elemenet O and d) element Ag; at 2.5um scale bar [11].

The authors compared AgNPs and sulfadiazine antimicrobial effect against
Staphylococcus aureus (S. aureus) bacteria. No obvious differences were observed when
high Ag NP concentrations or sulfadiazine were used [11]. The material biocompatibility

was then evaluated by MTT cytotoxicity assay, and this proved that Ag NPs had faster
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healing rate than fibres loaded with silver sulfadiazine. This was most likely
due to the higher biocompatibility witnessed in the cytotoxicity study, and the silver

sulfadiazine also caused greater toxicity to fibroblast cells at similar concentration [11].

These results were supported by Liu et al. [53] and Qian et al. [54] in clinical studies
where they compared Ag NP and silver sulfadiazine efficiency. The studies confirmed

that Ag NP was a more promising antimicrobial agent than silver sulfadiazine.

A most important study was then performed by Hassiba et al. [44] who prepared
an electro-spun  double-layered nanocomposite material for wound dressings.
This comprised an upper fibrous PVA/ chitosan layer containing Ag NPs and a lower fibrous
mat composed of PEO or PVP loaded with chlorhexidine. The upper layer with Ag NPs
protected the wound from environmental germ invasion and the lower layer of antibiotics
helped to prevent infection and accelerate wound healing. The upper PVA/chitosan/Ag NPs
layer alone had antibacterial activity. Its connection with the lower PEO/PVP/chlorhexidine

layer then enhanced this antibacterial effect [44].
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Experimental part

6. Materials and methods

6.1. Synthesis of silver nanoparticles

Preparation of AgNPs by individual organic compounds was chosen here
for reproducibility and to elucidate the phytosynthesis process. Based on lack information
in the literature about synthesis Ag NPs by maleic acid (MA), material availability
and chemical structure of the molecule, this substance was chosen for diploma thesis. Figure
15 indicates that the cis form of MA is an inorganic unsaturated dicarboxylic acid, and the

trans form is called fumaric acid [55].

O HO

HO\/<:>:O

Figure 15: Cis-butenedioic acid recorded in IUPAC.

The AgNPs were synthesised using MA (CsHsOs, Mw = 116.07 g-mol’,
> 99 % purity, Carl Roth) and silver nitrate (AgNO3, Mw = 169.88 g-mol’!, > 99 %, Carl
Roth). The following MA concentration lines were then prepared to establish the boundary
where Ag NPs synthesis does not occur: 10, 1, 0.1, 0.01 and 0.001 mmol-dm= (mM).
The 10 mM AgNO; precursor was then added in 1:1 ratio to each acid solution, and Ag NPs
were kept at 4 °C in the dark for further use.

The prepared samples were labelled in the following decreasing maleic acid
concentrations: 10MA-Ag, IMA-Ag, 0.IMA-Ag, 0.01MA-Ag and 0.001MA-Ag. Samples
were then characterised by X-ray diffraction, TEM, (-potential and dynamic light scattering.
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6.2. Preparation of the poly(e-caprolacton) fibre matrix

The PCL water-insoluble polymer was chosen for the fibre matrix preparation because
these fibres have better mechanical properties, such as strength, than PVA fibres. Its slower
degradation time should also provide wound protection from airborne bacteria.
Unfortunately, PCL could not be used to encapsulate the prepared Ag NPs because

of its insolubility in aqueous colloidal solution as was mention in chapter 4.3.1.

The PCL with average 80,000 g-mol' Mw was obtained from Sigma-Aldrich (USA).
This was stirred at 150 rpm in a 4:1 chloroform/methanol solution to final 10 wt%

concentration and kept over-night at room temperature.

Figure 16 shows the Nanospider NS 1WS500U (Elmarco, Czech Republic) equipment
used for PCL fibre matrix preparation at the Department of Nonwoven and Nanofibrous
materials at the Czech Technical University of Liberec. The experiment was performed
at 22.9 °C and 36.5 % humidity, and the distance between the 10 kV negatively charged
collector and the 50 kV positive electrode was 16 cm. The PCL fibres were formed

on a spun-bond with the substrate-shift set at 14 mm/min.

EDsyce

NS 1wssogy

Figure 16: The Nanospider NS 1WS500U used in PCL fibre matrix preparation.
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6.3. Anchoring the silver nanoparticles to the fibre matrix

Here, the water-soluble PVA polymer was chosen as the Ag NP carrier because NPs
were prepared in aqueous colloid solution (chapter 4.2.1). Most importantly, PVA rapid
dissolution on contact with human moisture produces immediate release of the antibacterial

Ag NPs to wounds [17, 45].

The PVA from Sigma-Aldrich (Mw = 9,000-10,000 g-mol!, 80 % hydrolysed) was
used to prepare the 10 wt% of PVA and 10 wt% PV A+Ag solutions. The PVA was dissolved
in distilled water to obtain PVA solution, and the PVA+Ag sample was prepared
in Ag colloid using preliminary biosynthesis at 23 °C room temperature and 2 hours
magnetic stirring.

The electro-spraying was done by 4SPIN® (Contipro, Czech Republic) in PrimeCell
Bioscience at Ostrava. The PVA and PVA+Ag solutions were placed in a 10 mL
poly(vinyl chloride) syringe with 0.8 mm stainless steel needle. The C1 static collector was
covered with aluminium foil or previously prepared PCL fibres. Control samples
of the droplets collected on aluminium foil were prepared for 30 minutes: PVA 30
and PVA+Ag 30. They served for evaluating droplets morphology, size distribution
and to optimize the process. Final samples sprayed at PCL matrix were obtained
at optimised 25 kV applied voltage 10 pl/min flow rate and 18 cm collector-emitter distance.
The PVA control samples were sprayed for 60 minutes and labelled PCL/PVA 60,
and the PVA+Ag materials were prepared at 15, 30, 45 and 60-minute spraying time
to obtain gradually increasing Ag NPs concentration in the PVA droplets. Prepared PCL
matrix with PVA+Ag were designated according to the spraying time as follows:
PCL/PVA+Ag 15; PCL/PVA+Ag 30; PCL/PVA+Ag 45 and PCL/PVA+Ag 60.
All experiments were conducted at 23 °C laboratory temperature and approximately

36 % humidity.
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7. Characterisation methods

7.1. Electron microscopy

Micrographs from transmission electron microscopy (TEM) were obtained
after 24 hours from precursor and MA mixing and NPs formed in the solution were
observed. Ag NPs morphology and size distribution were characterised by JEOL 1011
(JEOL, Japan) at the Faculty of Science at Charles University in Prague. The 2 ul of sample
was applied onto carbon/formvar grids and sample characterisation was possible
after 10 minutes of air-drying. TEM images were then post-processed by JMicroVision
software and minimum of 500 Ag NPs were then evaluated to get size distributions
parameters for each sample. The histogram of the means of the sizes was then created

in MATLAB software.

Scanning electron transmission microsope (STEM) JEOL JSM-7610F Plus was used
for image analysis. The droplets and fibrous samples were characterised by SEM at 15 kV
applied voltage (JEOL, Japan). This characterisation consisted of Secondary Electron
Detector (LEI), the Back-Scattered Electron Detector (COMPO) and the Energy Dispersive
Spectroscopy micro-analyser (Aztec Ultim MAX - EDS, Oxford Instruments, GB).
The samples were sputtered with a thin 20nm layer of platinum by the ultra-fine Q150V Plus
coater (Quorum Technologies, UK). The electro-spun droplet/fibre size distribution was
evaluated in image analysis by the JMicroVision program. At least 250 average fibre
diameters and 500 droplet diameters from the STEM micrographs of each sample were

contained in the image analysis, and histograms were created in MATLAB software.
Also, using transmission mode (STEM) at 30 keV on STEM JEOL JSM-7610F Plus

further development of NPs formation/aggregation 14 days after precursor and MA mixing

was controlled.

7.2. X-ray diffraction (XRD)

100 pL of colloidal sample were five times applied on microscopic slide and dried
at 50 °C for 30 minutes to obtain a representative thin layer of the sample on glass plate.

The XRD patterns were recorded by Bruker D8 DISCOVER diffractometer (Bruker
AXS, Billerica, USA) equipped with an X-ray tube with rotating Cu anode at A=1.5418 A
and 12 kW. All measurements were performed in parallel beam geometry with a parabolic

Goebel mirror in the primary beam. The X-ray diffraction patterns were finally recorded
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in grazing incidence in 2 theta range from 5 to 80° with 0.05° step-size and 0=1.5° angle

of incidence.

7.3. Chemical-physical characterisation of colloids and polymer solutions

The Ag NPs size distribution was assessed by ZetaSizer Nano—ZS dynamic light
scattering (DLS, type ZEN 3600; Malvern Instruments Ltd., UK). The DLS analysis was
conducted in a plastic cuvette cell with 2 mL of NPs solution, and {-potential was controlled
in the ZetaSizer Nano—ZS by laser Doppler velocimetry. This system applies an electric field
to the disposable (-potential cell with approximately 2 mL of sample and it measures
the particle motion by electrophoretic light scattering. The (-potential values establish
the electrostatic stability of the tested solutions. Colloidal sample pH was measured

according to CSN ISO 10523.

The viscosity of the homogenous PVA and PVA+Ag solutions was measured
by DV2T Viscosimeter (Brookfield Ametek, USA), and dynamic viscosity was determined
from the magnitude of the torque measured in steady-state rotation. This was set

at appropriate SC4-18 spindle speeds in the SC-13R sample container.

7.4. Antibacterial activity

The prepared materials’ (PCL, PCL/PVA_60, PCL/PVA+Ag 15, PCL/PVA+Ag 30,
PCL/PVA+Ag 45, PCL/PVA+Ag 60) antibacterial activity against bacterial culture
S. aureus CCM 299 and E. coli CCM3954 was evaluated. Both cultures were obtained from
Collection of Microorganisms (Brno, Czech Republic). Fibrous materials were cut into
required squared shapes and placed to Eppendorf tube with bacterial solutions.
After 2, 3, 6, 12 and 24 hours the bacterial suspensions were removed from the Eppendorf
tube and placed on blood agar plates and then evaluated. Antibacterial testing has occurred
in cooperation with University of Veterinary and Pharmaceutical Sciences Brno (Czech

Republic).

7.5. Cytotoxicity testing

The PCL, PCL/PVA_60, PCL/PVA+Ag 60 fibrous samples were cut to the required

diameters and sterilised by UV lighting for three hours from each side.
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The preparation of Vero Cells (passage 44, African Monkey Kidney, ATCC, USA)
was identical for both tests. The cells were cultivated in Minimum Essential Medium
with Earle’s Salts (EMEM; Biowest, France) and supplemented with 10% v/v foetal bovine
serum (FBS; Biowest, France). A 2 mL suspension of Vero cells were then removed
from the culture flask by enzymatic digestion (trypsin/EDTA, Sigma-Aldrich, USA)
and the cell suspension was centrifuged. Finally, the cells were re-suspended in culture

medium at 1x10° cells/mL density.

Direct-contact test and MMT assay herein were performed in cooperation with Public

Health Institute Ostrava in accordance with CSN EN ISO 10993-5.

e Direct-contact test

Prepared 1x1 cm quantities of sterile material were placed to the centre of a 6-well
plate in duplicate and loaded with stainless-steel weights to prevent material movements.
Then 2 mL of prepared Vero cell suspension was seeded into 6-well plates
(= 2x10° cells/well plate) with samples. The cells were incubated for 24 and 48 hours
in incubator (5 % CO., T=37 °C, >90 % humidity). Qualitative cytotoxicity evaluation
was then conducted on morphology, vacuolisation, detachment, cell lysis and membrane

integrity using optical microscope Olympus CKX41 (Olympus, Japan).

e MTT assay

Samples were cut to the required 6 cm? surface area, and culture medium with 10 %
v/v FBS was used for extraction because of its ability to support cellular growth and extract
both polar and non-polar substances. This extraction was performed 24 hours at 37 °C

in using sterile containers and aseptic techniques.

Here, 100 pL of Vero cell suspension was seeded into 96-well plates at 1x10* cells
in each well. The cells were incubated for 24 hours in incubator (5 % CO,, T=37 °C,
> 90 % humidity) and they formed a semi-confluent monolayer. The medium was aspirated
from the cells after incubation, and 100 pL of the treatment medium was added.
This contained the given extract concentration with positive latex (PC) or negative
polystyrene controls (NC) added to the cell culture plates. The extract concentrations were

100, 50, 25 and 12.5 % v/v.
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After mixing, the cells were first incubated for 24 hours (5 % CO., T=37 °C,
> 90 % humidity), and the culture medium was then removed from the plates and 50 pL
ofthe MTT solution (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromid,
1 mg MTT/mL complete medium, Sigma-Aldrich, USA) was added to each well. The plates
were incubated for 2 hours in the incubator (5 % CO2, T=37 °C, > 90 % humidity). Finally,
the MTT solution was decanted and 100 pL of isopropyl-alcohol was added to each well

to dissolve the formazan crystals formed in the cells.

The plates were shaken for a short time by plate-shaker, and the absorbance
was measured using a 570 nm filtered microplate reader. The cell viability
was then calculated from the mean MTT of the three replicate values in each test
concentration. This value was compared to the mean MTT value of all blank controls,

and relative cell viability was finally expressed as a percentage of the control values.
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8. Results and discussion

8.1. Silver nanoparticle morphology and size distribution

Ag NPs were successfully prepared when all MA solutions were mixed with the silver
precursor, and TEM analysis confirmed the presence of mostly spherical Ag NPs
in all samples. Hexagonal Ag NPs were also present in the samples, but to a lesser extent.
There were no significant differences in size distribution in the studied samples,
with the following average Ag NPs dimeters established; 8 + 5, 6 + 3, 8 £ 3, 8 £ 4
and 6 = 3 nm for MA decreasing 10,1, 0.1, 0.01 and 0.00lmM concentrations, respectively.

Evaluation indicated a narrow range of size distributions for each MA concentration.
Larger 3 nm diameter nanoparticles were also present in I0MA-Ag and 0.IMA-Ag samples,

but in much smaller number. Figure 17 histograms depict the average sizes and divergences.
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Figure 17: TEM images of Ag NPs samples and their histograms: a) 10MA-Ag, b) IMA-Ag,
c) 0.IMA-Ag, d) 0.0IMA-Ag and e) 0.00IMA-Ag. Difference in shapes or size distributions
of Ag NPs were not observed; scale bar 100 nm.

Contrast to NPs prepared by mixtures of phytochemicals such as leachate [17]
and extracts [26, 31] the use of one standard phytochemical substance didn’t led
to the formation of a significant stabilising cover around the NPs, however, it is known

that some phytochemicals have both functions - reduction and stabilisation [33]. A weak
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stabilisation covers around NPs were detected for each sample and as an example

it can be observed in Figure 18.

e

l-; . - ) %_
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Figure 18: Sligh stabilization cover detected by TEM in the sample IMA-Ag.

The AgNPs size distributions were measured by DLS. They were determined
for decreasing MA concentration in this order: 224 + 31, 134 + 11, 185 + 9, 89 + 10
and 50 + 12 nm (Table 2).

Table 2: Evaluation of size distributions for each MA concentration measured by DLS and TEM

image analysis.

DLS TEM

Sample - - -

Range of NPs sizes | Diameter | Diameter

[nm] [nm] [nm]
10MA-Ag 110 - 480 224+31) 8<£5
IMA-Ag 60 - 350 13411 6+£3
0.IMA-Ag 110-310 185+9 8+3
0.01MA-Ag 29 -410 89+ 10 8+4
0.00IMA-Ag 25-265 50+12 6+3
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TEM size distribution was then compared to DLS analysis, and significant differences
were observed. While DLS analysis established the average hydrodynamic diameters,
the TEM image analysis provided the “core diameter” average [17]. It is widely accepted
that this measurement method includes the thickness of compounds covering NP’s surface
and the great size range measured in DLS analysis may also be influenced by crystals
and aggregates confirmed by TEM. Crystals were detected in samples 10MA-Ag
and IMA-Ag (Figure 19). The formation of aggregates was observed in all colloidal

mixtures.

s

200 nm

Figure 19: TEM images of a) the crystals and b) Ag NPs 6 £ 3 nm in the IMA-Ag sample; scale bar
1000 and 200 nm.
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8.2. X-ray diffraction analysis

Colour changes were observed during sample preparation for XRD analysis.
Here, Figure 20 a) and b) show that the I0MA-Ag and 1MA-Ag samples formed white
crystals compared to the dark-brown staining observed in the remaining Figure 20 c), d)

and e) samples. The difference between these samples were further confirmed by XRD.

(/lb

a)

for .
¢) ] Q3D

Figure 20: Prepared Ag NPs samples for XRD analysis: a) 10MA-Ag, b) 1MA-Ag, c) 0.1MA-Ag,
d) 0.01MA-Ag and e) 0.001MA-Ag. The different colouring indicates the change between samples.

Figure 21 shows the difractogram of the prepared samples. This confirmed

the differences observed during their preparation and drying. The I0MA-Ag and IMA-Ag
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samples had peaks at approximately 10° to 15° on the 2-theta scale, and these could
correspond to organic residues (MA residues and/or MA -oxidized products
or intermediates). Chemical redox interactions took place, when MA and AgNOs were
mixed and Ag NPs began to form, however, some new (secondary) phases of organic origin
could be observed/identified in the difractogram. From more complex insight, coordination
polymers with silver [55], which may be metastable and may disintegrate into Ag NPs
or grow in time, correspond to this description. These complexes could be observable using

TEM as well and are documented on Figure 22.

The middle 20° to 50° of the 2-theta-scale corresponds to the presence of orthorhombic
and rhombohedral AgNOs crystals. This 2-theta range was most significant for 0.1, 0.01
and 0.00lMA-Ag samples because AgNO; predominates there, and this aligns
with physical-chemical measurements. It is therefore considered that the 0.1, 0.01
and 0.001 mM MA concentrations were too small to quantitatively react with the applied

10 mM AgNO:s.
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Figure 21: The difractogram of Ag NPs colloid samples.
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The cubic (111), (200) and (220) Ag NPs forms usually detected at approximately 38°,
44°, 64° and 77° on the 2-theta scale [17] and observed in TEM images were unfortunately
not confirmed by XRD analysis. However, this may be because significant organic residue
crystals present in I0OMA-Ag and 1IMA-Ag samples or significant AgNO3 extant in others
three samples, and the signal is stronger in those sample analyses than in small amount

of Ag NPs with diameters in units of nanometres.

As was mention previously, mostly spherical Ag NPs were observed in all samples,
and Figure 19 and Figure 22 show that I0MA-Ag and 1MA-Ag sample images contained

the large crystals probably of metastable organic residue.

Figure 22: TEM image of crystals present in sample 10MA-Ag. Synthetized Ag NPs 8 + 5 nm were

also detected.

Although the available literature does not clarify the MA and silver ion synthesis
mechanism, results highlight that the -OH functional groups in MA could cause reduction
of Ag" ion to AgNPs. Here, the AgNO3 metal precursor dissociated in water to Ag"
and NO3™ ions. The -OH functional group in the dicarboxylic MA acid then reacted
with the Ag" ion and cleaved the H from the OH group, and a silver ion interacted

with the negatively charged O'.
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The double-bonded O in MA also gains negative charge (free electron pair),

and researchers consider that this O also participates in forming the complex [55].

Thus, the individual MA molecules’ interaction with silver ions formed a meta-stable

complex which may

subsequently  disintegrated

to

Ag NPs

(Figure  23).

However, the description of the formation and disintegration of the complex requires

confirmation.

O HO
HOU:O +AgNO 3 —

— > Ag NPs

Figure 23: Possible mechanism of meta-stable complex formation, which subsequently disintegrated

to form Ag NPs.
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8.3. Stability of silver nanoparticles

A (-potential value above = 30 mV generally describes a stable system, but stability

especially depends on pH provision sufficient charge to confirm colloid stability [56].

The negative {-potential value of the colloidal Ag NPs was measured for each sample
and these were determined for decreasing concentration in this order: -1.3, -3.7, -4.3, -3.1
and -3.4 mV (Table 3). All samples appeared unstable the (-potential values proved too low
to achieve theoretical boundary value and there was a tendency for aggregation
and agglomeration when the samples were measured at laboratory temperature.
However, these processes were not been shown in TEM analysis or probably system is not
on equilibrium after a short period of three days and a lot of ions in the mixture are still

in the redox process.

Table 3: Value of the (-potential and pH of Ag NPs colloidal system for each sample.

Sample C-potential] pH

[mV]
10MA-Ag 13 J2.5+0.1
IMA-Ag 37 |1oxo0.1
0.IMA-Ag | 43 [26+0.1

0.01MA-Ag -3.1 34+0.1
0.001MA-Ag -3.4 43+0.1

Colloidal system stabilization can be affected by pH value, and this was therefore
measured for each sample (Table 3). The samples’ acidity was confirmed. They were
determined for decreasing concentration of MA in this order: 2.5, 1.9,2.6,3.4 and 4.3 +0.1.
Samples with a higher MA concentration exhibited greater acidity, and the 10MA-Ag
sample had a pH 2.5. In contrast, the pH increased to 4.3 with decreasing MA concentration
and samples acquired neutrality.

These results suggest that it is necessary to continue optimising the physico-chemical
properties so that the NPs in solution stay stable even under ambient conditions.
For example, Jain and Mehata [31] studied the effect of adding NaOH to Ag NPs colloid
prepared by quercetin. They confirmed higher stability at pH 10 when investigating
pH changing in the 7 to 11 range. Although this indicates that MA could be an Ag NPs

reducing agent, system stability most likely still requires altered pH.
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Another important factor that is observed during synthesis is temperature and time.
For TEM analysis after first 24 hours after mixing, samples were stored at 4 °C and NPs
diameters were determined in units of nanometres. In contrast, other analysis required

at least warming to room temperature (DLS) or higher (XRD).

Due to the instability of the system, the colloidal solutions were again analysed
by STEM after 14 days. The previously observed particle spherical and hexagonal shapes
and their presence were confirmed by analysis. Larger particle sizes were detected (Figure
24). Size distributions were determined for decreasing concentration in this order: 78 £ 22,

98 + 31, 62 + 20,53 £22 and 78 + 23 nm.

b)45

78 £22 nm
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o
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Figure 24: STEM micrograph of 10MA-Ag sample after 14 days from mixing MA and AgNO3, where
a) Ag NPs were confirmed with b) size distribution 78 £ 22 nm.

However, MA appears promising reducing agent but synthesis has to be further

optimised, especially in the following purposes:

(1) to stabilise the system and focus especially on stabilising NPs by changing
the pH or adding a stabilising agent,

(2) to determine the exact ratio between MA and AgNOs,

(3) to analyse the formed crystals, because this could provide further clues

to the synthesis mechanism.

A 0.1IMA-Ag sample was chosen for the subsequent application, where mostly
spherical Ag NPs with size distribution 8 + 3 nm. Although this sample indicated AgNO3
excess, the undetermined organic crystals observed in the I0OMA-Ag and 1IMA-Ag samples
were not obvious. The negative value of {-potential was determined -4.3 and pH was

2.6 +0.1. The sample 0.IMA-Ag was then mixed with the PVA to obtain 10 wt%
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of polymeric solution and immediately electrosprayed to PCL fibrous matrix. This should
resulted to the encapsulation and stabilization of small Ag NPs, which are more suitable

for the intended application in medicine.
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8.4. Characterisation of polymer solution that act as silver nanoparticles carrier

The required viscometer torque must be approximately 70 % or greater. This was
achieved by using 150 rpm speed for both measured polymeric solutions. Table 4 highlights
that pure PVA then had 17.08 mPa's viscosity and the PVA+Ag value decreased
to 13.92 mPa-s.

Table 4: PVA and PVA+Ag viscosity measurment at different speeds.

Speed PVA PVA + Ag

[rpm] n [mPa-s] Torque [%] n [mPa-s] Torque [%]
130 16.96 73.5 - -
140 16.99 79.2 - -
150 17.08 85.4 13.92 69.6
160 - - 13.89 74.1
170 - - 13.92 78.9

The Ag NP presence is most likely responsible for the overall polymer viscosity value
decrease from 17.08 to 13.92 mPa-s. This is supported by previous study [17] and further
explained by Chou et al’s molecular modelling of Ag NPs interaction with PVA [57].
This interaction of Ag NPs with PVA -OH groups and prevention of hydrogen bond
formation between the individual PV A molecules could have decreased PVA+Ag viscosity.
It is further possible that other compounds present in the colloid, such as AgNO3, influenced
the final viscosity. Unfortunately, the viscosity values could not be compared with other
studies because this parameter depends on all the following; polymer Mw, the mass

concentration, filler and solvent and the measuring apparatus.

While the PVA_30 sample had 750 + 685 nm average diameter droplets, and 685 nm
dimeters were the most common, the PVA+Ag 30 droplets had average 720 + 635 nm
diameter and approximately 610nm was observed most frequently. The PVA+Ag droplets
were therefore smaller in diameter than the pure PVA droplets and they also had greater
homogeneity and a slight tendency to fibre formation (Figure 25b). Finally, very large
droplets over 1,500 nm were also noted, and Figure 25 herein presents the average sizes

and deviations on histograms.
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Figure 25: SEM images of droplets prepared from different polymer solutions a) PVA
and b) PVA+Ag. . There was no great difference in droplet size distribution observed: c) sample

PVA 30 and d) PVA+Ag 30 sample; scale bar I um.
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8.5. Poly(e-caprolacton) fibre function as a droplet matrix

SEM analysis of PCL fibres confirmed successful preparation of fibres with average
2,066 + 88 1nm diameter (Figure 26). However, the occasional larger fibre diameters above
3,500nm caused significant deviation in the calculated averages. The most frequently
observed fibre diameter in the basic PCL matrix was approximately1,800 nm, and these PCL
fibres were used as the basic matrix for electro-spraying the PVA and PVA+Ag polymeric

solutions.

2066+ 881 nm

0
0 1000 2000 3000 4000 5000 6000 7000 8000
Diameteres of fibres [nm]

Figure 26: SEM image of a) PCL fibres prepared via Nanospider™ and b) their size distribution;

scale bar 10 um.

Figure 27 highlights the change in colour in the material during preparation
of the samples for analysis. The samples prepared by spraying PVA+Ag turned orange
after a month’s storage, and this visual confirmation of Ag NPs droplets on the PCL fibres

established that the fibres acted as an attachment matrix (Figure 27 c)-f)).
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Figure 27: Visual differences in prepared fibrous sample colour: a) PCL fibres and b)PCL/PVA_60
as control samples are white and samples with Ag NPs sprayed for different time

periods: ¢)15, d) 30, e) 45 and f) 60 minutes highlight colour change to orange.

Figure 28 shows that the electro-spraying of both PVA and PVA+Ag solutions
on the PCL matrix was successful, and droplets in the sample were substantiated by SEM
analysis. For example, the PCL fibre surface in Figure 28 a) was smooth compared
to the samples with electro-sprayed PVA and PVA+Ag droplets, and Figure 28 b) provides
evidence that the droplets were trapped on the surface of the fibres. Moreover, these droplets

were also trapped in the fibre external layer.

The amount of PVA+Ag droplets sprayed on PCL fibrous matrix also depended
on the length of spraying-time; 15, 30, 45 or 60 minutes (Figure 28 c)-f)). The number
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of attached PVA+Ag droplets increased with longer electro-spraying time, so that sample

PCL/PVA+Ag_60 contained the highest accumulation of PVA+Ag droplets

Figure 28: SEM images of prepared control samples: a) PCL fibres and b) PCL/PVA 60
with droplets on the surface and in the first PCL fibre layer. The Ag NPs prepared from 0.1 mM MA
were encapsulated in PVA droplets and were applied for different lenghts of time: c) 15, d) 30, e) 45
and f) 60 minutes; scale bar 10 um.

SEM and EDX analysis were applied to confirm the presence of Ag. The random

Ag clusters visible in Figure 29 a) were most likely caused by applying electro-spraying process
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parameters such as high voltage and inhomogeneity of droplets trapping on static collector.
The C and O chemical elements form part of the PVA and PCL structures and the presence
of Pt is caused by sputtering the samples for SEM analysis.

C I Spectrum 56
Wt% o
797 05

C 7 152 04
Ag [0 47 03
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Figure 29: SEM image of a) the sample PCL/PVA+Ag 45 with droplets, PCL fibres and location
of Ag and b) EDX analysis of chosen sample region, scale bar 100 um.
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8.6. Characterisation of prepared antimicrobial material

The Gram positive S. aureus and Gram negative bacteria E. coli are common bacterial
strains used in antimicrobial testing. These bacterial strains established resistance

to antibiotics, and alternative treatment for bacterial infections is urgent required [58].

Table 5 and Table 6 highlight the proven efficacy of Ag NPs attached to a fibrous
matrix against S. aureus and E. coli. The lowest 15-minute electro-spraying time
of PVA+Ag provided the least number of droplets with Ag NPs, but even this short period
had proven antibacterial activity against S. aureus, but not against E. coli. In contrast,
the PCL and PCL/PVA_60 fibres without Ag NPs provided no antibacterial effect on either
bacterium. Moreover, the PCL/PVA+Ag 30 and PCL/PVA+Ag 45 samples had
antibacterial activity against both bacterial cultures; and higher antibacterial effect was

observed against Gram positive S. aureus than Gram negative E-coli.

The PCL/PVA+Ag 60 sample efficiency was most impressive. Inhibition
of the growth of both bacterial species was evident 3 hours after incubation, and 100 %

inhibition was achieved after 6 hours.

The effect of each tested sample on the bacteria is contained in Table 5 and Table 6,
and these show that the Ag NPs had greater antibacterial activity against Gram positive
S. aureus bacteria than Gram negative E.coli. This is also supported by other authors
who researched Ag NP antibacterial activity. The reason for different susceptibility could
be explain by structural differences of the both bacterial strains. Gram negative cells have
a cell wall composed of an outer lipopolysaccharide membrane and an inner relatively thin
peptidoglycan membrane of only 3 to 4 nm thickness. Whereas, the cell wall of the Gram
positive type lacks an outer lipopolysaccharide membrane and the peptidoglycan layer
is thicker approximately 30 nm. These structural differences, including the thickness
and composition of the cell wall could explain why Gram positive S. aureus is less sensitive
to Ag NPs than Gram negative E. coli. This result has been found in other studies focusing

at the antibacterial activity of Ag NPs [24, 25, 44].
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Table 5: Antibacterial evaluation of prepared control fibrous samples and fibrous materials

with Ag NPs against S. aureus.

Incubation time
Sample 2 hours 3 hours 6 hours 12 hours | 24 hours
Growth inhibition (100 %)

PCL fibres
PCL/PVA_60
PCL/PVA+Ag 15
PCL/PVA+Ag 30 - -
PCL/PVA+Ag 45 - -
PCL/PVA+Ag 60 - -

Negative | Slowing growth | Positive | Not measured

Table 6: Antibacterial evaluation of prepared control fibrous samples and fibrous materials

with Ag NPs against E. coli.

Incubation time

Sample 2 hours 3 hours 6 hours 12 hours | 24 hours
Growth inhibition (100 %)
PCL fibres
PCL/PVA_60

PCL/PVA+Ag 15
PCL/PVA+Ag 30
PCL/PVA+Ag 45
PCL/PVA+Ag 60 - -

Negative | Slowing growth | Positive | Not measured

The prepared fibrous samples and their effect on cells require evaluation before being
used as a clinical antibacterial. The PCL/PVA+Ag 60 sample, which showed the highest
antibacterial activity for both tested bacteria cultures, was selected for cytotoxicity testing.

Direct testing and MTT assay evaluated PCL, PCL/PVA 60 and PCL/PVA+Ag 60 samples

herein.

Figure 30 shows that direct testing revealed little difference between these samples.
While samples incubated for 24 hours had less vacuolisation than those incubated

for 48 hours, and the 24 hours-incubation microscopy image had areas without cell
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development compared to the 48 hours-incubation images, no changes in morphology or cell
growth were observed after both these incubation periods. The CSN EN ISO 10993-5
cytotoxicity guide to direct contact testing evaluated the samples as non-cytotoxic at stage
zero. The life cycle of the cells in contact with this fibrous material was therefore
not disturbed in any way. The tested surface had no effect on cell physical-chemical bonding

and the cells could still replicate.

PCL/PVA_60

4 e

PCL/PVA+Ag 60

48 h

Figure 30: Microscope images of direct cytotoxicity testing after 24, control samples a) PCL fibres,
b) PCL/PVA 60, c¢) PCL/PVA+Ag 60, and 48 hours; d) PCL fibres, e¢) PCL/PVA_60,
f) PCL/PVA+Ag 60, magnification 50x.

The MTT assay is the most common method currently used in testing cell growth rate
and culture medium toxicity. This is based on cell viability measurement, when yellow
water-soluble MTT is reduce by the cells to blue-violet insoluble crystals of formazan
to indicate cellular effect. The number of viable cells correlates with the colour intensity
determined by photometric measurements after dissolving the formazan crystals in alcohol.
Cytotoxic potential is then established if the sample viability is reduced to less than 70 %
of the control [16, 25, 59].

Figure 31 shows the Vero cell suspension viability when PCL, PCL/PVA 60
and PCL/PVA+Ag 60 samples were tested by MTT assay. Cell viability was evaluated
at decreasing 100, 50, 25 and 12.5 % extract concentrations. The PCL fibres established 91,
99, 106 and 106 % cell viability. The PCL/PV A sample had 90, 89, 92 and 92 % cell viability
and the PCL/PVA+Ag_ 60 sample returned 82, 84, 86 and 89 %. These results determined

that all samples were non-toxic to cells.
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Control cell viability was also determined on decreasing extract concentration,

and the PC viability values were 0, 1, 59 and 82 % and NC values were 97, 96, 98 and 99 %.
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Figure 31: Viability of Vero cell suspension in the presence of samples; PCL fibres, PCL/PVA_60),
PCL/PVA+Ag 60 and PC and NC control samples. Presence of samples in left to right colour order;
PCL fibres, , PCL/PVA_60, PCL/PVA+Ag 60, PC and NC.

In conclusion, the material prepared in this thesis proved its potential for further
modification and possible use in the biomedical field. This thesis material requires further

investigation and the following changes may improve sample properties:

e construction of a multi-layered material where PCL fibres form the matrix
and PVA droplets carriers the Ag NPs. This design would result in slower
Ag NPs release than the material in this work, and also enhance
the antibacterial effect.

e alteration of the morphology, size, surface properties or Ag NP agglomeration
in this material.

e increasing PVA+Ag polymeric solution spraying time. This could also

produce increased Ag NPs number droplets and greater antibacterial effect.
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Conclusion

This diploma thesis was divided into two main parts — theoretical and experimental.
The theoretical part contains a comprehensive literature review of the following three main
topics: (1) an overview of the basic preparation methods of silver nanoparticles with detailed
focus on phytosynthesis and its mechanism, (2) the encapsulation of the silver nanoparticles
by electro-spraying and (3) the progressive materials used for polymer nanofibers and silver

nanoparticles to enhance this antibacterial material’s application in biomedical science.

The experimental part then focuses on the preparation and characterisation of the silver
nanoparticles and the artificial material’s subsequent effectiveness as an antibacterial agent.
However, the 3-12 nanometre sized nanoparticles had low stability. Therefore, a possible
mechanism for silver nanoparticles synthesis by metastable complexes was outlined,
and this was primarily based on available information from both literature reviews

and research analysis.

Both the prepared polymeric solutions of poly(vinyl alcohol) and the combined
poly(vinyl alcohol) and silver nanoparticles were homogenous and successfully sprayed
onto the poly(e-caprolacton) fibrous matrix. Thus, the presence and incorporation of silver

nanoparticles into poly(vinyl alcohol) droplets was proven.

In conclusion, the prepared fibrous materials transporting the silver nanoparticles
exhibited antibacterial activity against Staphylococcus aureus and Escherichia coli.
Moreover, the cytotoxicity testing established that the material with the most significant
antibacterial activity was non-cytotoxic. Therefore, the interactions and experimental results
presented herein strongly suggest that higher antibacterial activity can be achieved
in the future and that this activity could led to higher cytotoxicity, as documented

in this thesis.
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