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1. INTRODUCTION

The incidence of acute and chronic wounds is high and progressively escalating
(Martinengo et al., 2019). Living with non-healing wounds constitutes an im-
portant burden to patients as well as to the healthcare systems, which earmark
many funds to cover their treatment expenses (Lindholm and Searle, 2016).

Probably the main pillar for the treatment of wounds is the control of the
infection that occurs or may occur when the skin barrier is broken. Debridement
is the cornerstone of wound care; it involves the cleaning of the wound preparing
it for the administration of topical drugs (Anghel et al., 2016). However, con-
ventional topical therapeutic formulations (creams, gels, solutions, etc.) en-
counter many efficacy problems due to the presence of wound exudate. Systemic
antibiotics are also employed; nonetheless, this administration route comes with
toxicity issues which may restrain its use (Eriksson et al., 2022). Besides the drug
formulation, another critical challenge for wound healing therapeutics is the
development of antimicrobial resistance (AMR) (Probst et al., 2022). In recent
years, the availability of antimicrobial drugs has diminished as AMR is expo-
nentially growing. This dissertation was aimed to address both issues by pro-
posing a novel drug delivery system to enhance the efficacy of antimicrobial
substances.

An antibiotic, chloramphenicol (CAM), and various antimicrobial peptides
(AMPs) were selected to investigate their action against different wound patho-
gens. Besides, AMP combinations with biocides, widely used for wound cleaning,
were assessed. Pleurocidin was selected as a relatively novel AMP with a broad
mechanism of action, making it a promising alternative to antibiotics against
multiresistant bacteria and potentially hindering the development of AMR.

Moreover, CAM and pleurocidin have been separately incorporated into a
novel drug delivery system as an approach to overcome current low efficacy and
toxicity issues encountered by conventional therapies. Wound dressings, deve-
loped using electrospinning, are defined by their nanotechnology approach,
where fibers on the nanoscale are collected together in a nonwoven matrix. This
fabrication method allows the incorporation of active drug substances, improving
their stability and controlling their release (Yarin, 2011). Moreover, the physico-
chemical features of electrospun matrices such as their high surface area to
volume ratio, mechanical properties, and high porosity contribute to and sustain
a good moisture balance, absorbability, and gas-exchange in the wound, pro-
moting its healing (Leaper et al., 2014; Muthukrishnan, 2022).

In the present thesis, antimicrobial matrices have been developed and charac-
terised using in vitro experiments as an initial step in understanding their fabri-
cation and their ability to combat wound pathogens. This dissertation identifies
certain limitations but also introduces a new strategy that will be studied further,
with the hope of ultimately incorporating these matrices as a new therapeutic
option for wound healing applications.
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2. LITERATURE REVIEW

2.1. Wounds

The incidence of chronic wounds and other skin diseases is high and increasing
(Vos et al., 2016). A recent study has defined the prevalence of chronic wounds
of mixed aetiologies in the general population as 2.21 per 1000 population
(Martinengo et al., 2019). Including chronic and acute wounds, it is estimated that
1.5-2 million people in Europe suffer their consequences (Lindholm and Searle,
2016).

Living with chronic wounds profoundly affects the quality of life of a person,
causing pain, distress, social isolation, anxiety, chronic morbidity, and even
mortality. This is an enormous burden that is added to the economic strain on
healthcare systems to cover their treatment expenses (Lindholm and Searle,
2016).

This section delineates the physiology of healthy skin to understand wound
formation, identifies key microorganisms involved in wound infections, discusses
factors contributing to the development of non-healing wounds, and outlines
current treatment options.

2.1.1. Wound healing physiology

The skin, being the largest organ in the body, serves as a huge physical and
chemical barrier, preventing the entry of pathogens and noxious chemicals while
also regulating the loss of water and other substances. Besides, it performs other
functions such as temperature regulation, sensory perception, vitamin D
synthesis, and the release of nitric oxide (Weller et al., 2015).

The outermost layer of the skin, the epidermis, is impermeable. Keratinocytes
make up about 85% of cells in the epidermis. Their life cycle and relation with
the environment create different layers or strata. Additionally, the epidermis also
contains sebaceous glands, sweat glands, and hair follicles. Supporting the
epidermis structurally, the dermis provides nutrients to the skin. Fibroblasts are
the predominant cells found in the dermis, a layer rich in extracellular matrix
(ECM) where collagen makes up to 70—80% of its dry weight. Beneath the dermis
lies the subcutancous adipose tissue, serving as an energy reserve. In addition,
each layer contains immune cells that play a vital role in protecting against
infection (Habif, 2015; Rodrigues et al., 2019; Weller et al., 2015).

A wound occurs when the structural and functional integrity of the skin and/or
its underlying tissues is compromised. When this occurs, different physiological
pathways activate wound healing. Haemostasis, inflammation, proliferation, and
remodelling are the phases that a wound must overcome in order to heal comple-
tely. However, in certain instances, wound progression deviates from the norm,
resulting in a cessation of the healing process, often during the inflammatory
phase. Should a wound persist without healing for a duration exceeding 4 weeks,
it may be classified as chronic (Eriksson et al., 2022).
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The first stage of wound healing is haemostasis. It begins with vasoconstric-
tion which reduces bleeding from injured vasculature. Afterwards, the exposed
thrombogenic endothelial matrix binds platelets and causes integrin activation
and attachment to other platelets and surrounding ECM. The activated platelet
plug mechanically seals the blood vessel and establishes the so-called primary
haemostasis. Secondary haemostasis begins with the activation of factor X
through an intrinsic or extrinsic pathway. This leads to a molecular cascade that
ends with the formation of fibrin, which binds the aggregated platelet plug
forming a thrombus (Rodrigues et al., 2019).

The second phase of wound healing is inflammation. During this phase, the
recruitment and activation of different cells occur. Neutrophils, macrophages, and
other cells such as mast cells and dendritic cells, migrate to the wound and release
chemokines, growth factors, and other molecules that modulate inflammation and
combat pathogens (Rodrigues et al., 2019).

The proliferation and re-epithelization stage begins concurrently with in-
flammation. This stage involves a migration and activation loop that enhances
angiogenesis, as well as the recruitment and proliferation of fibroblasts and
keratinocytes. Initially, fibroblasts synthesize ECM to form granulation tissue,
which is gradually replaced by normal connective tissue during re-epithelization
(Rodrigues et al., 2019).

Regeneration of the skin is a gradual but interconnected process that includes
many molecules and pathways. One of the most common reasons for the
development of non-healing wounds is a pathogenic infection that disturbs the
normal process. The longer a wound persists, the greater the likelihood of conta-
mination, colonization, and subsequent infection development.

2.1.2. Wound infection

The skin harbors a multitude of bacteria, collectively forming a complex eco-
system. Major phyla found on the skin include Actinobacteria (36-51%), Firmi-
cutes (24-34%), Proteobacteria (11-16%), and Bacteroidetes (6-9%). Dry areas
of the skin exhibit the highest diversity, with a varied colonization of these phyla.
Conversely, moist and oily areas tend to have elevated levels of specific bacteria.
Staphylococcus (Firmicutes) and Corynebacterium (Actinobacteria) are pre-
valent in moist areas, while oily regions are dominated by Cutibacterium (Actino-
bacteria) species (Carmona-Cruz et al., 2022).

Under normal conditions of the skin these bacteria should not cause skin
infections, although this is possible and fairly common in some cases, e.g., acne
caused by Cutibacterium (Mayslich et al., 2021; Weller et al., 2015).

The majority of chronic wounds are infected by more than a single microbe,
usually by groups of bacteria (both aerobes and anaerobes (Brook, 1992)), and/or
fungi (Dowd et al., 2011). All these microorganisms frequently establish a bio-
film, regulated via quorum sensing, where the bacteria interact to coordinate
different parameters such as microbial growth rates, enzyme and toxin pro-
duction, and even AMR. This communication and successful evasion of the
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immune system ultimately promotes a chronic inflammatory state and delays
wound healing (Percival et al., 2014). Therefore, the variety of microorganisms
found in a wound is usually higher the longer the wound has been present. The
most common species in wound infection are Gram-negative bacteria: Pseudo-
monas aeruginosa, Escherichia coli, Proteus mirabilis, Klebsiella pneumoniae,
and Acinetobacter baumannii; and Staphylococcus aureus as the main represen-
tative of Gram-positive bacteria (Puca et al., 2021).

2.1.3. Wound treatment

The cornerstone of effective wound care is debridement, a process vital for re-
moving necrotic tissue, slough, and bioburden. By cleaning the wound through
debridement, angiogenesis and re-epithelialization are promoted, topical drug
formulations become more effective, and the risk of sepsis is reduced. Debri-
dement plays a crucial role in disrupting biofilms, maintaining bacterial cells in a
metabolically active state during the reformation after debridement, and pre-
venting them from maturing into a more resilient biofilm. This process increases
the effectiveness of antibiotics, as many of them target metabolic machinery or
cell wall synthesis directly associated with bacterial growth and metabolism. A
window of increased antibiotic sensitivity lasting 24-48 hours post-debridement
has been observed for wound biofilms. Surgical debridement is commonly em-
ployed, although alternative techniques such as larval therapy can also be utilized
(Anghel et al., 2016; Wolcott et al., 2010).

In addition to debridement, other treatments are usually necessary to control
infections and promote wound healing. Bioburden presents a clinically significant
barrier to healing in all chronic wounds (Cadogan et al., 2011). To plan an optimal
treatment approach, the use of molecular diagnostics such as polymerase chain
reaction (PCR) is highly recommended for identifying and addressing all diffe-
rent microorganisms present in the wound. This strategy can increase the healing
odds up to 200 % (Dowd et al., 2011). While systemic antibiotics and topical
antimicrobials remain the main pharmaceutical formulations used to treat wound
infections, they have limitations such as toxicity to humans and low efficacy that
will need to be addressed in future formulations (Eriksson et al., 2022).

Wounds need to be protected from contamination and provided with physical
support while promoting healing, and this can be performed using dressings. For
effective healing, the dressing should have appropriate moisture management and
fulfil a list of requisites depending on the wound (Eriksson et al., 2022).

Chronic wounds or other wounds that are difficult to heal may be eligible for
alternative treatment strategies. Negative pressure wound therapy, grafting, and
hyperbaric oxygen are among those that aim to speed up wound healing and
reduce the number of complications (Eriksson et al., 2022). However, each
wound requires specific treatment, and no ideal single treatment is usually
possible.

16



2.2. Antimicrobial resistance

The treatment of wounds and many other diseases has become arduous in recent
years due to the development of AMR. AMR is a natural phenomenon that occurs
when microorganisms are exposed to antimicrobial drugs. Under this stress,
susceptible bacteria are inhibited or killed, while other bacteria are resistant and
the stress does not, or barely, affect them. The resistance mechanisms may be
intrinsic or may have been acquired (Prestinaci et al., 2015). AMR mechanisms
can be classified into several categories, including drug inactivation, modification
of drug binding targets, changes in cell permeability, and biofilm formation
(Santajit and Indrawattana, 2016). The spread of AMR within different bacteria
frustrates traditional treatments, increasing mortality and aggravating many
diseases.

2.2.1. General perspective

A quite comprehensive article has recently been published in The Lancet ana-
lysing the global burden of AMR (Murray et al., 2022). This analysis shows that,
in 2019, there were a total of 1.27 million deaths directly attributable to AMR
and 4.95 million deaths associated with AMR. Being the third leading Global
Burden of Disease (GBD) Level 3 cause of death, only ischaemic heart disease
and stroke accounted for more deaths that year.

The variety of bacteria that present AMR is expanding, causing attributable
and associated deaths that are shown in Figure 1. The leading pathogens,
identified as priority pathogens by the World Health Organisation (WHO) are
Escherichia coli, Staphylococcus aureus, Klebsiella pneumoniae, Streptococcus
pneumoniae, Acinetobacter baumannii, and Pseudomonas aeruginosa (Murray
etal., 2022).

17
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A considerable amount of information has been published regarding AMR and
its causes and consequences, which are beyond the scope of this work (Abusha-
heen et al., 2020; Michael et al., 2014; Prestinaci et al., 2015). Moreover, many
guidelines on how to treat these bacteria have been written and need to be updated
frequently while levels of AMR keep increasing (Paul et al., 2022; Terreni, 2021).

The future perspective for AMR is complicated but an improvement is
possible. The solutions need to be based on a combination of prevention measures
and an increase in research and development (R&D) of new antimicrobial
molecules. In order to spur governments to put policies in place to incentivize
R&D, WHO has published a list of bacteria for which new antibiotics are urgently
needed (World Health Organization, 2017). This list is adapted and shown in
Table 1.

Table 1. Resistant bacteria in urgent need of new antibiotic development. Key: !!! =
Critical, !! = High, ! = Medium. ESBL = Extended Spectrum Beta-Lactamase.

Priority Pathogen Resistance
m Acinetobacter baumannii Carbapenem-resistant
m Pseudomonas aeruginosa Carbapenem-resistant
. Carbapenem-resistant
m Enterobacteriaceae P . ’
ESBL-producing
I Enterococcus faecium Vancomycin-resistant

Methicillin-resistant, Vancomycin-

" Staphylococcus aureus . . .
Py intermediate and resistant

il Helicobacter pylori Clarithromycin-resistant
" Campylobacter spp. Fluoroquinolone-resistant
I Salmonella Fluoroquinolone-resistant

Cephalosporin-resistant,

" Neisseria gonorrhoeae . .
& Fluoroquinolone-resistant

! Streptococcus pneumoniae Penicillin-non-susceptible
! Haemophilus influenzae Ampicillin-resistant
! Shigella spp. Fluoroquinolone-resistant
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2.2.2. AMR found in wounds

Unfortunately, most of the pathogens found in wounds belong to the so called
“ESKAPE” cluster, composed by Enterococcus faecium, S. aureus, K. pneu-
moniae, A. baumannii, P. aeruginosa and Enterobacter species. These micro-
organisms originally identified in hospital settings are notorious for their frequent
occurrence and association with AMR (Rice, 2008). The specific antibiotic resis-
tances commonly observed in each of these pathogens are detailed in Table 1.

As mentioned above, chronic wounds are usually infected by these bacteria,
which are able to form a biofilm. This environment is ideal for the development
of AMR due to the difficulty of drug penetration caused by the extracellular
polymeric substances (EPS) that form the biofilm matrix. This lowers the thera-
peutical concentration of drugs interacting with bacteria, allowing for bacterial
adaptation. Moreover, the biofilm permits the accumulation of genetic elements
through the lysis of heterogeneous species, which facilitates the transmission of
AMR genes through horizontal gene transfer (Goel et al., 2021).

Fortunately, there are still some therapeutic options: amikacin and meropenem
are the most effective antibiotics against Gram-negative bacteria, whereas vanco-
mycin appears to be the most effective antibiotic for Gram-positive ones (Puca et
al., 2021). However, it is important to continue the R&D of new antibacterial
molecules and find novel local drug delivery approaches to improve the efficacy
of antimicrobial substances.

2.3. Antimicrobial agents for the treatment of wound
infections used in this dissertation

2.3.1. Antibiotics

From very early years, ancient civilizations have used many remedies to over-
come bacterial wound infections. Honey, herbs, mouldy bread and even animal
faeces were the substances that were used in ancient Egypt, China, Serbia, Greece
and Rome (Gould, 2016). Since then, many important discoveries in micro-
biology have led to the development of more effective and defined antibacterial
molecules named as antibiotics.

The choice of antibiotic treatment for wound infection highly depends on the
specific pathogens present in the wound and their AMR profiles. Current guide-
lines, which account for the prevalence of AMR (including pathogens resistant to
third-generation cephalosporins and carbapenems) recommend the use of the
latest antibiotics or antimicrobial molecules developed and the use of combi-
nation treatments (Paul et al., 2022). However, it is expected that new AMR will
develop against these novel treatments. In the meantime, further R&D efforts are
necessary for antimicrobial molecules, including the reevaluation of molecules
that were used in the past but where their application was reduced due to issues
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such as toxicity (World Health Organization, 2017). Modifying drug formu-
lations can mitigate systemic toxicity concerns when applied topically, as demon-
strated by chloramphenicol which has also been retrieved (Drago, 2019).

2.3.1.1. Chloramphenicol

Chloramphenicol (D-(-)-threo-1-p-nitrophenyl-2-dichloroacetamido 1,3-pro-
panediol, CAM) is a broad-spectrum antibiotic originally isolated from Strepto-
myces venezuelae in 1947 (Figure 2). This molecule binds to the 50S ribosomal
subunit of the 70S ribosome, interfering with peptidyl transferase and thus,
inhibiting peptide bond synthesis and the formation of bacterial ribosomes (Shen
et al., 2018; Yunis, 1988).

Its biological activity is closely related to its chemical structure. The primary
alcohol at carbon 3 of the propanediol chain, the dichloroacetyl moiety and the
p-NO2 group are responsible for the correct binding to its target, although some
of them can be replaced by functional groups with similar characteristics (Yunis,
1988).

The clinical use of CAM was reduced due to its association with toxic effects
when administrated systemically (i.e. hematotoxicity). However, in recent years,
enhanced by strategies on AMR, CAM has been reconsidered as an antibacterial
therapy (Drago, 2019). Besides, using this drug topically, it is possible to reduce
its toxicity while ensuring high concentrations at the infection site. A single dose
of CAM produces a relative reduction in wound infection rate of 40% (Heal et
al., 2009).

This molecule has been proven to be of great potential for topical wound and
ocular treatment, although special care must be taken as hypersensitivity re-
actions have been described (Drago, 2019; Livingston et al., 2013).

CAM remains active against a variety of bacterial pathogens, including those
resistant to multiple antimicrobial agents. However, the most prevalent mecha-
nisms of CAM resistance involve well-documented functions such as enzymatic
inactivation, efflux pumps, and ribosome protection (Crofts et al., 2019).

2.3.2. Antimicrobial peptides

Antimicrobial peptides (AMPs) are natural molecules, found in different orga-
nisms that present antimicrobial properties. Furthermore, not only are they able
to directly fight pathogens, but they are also involved in other processes such as
immune response, inflammation, and angiogenesis. For this reason, they are often
referred to as host defence peptides (Gera et al., 2021; Patel and Akhtar, 2017).

Based on their amino acid composition, AMPs have an amphiphilic nature,
with hydrophobic and hydrophilic moieties. Most of them are cationic and can
vary in size up to 600 amino acids (Patel and Akhtar, 2017).

AMPs have aroused huge interest in recent years due to their potential ability
to overcome AMR. AMPs have a broad mechanism of action, mainly involving
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membrane disruption and genetic material damage. This unspecific target pre-
vents bacteria from adapting and resisting the stress caused by AMPs. Besides,
AMPs are potent but fragile killing molecules that are rapidly effective in a small
dose but are degraded in contact with the environment (e.g. temperature, humi-
dity, pH) thus, their spread in water and soils is rare, while common antibiotics
reach different environments, spreading AMR (Miao et al., 2021). Thus, AMPs
are good alternatives to antibiotics. Besides, their antimicrobial, anti-inflam-
matory, angiogenesis, cell migration, and proliferation promotion, provide a great
combination of mechanisms useful to fight against infections and promote wound
healing (De Souza et al., 2022).

In this dissertation, different AMPs were selected and tested for their anti-
microbial properties and their potential to be formulated into electrospun fibrous
dressings for wound healing applications. Namely, pleurocidin, D-pleurocidin-
KR and temporin B L1FK (Table 2).

2.3.2.1. Pleurocidin and analogues

Pleurocidin was first characterised in 1997, isolated from the winter flounder fish
(Pleuronectes americanus). It is 25 amino acids long and presents an alpha-
helical conformation (Cole et al., 1997). This peptide binds and disrupts bacterial
membranes and also penetrates them to interact with intracellular targets, in-
hibiting the synthesis of DNA, RNA, and proteins (Patrzykat et al., 2002). Its
enantiomer, D-pleurocidin, has been created to overcome the enzymatic degra-
dation produced by proteases and it has been proven to have lower haemolytic
activity than the L-form, although its antibacterial activity may diminish. Fortu-
nately, D-pleurocidin is still a potent antibacterial agent (Lee and Lee, 2008).

D-pleurocidin-KR is another synthetic AMP obtained by modifying pleuro-
cidin (Manzo et al., 2020). It is the result of substituting all four lysine residues
with arginines. These lysine residues in pleurocidin are crucial for forming an
extended alpha-helix, and their absence in D-pleurocidin-KR results in greater
conformational flexibility. Besides, arginine residues promote increased hydro-
gen bonding between the peptide and the lipid headgroups. Both factors contri-
bute to a much higher penetration of the hydrophobic core, inducing greater
disorder compared to pleurocidin (Manzo et al., 2020).

2.3.2.2. Temporins

Temporins were initially isolated from the skin mucus of the European common
frog Rana temporaria. Temporin B L1FK is an analogue of temporin B that was
synthesised on the basis of retaining the features that could infer in the membrane
interaction, however, this peptide has proven to be more potent against bacterial
pathogens, specifically Gram-negative bacteria, than its parent peptide (Grassi et
al., 2017).
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Table 2. The amino acid sequence of antimicrobial peptides (AMPs) used. Key: Bold and
underlined letters indicate the substitutions compared to the parent peptide.

Peptide Sequence
Pleurocidin GWGSFFKKAAHVGKHVGKAALTHYL
Pleurocidin-KR GWGSFFRRAAHVGRHVGRAALTHYL
Temporin B L1FK FLPIVGLLKSLLK

2.3.3. Biocides

Biocides are antimicrobial molecules widely used in disinfectants and antiseptics.
These chemical agents are distinguished from antibiotics by the fact that they act
on a broad spectrum of microorganisms and their cellular targets usually are not
as specific, acting on multiple sites (Mcdonnell and Russell, 1999). Their wider
activity prevents the development of AMR, or at least limits resistance to a
narrower range compared to antibiotics. However, resistance mechanisms to
biocides may occur and they must be investigated as these molecules may stop
being effective or, even worse, cause cross-resistance with antibiotics (Meade et
al., 2021). All biocides used in this work (chlorhexidine digluconate, benzal-
konium chloride, silver nitrate, silver sulfadiazine, octenidine dichloride, and
povidone iodine) are used for wound infection as a conventional topical treatment
(European Wound Management Association (EWMA), 2006). A summary of
these biocides, including their chemical structure and antimicrobial action
mechanisms, are given in the following paragraphs.

2.3.3.1. Chlorhexidine digluconate

1,6-bis(4’-chlorophenylbiguanide) hexane or chlorhexidine is a bisbiguanide
introduced in 1954 as an antiseptic hand scrub and wounds irrigator (J.-Y. Mail-
lard et al., 2021). It carries two cationic groups, separated by a hydrophobic
structure, which reacts with the negatively charged microbial cell surface, thereby
destroying the integrity of the cell membrane (Figure 2). The hydrophobic
moiety is six carbons long and somewhat inflexible thus it is not able to
interdigitate through the bilayer. Their mechanism of action is based on the
bridges formed between each biguanide and pairs of adjacent phospholipid
headgroups (Gilbert and Moore, 2005).

Resistance mechanisms against chlorhexidine based on efflux pumps have
been described to cause cross-tolerance and cross-resistance to relatively new
antibiotics such as imipenem or cefepime (J.-Y. Maillard et al., 2021).
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2.3.3.2. Benzalkonium chloride

Benzalkonium chloride is always a mixture of n-alkyldimethylbenzyl ammonium
chlorides where the n-alkyl groups can be of variable length within a specified
range (Figure 2). It is a monocationic antimicrobial agent, specifically a mono-
quaternary ammonium compound (QAC). These molecules have their mecha-
nism of action on the interaction of their positive charge with the negatively
charged cell membrane. The hydrophobic tail then interdigitates into the memb-
rane core, losing its integrity and releasing all the cell contents, hence explaining
their designation as biological detergents (Gilbert and Moore, 2005).

The QACs have been actively deployed since the 1930s, although their effec-
tiveness is still good due to the high doses used. Different mechanisms of resis-
tance against these compounds have been described such as efflux pumps and
changes in the acidic phospholipid content on the membrane. P. aeruginosa for
example, is relatively insensitive to QAC biocides due to a molecule penetration
failure (Gilbert and Moore, 2005).

2.3.3.3. Silver biocides

There are different silver products used for the treatment of wounds, including
hydrocolloids, and dressings containing nanocrystals of Ag or as bound cationic
Ag" (Silver et al., 2006). Two different silver biocides, namely silver nitrate and
silver sulfadiazine were used in the present dissertation.

Silver nitrate is an inorganic salt (Figure 2) that was introduced for the
treatment of burns in 1965 as a 0.5% solution, being a considerate advance at that
time, shortening the hospitalization time and decreasing mortality (Moyer et al.,
1965). Although its photosensitivity dyes the skin black (argyria) and it may
produce skin irritation, it is generally recognised as safe (White and Cooper,
2005).

On the other hand, silver sulphadiazine is a more complex silver salt (Figure
2). Silver sulphadiazine is formed by the reaction between sulphadiazine and
silver nitrate.

The silver moiety found in both molecules is crucial for their antibacterial
activity. Silver is only active in its ionic state. Ag" is a highly reactive ion that
interacts with key biological components such as thiols, present in enzymes,
DNA, surface components, etc. Being able to bind to all these targets, silver has
a broad antimicrobial spectrum. Besides, theoretically, silver has benefits to the
wound healing process having a potential effect on inflammatory cytokines and
interacting with metalloproteins and metallothionines (White and Cooper, 2005).

However, it is unclear where the activity of silver sulphadiazine comes from:
it may be a synergistic action from both molecules (silver and sulfadiazine)
(Richards et al., 1991). Sulfadiazine is a sulfonamide antibacterial agent. This
broad-spectrum bacteriostatic antibiotic inhibits the folate pathway by hindering
the formation of dihydropteroic acid (White and Cooper, 2005). However, after
silver sulphadiazine molecular dissociation, only the binding of silver to

24



intracellular target (DNA) has been found (Modak and Fox, 1973), leading to the
belief that most, if not all, of its activity is caused by Ag". It is thought that sulfa-
diazine does not act via the described route but rather acts as a stable reservoir
for silver ions (Fox and Modak, 1974; Modak et al., 1988).

2.3.3.4. Octenidine dichloride

Octenidine is a bispyridine separated by ten methylene groups and a terminal
octanyl group from both sides (Figure 2) that has been used widely for more than
20 years as an antiseptic for wounds (Hiibner et al., 2010). Octenidine differs
from other QACs because of the lack of an amide and ester component within the
structure. Therefore, it is less toxic (Rzycki et al., 2021). This structure gives the
molecule an amphipathic character that resembles features of AMPs, including
their mechanism of action.

Octenidine binds and penetrates the bacterial outer membrane; initially, due
to electrostatic interactions and then, interfering with the fatty acyl chains through
its hydrocarbon chains. Being detergent-like, it destroys the packing order of
bacterial phospholipids, breaking the bacterial membrane (Malanovic et al.,
2020). Additionally, octenidine is stable over the whole pH range of 1.6-12.2,
which is particularly important considering varying conditions in wound healing
(Hiibner et al., 2010; Schneider et al., 2007).

A resistance mechanism has been described for P. aeruginosa, which is based
on mutations in smvR (increasing the expression of efflux pumps), as well as in
the pss4 and pgsA genes (phospholipid synthases), causing membrane re-
modelling. This leads to a 256-fold increase in octenidine tolerance (Bock et al.,
2021).

2.3.3.5. Povidone iodine

Although the activity of iodine as an antiseptic has been known since 1829, its
poor solubility and stability caused serious difficulties in its application and wider
use. It was not until 1956 when povidone iodine (PVP-iodine) was introduced,
solving the aforementioned problems (J.-Y. Maillard et al., 2021; Williamson et
al., 2017).

Povidone (polyvinyl pyrrolidone, PVP) is a synthetic polymer that forms a
complex with iodine, being its carrier and reservoir (Figure 2). Thus, an equi-
librium between PVP-bound iodine and free iodine is formed, enhancing the
solubility of this molecule and improving its safety (Bigliardi et al., 2017).

The antimicrobial activity of this molecule is caused by the iodine moiety,
however, PVP presents a certain degree of affinity to the bacterial cell surface
that brings the iodine closer to its target and promotes bacterial killing (Zamora,
1986). Once separated from the complex, free iodine oxidizes the bacterial cell
membrane and penetrates into the cytoplasm oxidizing other molecules such as
enzymes, amino acids, and nucleotides. It rapidly kills microorganisms by
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inhibiting essential cellular processes, including cellular respiration, electron
transport, and protein synthesis (Williamson et al., 2017).

PVP-iodine is an antiseptic with a broad antibacterial spectrum. Moreover, the
absence of bacterial resistance mechanisms and the low cytotoxicity exhibited by
this molecule endow it with favourable properties for the treatment of wound
infections (Bigliardi et al., 2017).
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Figure 2. Chemical structure of antibiotic and biocides used in this dissertation. A.
Chloramphenicol. B. Chlorhexidine. C. Benzalkonium chloride. D. PVP-iodine. E. Silver
nitrate. F. Silver sulphadiazine. G. Octenidine. Created with BioRender.com.

26



2.4. Electrospun matrices as wound dressings

Traditional dressings, made of woven and non-woven cotton, rayon, or polyester
fibres, may be useful on dry wounds. However, where there is slight drainage or
bigger exudating wounds, these materials are associated with maceration of
healthy tissues and adhesion to the wound, resulting in delayed healing and
painful removal (Piaggesi et al., 2018). Therefore, new wound dressings, such as
films, foams, hydrogels, hydrocolloids, and nanofiber matrices have been
formulated to promote wound healing (Kaiser et al., 2021).

Nanofibrous electrospun matrices are very good wound dressing candidates
due to their outstanding physicochemical features. Their high surface area to
volume ratio, flexibility, mechanical strength, high porosity, their ability to be
highly tuneable in terms of drug delivery — adjusting the hydrophobicity of the
fibers — and their great biocompatibility with biological tissues make these dres-
sings one of the most investigated at the moment (Muthukrishnan, 2022). They
resemble the natural ECM, allowing a sufficient absorbability and gas-exchange
that control and maintain an appropriate moisture balance, avoiding maceration
and desiccation of the wound bed (Leaper et al., 2014). All these properties
enhance good haemostasis and promote wound healing.

When electrospun matrices are loaded with different molecules that facilitate
the healing process (i.e. antimicrobial agents), further characterisation needs to
be conducted. The drug content and release from the matrix into the environment
and the activity of the drug need to be assessed. Moreover, all matrices used for
wound treatment should be proven safe and biocompatible.

2.4.1. Electrospinning technology

In order to develop electrospun dressings, it is crucial to understand the method.
Electrospinning is a versatile and straightforward technique used for the fabri-
cation of fibers on the micro to nanoscale. It involves the application of a high-
voltage electric field to a polymer solution, causing the formation of a thin jet
from a small nozzle (Syed et al., 2023).

The electric field accumulates on the solution inside the nozzle until the solu-
tion reaches the same polarity charge as the applied electric field. Then, electrical
repulsion occurs between the like charges. This repulsive force overcomes the
surface tension of the solution, leading to the formation of a conical shape known
as the Taylor cone and the ejection of a polymer jet from the nozzle. This jet
stretches and elongates due to the electrostatic repulsion between the charged jet
and the grounded collector. As the solvent in the jet evaporates, the charged
polymer fibers solidify and these solid fibers are collected on a grounded collector
as anonwoven matrix (Huang et al., 2003). A schematic representation of electro-
spinning is provided in Figure 3.
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Figure 3. Schematic diagram of the electrospinning process. Created with BioRender.com.

2.4.2. Parameters

The electrospinning technique relies on different parameters that require optimi-
sation and influence the physicochemical properties and behaviour of the fibrous
matrix. These parameters come from different variables that are summarised in
Table 3.
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2.4.3. Loading techniques

Although a final product may consist solely of an electrospun matrix formed by
the employed polymer (e.g. polymeric matrices or scaffolds for tissue engineering
(Oztemur et al., 2023)), many applications require loading other molecules into
the electrospun matrix. As part of the pharmaceutical technology approach, diffe-
rent drugs have been incorporated using different loading techniques (Figure 4).

Post-loading techniques

This approach involves surface immobilization of the bioactive molecule after
the electrospinning process. This method has various advantages: it prevents the
need for contact between the drug and solvents that may degrade the molecule,
and it allows an easier development of the matrix to preserve its original degra-
dation and mechanical properties (Luraghi et al., 2021). One method to achieve
this is the physical adsorption technique, however, the bonds formed are often
weak, thus releasing the drug very fast when the matrix gets in contact with the
aqueous environment (Karge and Weitkamp, 2008). To mitigate this issue, other
stronger non-covalent interactions and cross-linking processes are needed.

Drug blending

This methodology relies on the dissolution of both the drug and polymer in a
suitable solvent. When achieved, it is probably the simplest approach and the one
with the highest drug loading capacities. However, it is not always feasible.
Sometimes it is difficult to find a solvent that dissolves both molecules and even
s0, many organic solvents can degrade the active molecule. Besides, the drug
release obtained from these fibers usually starts with a burst release (Luraghi et
al., 2021).

Emulsion electrospinning

The drug can be encapsulated using an emulsion technique. In this case, the drug
is usually prepared in a water solution and the polymer is dissolved in an oily one.
Afterwards, both solutions are mixed vigorously, and micelles are formed. This
method allows to form core-shell nanofibers without the use of a concentric
needle that prevents a close contact between the drug and a potential organic
solvent that could degrade it (Luraghi et al., 2021).

Coaxial electrospinning

Unlike all other methods mentioned above, whose matrices are electrospun using
a monoaxial nozzle, this technique is based on the preparation of different solu-
tions for the polymer and the drug that afterwards are combined into a concentric
needle to form core-shell nanofibers. Similar to the emulsion technique, it
prevents contact between the drug and a potential organic solvent. Moreover, the
polymeric shell functions as a physical barrier that hinders burst release (Luraghi
etal., 2021).
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Figure 4. Various strategies used for drug incorporation into the electrospun fibers.
Created with BioRender.com.

Although the techniques mentioned above are the most common, there are
various other electrospinning methods and setups available. Some of them are
triaxial electrospinning (Yang et al., 2023), side-by-side electrospinning (Cai et
al., 2019), and needleless electrospinning (Elsherbiny et al., 2023). Moreover, a
high-intensity ultrasound electrospinning method (USES) (patent available)
(Laidmaée et al., 2016) and a microfluidic electrospinning method (patent pen-
ding) (Lanno et al., 2022) have been developed in our research group.

2.4.4. Characterization of electrospun matrices

Polymeric nanofibers are attracting great interest due to their wide applications
in numerous fields. They have been used for the fabrication of membranes (Mizan
et al., 2023), textiles (Sanchaniya et al., 2023), nanosensors (Oh et al., 2023), and
biomedical applications (Yan et al., 2022), among others. However, in order to
fulfil the parameters needed in each one of these usages, the electrospun matrices
need to be carefully analysed. Some of these characterization methods are
described below (Haider et al., 2018).
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2.4.4.1. Morphology

Electrospinning is a method that enables to develop very small fibers, nonethe-
less, their diameter may vary widely from micro to nanoscale. Some parameters
affecting this size distribution are mentioned in Table 3.

Besides the various fiber diameter sizes, different types of fiber surfaces can
also be found on the fibers, namely smooth (Xia et al., 2023), pitted (D’ Amato et
al., 2019), grooved (Wu et al., 2020), wrinkled (Pai et al., 2009), rough (Haridas
et al., 2014) and porous (Huang and Thomas, 2018) surfaces. These different
morphologies give the matrix different properties, for instance, highly in-
fluencing the drug release. Porous fibers are known to have valuable properties
for some applications such as filtration, tissue engineering, and drug delivery
(Agarwal et al., 2008; Gopal et al., 2006). Diverse mechanisms have been
described for the preparation of pristine porous fibers, including phase separation
and breath figure process or a combination of both (Casper et al., 2004; Natarajan
et al., 2014). The breath figure process requires the presence of humidity as the
water droplets from atmospheric water are formed on fibers due to the eva-
porative cooling of the polymer solution. As the jet dries, the water droplets leave
an imprint on the fiber surface in the form of pores (Megelski et al., 2002). How-
ever, the preparation of porous fibers as drug delivery systems is not yet fully
understood and there is still a lack of information about the characterization of
these matrices.

Furthermore, the structure of the fiber matrix is crucial, including how the
fibers are arranged on the collector plate. A homogeneous matrix must be formed
to ensure consistent drug release and mechanical properties throughout the entire
matrix. Besides, matrix pores impact cell attachment and infiltration (Farooque
et al., 2014). All these factors can be tuned in order to obtain the desired pro-
perties, making the matrix optimised for each specific application.

The morphology of the fibers can be studied using different methods. Optical
microscopy is the easiest and fastest tool to observe fibers, however, it does not
enable to measure pore structures and, depending on the fiber diameter, its
measurement may not be reliable and accurate enough. In order to study the pore
structures, atomic force microscopy (AFM) or scanning electron microscopy
(SEM) are used (Agarwal et al., 2016).

SEM is probably the most frequently used method for studying fiber morpho-
logy. In contrast to optical microscopy, where a photon (with no mass) is the
source of radiation, in SEM an electron is used (mass equal to 9.109 x 107! kg)
(Agarwal et al., 2016). Electrons are charged particles and they are able to be
accelerated and precisely focused by electromagnetic fields. The scattered beams
are then collected and refocused to form an image in the manner of an optical
microscope (Pennycook, 2005). Besides, SEM enables to distinguish very small
wavelengths based on the assigned acceleration voltage for an electron, and thus,
it is possible to observe fibers with very small diameters. Nonetheless, the energy
exerted on the fiber matrix using SEM may damage the sample (Agarwal et al.,
2016).
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Transmission electron microscopy (TEM) enables to study the morphology
inside the fiber. This is possible because, in this case, the electron beam is passing
through the sample (transmission mode), whereas using SEM only the reflected
electrons are measured. This is very useful to identify and study core-shell
structures (Ghasemvand et al., 2023) or the presence of metal nanoparticles
(Razougq et al., 2023). TEM is also used for the study of the cross-section of a
fiber. For this purpose, oriented free-standing fibers are required and sub-
sequently sectioned. Liquid nitrogen is sometimes utilized to enhance the
stiffness of softer samples (Agarwal et al., 2016). In order to use TEM, the sample
needs to be collected onto copper grids that serve as specimen holders. Figure 5
shows a core-shell structure visualised using TEM.

Figure 5. Electrospun fibers with the core-shell morphology observed by TEM.

2.4.4.2. Mechanical properties

The morphology of the fibers described above highly influences their mechanical
properties. For the electrospun matrix to accomplish its function, it needs to resist
the stresses suffered from the environment and thus, its mechanical properties
need to be studied. The mechanical properties of electrospun fibers can be
investigated for individual fibers or for their combination forming matrices.
However, the measurement of the mechanical properties of materials with such
small diameters is challenging and the vast majority of studies are performed for
matrices rather than for individual fibers (Neugirg et al., 2016). The mechanical
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properties of electrospun matrices are mainly presented as tensile strength,
elongation at break, and Young’s modulus (Rashid et al., 2021).

The tensile strength is defined as the maximum load that a material can sup-
port without fracture when being stretched. Elongation at break is defined as the
maximum elongation a material can withstand before breaking, and Young’s
modulus measures the quantity of elasticity, meaning resistance against elastic
deformations. Young’s modulus can be calculated from the linear elastic region,
which is the first slope of a tensile test, by applying Hooke’s law (Jones and
Ashby, 2019).

Factors such as diameter (Stachewicz et al., 2012), fiber orientation (Huang et
al., 2003), and matrix porosity (Rashid et al., 2021) directly affect their mecha-
nical properties. For example, nonwoven fiber matrices randomly oriented show
lower tensile strengths than those oriented in the direction of the stress, and the
same occurs with matrices with a high percentage of porosity. Smaller fiber dia-
meters show nonlinear increments in Young’s moduli, and thus, in tensile
strengths (Rashid et al., 2021). Nonetheless, the development and effect of porous
fibers (pores on the surface of individual fibers, distinct from matrix porosity) on
mechanical properties, and thus, on the drug contained within the matrix, are not
yet fully understood. Exploring these aspects is one of the aims of this disser-
tation.

2.4.4.3. Contact angle, swelling and weight loss

In order to understand the relationship between the fiber matrix and the aqueous
environment, three main methods are used that enable to understand the hydro-
philic/hydrophobic nature and wettability of the fibrous matrices.

The contact angle is based on the sessile drop method, measuring the angle
that is formed by the application of a single drop of phosphate buffered saline
(PBS) and/or water on the matrix. Hydrophilic materials have a lower contact
angle (Ph. Eur, 2024)

Swelling capacity is measured by weighing matrices before and after being
immersed in a biorelevant buffer solution (usually PBS) after 24 h. A controlled
swelling causes an increase in the pore size and porosity of the polymeric matrix,
which is ideal for the supply of nutrients and oxygen to the wound, considering
the final application of these electrospun matrices (Peter et al., 2010).

Weight loss over time, also referred as degradation behaviour, is measured
weighing the matrices before and after immersion in biorelevant medium (e.g.
PBS at 37°C) for longer periods (up to 1 month or even longer if the matrix is
planned to be used for longer time-periods). In this particular instance, the sample
needs to be freeze-dried prior to conducting the measurement (Nazemi et al.,
2014). This procedural step is undertaken to obtain the dry weight of the sample
before and after the degradation experiment.
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2.4.4.4. Solid state properties

The solid-state characterisation of the antimicrobial drug-loaded and pristine
polymer fiber matrices can be achieved through various methods, enabling the
investigation of material properties at the molecular level.

One option is the use of infrared spectroscopy (IR). IR is a well-established
non-invasive and non-destructive tool that permits the assessment of the chemical
composition of a wide range of sample types. It is based on the absorbance
capacity of different molecular moieties in the IR range (near-IR: 750-2500 nm,
mid-IR: 4000 — 400 cm™ and far-IR: 400-10 cm™) (Johnson et al., 2023). The
absorption of energy occurs when the vibration caused by IR changes the dipole
moment, resulting in a change in the vibrational energy level (Larkin, 2011).
There are two types of IR spectrometers: dispersive IR and Fourier-transformed
infrared spectroscopy (FTIR). The difference is in the spectral device (mono-
chromator or interferometer) that in the case of the interferometer usually gives a
single-section beam path and is located between the IR radiation source and the
sample, improving the signal-to-noise ratio and enabling fast acquisition (Larkin,
2011). To enhance the precision of measurements and mitigate the inadvertent
inclusion of the fiber holder in the analysis, the employment of the attenuated
total reflection (ATR) approach is highly recommended. When a sample makes
direct contact with the surface, given that the penetration depth is only a few
micrometers, which is commensurate to fiber matrices, some wavelengths may
be absorbed. This absorption leads to a decrease in the intensity at these
wavelengths, thereby facilitating a direct and accurate measurement. The most
suitable IR techniques for fiber measurement are combined in the ATR-FTIR
spectroscopy, which has been used in this dissertation. The IR spectrum is
obtained by plotting the intensity (absorbance) versus the wavenumber, being
proportional to the energy difference between the ground and the excited vibra-
tional states (Larkin, 2011). Since the vibrational frequencies of a given func-
tional group correspond to the absorption at a certain frequency, the absorption
spectra of the sample are compared with the reference tables containing absor-
bances of functional groups. This way it is possible to analyse the chemical com-
position of the sample.

X-ray diffraction (XRD) is a non-destructive technique for characterizing
crystalline materials. XRD is based on the production of constructive interference
(and a diffracted ray) produced by the interaction between monochromatic X-rays
and a crystalline sample. This interaction is defined by Bragg’s law (Equation
1):

nd = 2dsinf (Equation 1)
where n is an integer, A is the wavelength of the X-rays, d is the interplanar
spacing generating the diffraction, and @ is the diffraction angle. The diffracted

X-rays are then detected, counted, and conversed into d-spacings, allowing the
identification of the compound, as each compound has a unique set of d-spacings
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(Bunaciu et al., 2015). Using this method, it is possible to study the crystallinity
of the molecules in the fibers (polymer and drug).

Thermal analysis is usually performed using differential scanning calorimetry
(DSC). This method is based on the comparison between the heat flow of a sample
and a reference, allowing the measurement of the glass transition temperature (T,),
(re)crystallization temperatures, and melting temperatures (Trm) (Laye et al., 2002).
Besides, using DSC it is possible to calculate the change of crystallinity due to
electrospinning (comparing electrospun fiber samples with control films).

2.4.4.5. Drug content and release

Once the physicochemical characterisation of the matrix has been successfully
achieved, the focus should be placed on the drug that was loaded into the matrix.
This molecule is the key active compound, and thus, the drug loading efficiency,
its distribution within the fiber matrix, and its release into the environment are
crucial for successful treatment.

The drug content and release can be measured using different methods, such
as UV-Vis spectrophotometry (Mianehro, 2022; Morais et al., 2023), mass
spectrometry (Pinheiro Bruni et al., 2020), mass spectrometry imaging (Clithe-
row et al., 2019) or high performance liquid chromatography (HPLC) (Park et al.,
2015). During the electrospinning process, the application of high voltage and
exposure to harsh solvents or other molecules may lead to the degradation of the
drug. Therefore, the final drug content that has been successfully incorporated
within the matrices is measured and can be compared with the theoretical
concentration used for the preparation of the electrospun polymer solution. The
relation between drug content and theoretical concentration defines the loading
efficacy of the method.

Nonetheless, the drug incorporation within electrospun matrices does not
necessarily mean that the molecule is able to be released into the environment
and thus, is available to reach its target. The drug release mechanism can be attri-
buted to different processes: diffusion, polymer degradation, drug partitioning in
polymers, and drug dissolution (Chou et al., 2015). Consequently, often drug
molecules that have been incorporated on the surface of fibers are released faster
(often causing a burst release) than the molecules that are located deeper inside
the fibers. Multiple approaches can be used to tune the drug release such as
selecting an appropriate polymer (Chou et al., 2015), using coaxial vs. monoaxial
electrospinning (Hu et al., 2014), modifying the thickness (Kim et al., 2010) and
the porosity of the matrix (Luong-Van et al., 2006) or modifying the diameter of
fibers (Xie and Buschle-Diller, 2010), among others.

2.4.4.6. Antimicrobial activity

There are different electrospun matrices available for wound healing applications,
containing growth factors, haemostatic compounds, or other molecules that pro-
mote wound closure (Abdulmalik et al., 2023; Tottoli et al., 2023). However, the
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need to control potential or concomitant wound infections leads to the preparation
of matrices with antibacterial and/or antibiofilm activity.

As mentioned before, wound infections are a major burden in wounds,
inhibiting the correct development of the physiological wound healing process.
Besides, the most common bacteria that colonize wounds are also the ones pre-
senting the highest AMR rates — the ESKAPE pathogens (Rice, 2008). Therefore,
it is crucial to use a drug delivery system that enables to incorporate different
novel molecules with diverse characteristics, preserving their antimicrobial
activity and also enabling an adequate release to prevent the development of
resistance. For this reason, electrospun matrices are a perfect match.

The antimicrobial activity of electrospun matrices should be first studied in
vitro. This can be achieved using basic microbiological techniques such as disk
diffusion (Sheet et al., 2018) or other elaborated methods such as the ones used
in this dissertation that will be explained in the Methods section. Ex vivo models
are a good alternative to test the antibacterial and antibiofilm properties of the
matrices before stepping into in vivo models. Porcine or murine tissues are
typically used (Lorenz et al., 2023), which provide a more physiologically
relevant and accurate representation of the biological environment than in vitro
assays. Despite the fact that in vivo animal models are the closest imitation of
human skin wounds, the predominantly used rodent models significantly differ in
the immune response and wound healing mechanisms compared to humans
(Mestas and Hughes, 2004). For this purpose, pig models are preferred, although
their use is limited due to the high costs (Summerfield et al., 2015).

Electrospun matrices mimic the ECM, consequently, pristine polymeric
matrices could be an appropriate scaffold and/or surface for bacterial attachment
and growth. Interactions between electrospun matrices and bacterial cells are
known to be incredibly complex, affecting bacterial attachment and spread within
nanofibers (Abrigo et al., 2015). These interactions are mainly defined by the
surface chemistry features of the matrix, hence, hydrophobic matrices are
expected to be better substrates for bacterial attachment and growth (Cerca et al.,
2005).

In order to provide an effective antibacterial activity, electrospun matrices
should have an appropriate drug release behaviour. For instance, it has been
observed that a biphasic extended release profile (an initial burst release followed
by a sustained release) sufficient to kill the pathogen is needed to reach
antibiofilm efficacy (Sin Cheow et al., 2010).

In order to understand the antibacterial activity of electrospun matrices, the
efficacy of the drugs against tested pathogens should be investigated prior to their
incorporation into electrospun matrices. This way, it is possible to predict the
concentration of drug needed within the matrix, which would need to reach
minimum inhibitory concentration (MIC) levels when released into the environ-
ment. The “gold standard” method to investigate the antibacterial activity of
molecules in solution is to conduct a MIC assay (Andrews, 2001). Here the drug
is diluted following a two-fold series in a 96-well plate, where bacteria will then
be added. The first well without bacterial growth gives information regarding the
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lowest concentration of drug needed to cause inhibition. Thus, this should be the
minimal concentration released from the matrix in order to achieve antibacterial
activity.

Furthermore, wound healing guidelines often recommend the use of con-
comitant treatment (European Wound Management Association (EWMA), 2006;
Probst et al., 2022). However, the interaction between molecules may not be as
beneficial as expected, even when both compounds have antibacterial activity.
Different phenotypical effects can be obtained when two antibacterial drugs are
used in combination: synergy, additive behaviour or antagonistic effect. These
mechanisms are often investigated using the checkerboard microdilution assay,
where one antibacterial drug is diluted across rows and the other is diluted across
columns, thus obtaining different combinations of these molecules at different
concentrations. Afterwards, a known number of bacteria will be added to study
their growth. The interactions between these molecules are then calculated using
the fractional inhibitory concentration (FIC), which is defined by Equation 2.

FIC = MICA 415 MICB 445
~ MICA MIC B

(Equation 2)

where A corresponds to the compound A alone, B corresponds to the compound
B alone and A+B corresponds to both compounds in combination.

There is an ongoing discussion regarding the analysis of the checkerboard
microdilution assay, and breakpoints for the interpretation of the FIC vary from
study to study. This variance leads to different interpretations and conclusions
drawn from the same results.

Synergy is better understood if the additivity definition is clear. Agents that
act additively are no more and no less effective in combination than they are
separately, represented by a FIC equal to 1. The perfect example of additivity is
the combination of any agent with itself, known as a “sham mixture” based on
the Loewe Additivity model (Berenbaum, 1978). Any variation from additivity
is classified as synergism or antagonism (Roell et al., 2017).

Synergistic behaviour is defined when two or more agents are more effective
in combination than they are separate. This relation is defined theoretically by
Equation 2 when the sum of the fractions is therefore <1. Antagonism, on the
other hand, is present when any agents are less effective in combination than they
are on their own, in this case, the sum of the fractions is >1 (Berenbaum, 1978;
Chou and Talalay, 1984). Although these old definitions are clearly and widely
accepted, there are several critical factors in this protocol that lead some authors
to consider a more restrictive interpretation of synergistic behaviour.

In MIC testing, there is a widely accepted norm that variation in a single result
places a MIC in a three-dilution range (mode + 1 dilution), therefore the variation
and reproducibility in a MIC checkerboard, and thus in FIC values, are con-
siderable (Odds, 2003). For this reason, synergy is defined as FIC < 0.5, en-
couraging conservative interpretation (Odds, 2003). However, a recent re-evalua-
tion of FIC that stressed the importance of also measuring the MIC in the same
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plate, enables to consider values of 0.5 to <1 as weak synergism (Fratini et al.,
2017). Other authors have also defended the idea of weak synergism (Hall et al.,
1983). While others define the same range for additive behaviour (EUCAST,
2000; Saiman, 2007). There are also differences in the definition of indifference
and antagonism. Odds defines indifference with a wider range, from 0.5 to 4, and
only above 4 he defends antagonism (antagonism definition that is also claimed
by Saiman). Fratini, in this case, follows an idea similar to EUCAST guidelines,
where indifference is in the range 1 < FIC < 2 and antagonism above 2.

There are many authors that defend the synergistic breakpoint as FIC <1 (Van
Vuuren et al., 2009; Van Zyl et al., 2010), others that use the “weakly synergistic”
concept for values in an FIC range from 0.5 to 1 (Arras and Fraser, 2016; Di
Blasio et al., 2022) and others that only define synergy when FIC < 0.5 (Doern,
2014; Saiman, 2007).

In this dissertation, MICs were determined on the same plates as the FICs to
increase reproducibility, as explained by Fratini (Fratini et al., 2017) which
allows to avoid the issue commented by Odds (Odds, 2003). This way, we con-
sider synergism for FIC values below 1, which conforms to the theoretical
definition of synergism proposed by Berenbaum (Berenbaum, 1978). Besides, as
we understand that FIC values below 0.5 should be treated as more synergistic
than the ones closer to 1, we define different ranges within synergism where 0.5
is the breakpoint between weak and strong synergism. Following EUCAST and
Fratini guidelines, indifference effects are defined when 1 < FIC < 2 and
antagonism behaviour for FIC values > 2.

Clearly, it is essential to develop this assay with an extraordinarily careful
technique and use replicates to avoid discrepancies due to technical errors.
Besides, including the MIC of each agent alone in parallel to the MIC in combi-
nation increases reproducibility. These measures should be sufficient to instill
confidence in the methodology and allow adherence to the theoretical definition
of synergy. Neglecting this definition could result in overlooking essential data.
Therefore, this is the strategy followed during this dissertation.

2.4.4.7. Safety

The most important feature of any drug and drug carrier is their safety. Wound
dressings need to be biocompatible with the organism. For this reason, only
biocompatible polymers approved by a regulatory agency (FDA, European
Medicines Agency, or equivalent) are used, and it is always necessary to study
the cytotoxicity of the matrix. It is essential to confirm that no traces of the
organic solvent used are causing any cytotoxicity and that all materials used are
indeed safe for eukaryotic cells.

Different assays can be performed to study cytotoxicity. Usually, the first
analyses are performed in vitro using different eukaryotic cells related to the skin,
mainly fibroblasts or keratinocytes. To study the viability of cells and draw
conclusions about biocompatibility, different techniques may be used. Metabolic
activity tests such as the neutral red, resazurin, lactate dehydrogenase assay, and
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the MTS are colorimetric tests that allow cytotoxicity quantification by taking
spectrophotometric measurements (Goonoo et al., 2014). In the case of the MTS
assay, metabolically active cells use their mitochondrial dehydrogenase enzymes
to transform tetrazolium salts into soluble formazan, whose absorbance can be
measured at 490 nm (Malich et al., 1997). Besides, the cell-matrix interaction can
be studied using confocal fluorescence microscopy (CFM). This dye-based
technique enables the visualization of molecules, including those in out-of-focus
planes, allowing for high-resolution images (Elliot, 2020).

2.4.5. Commercially available electrospun matrices

There are many examples in the literature where there has been a significant
improvement in wound healing with electrospun products in pre-clinical models,
both in vitro and in vivo (Gao et al., 2022; Khalid et al., 2020; Liu et al., 2022).
However, not many of these products reach clinical trials. Some examples are the
ones produced by Neotherix® technology (Omer et al., 2021) and Pathon and
Tecophilic TM products (Azimi et al., 2020).

An essential aspect of the scaling-up process involves enhancing productivity.
The main strategies to achieve this are based on increasing the jet numbers,
achievable through the utilization of multiple needles or transitioning from the
traditional electrospinning process to needleless electrospinning (Omer et al.,
2021; Vass et al., 2020). However, even if the technical aspects can be managed
proficiently, breaking into the pharmaceutical market remains a difficult mile-
stone.

There are many specific requirements that need to be fulfilled (ISO 10993
standards and GMP conditions) and there are not many devices applicable to
pharmaceutical industries available. Among these requirements, it is essential to
get rid of any toxic residues that have been used during the process (mainly
organic solvents used for polymer solubilization) (Luraghi et al., 2021) and to be
sure that the final product is properly sterilized (Azimi et al., 2020). For example,
the company Bioinicia (Valencia, Spain) has a GMP-standard electrospinning
facility validated for biomedical and pharmaceutical products (currently testing
in clinical trials the Rivelin patch) (Dziemidowicz et al., 2021). Other industrial-
scale equipment that can be used in the pharmaceutical industry is PE2550 from
INOVENSO (Istanbul, Turkey) and Electrospinning (Tong Li Tech)/NaBond
(Hong Kong) (Omer et al., 2021). Besides, there is a demand for highly skilled
workers, which restricts access to the technical aspects (Azimi et al., 2020).

Most of the commercial products developed using electrospinning are filters
and masks though there are many patented products for biomedical applications
(Muthukrishnan, 2022). Table 4 enlists the currently available nanofiber matrices
used in wound healing.
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The number of commercially available electrospun products has been increasing
in recent years. It is understandable that those intended for pharmaceutical appli-
cations are currently fewer, as they must satisfy numerous regulatory require-
ments to ensure the safety and efficacy of the final product. However, this market
is growing quite rapidly, and further developments in the pharmaceutical industry
are only a matter of time.
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3. LITERATURE SUMMARY

Non-healing wounds are a major health concern, causing high patient mortality
and morbidity. The skin regeneration follows different pathways and stages that
can be disturbed due to a microbial infection (mainly caused by bacteria), causing
an impediment to the healing process and resulting in chronic non-healing
wounds. Therefore, many wound healing approaches are based on formulations
that act against biofilm formation and bacterial growth. However, conventional
drugs are facing a lowered efficacy due to AMR.

A. baumannii, P. aeruginosa, K. pneumoniae, S. aureus, and E. coli are multi-
resistant bacterial pathogens that are commonly found in wounds, hindering their
healing. In order to overcome AMR, new molecules and new topical drug deli-
very systems need to be investigated as alternative wound treatments.

In this dissertation, different antimicrobial agents are analysed against named
multiresistant wound pathogens. To begin with, CAM, a conventional anti-
bacterial drug whose use was reduced due to the toxicity concerns, has recently
been reconsidered as a potential alternative due to the ongoing susceptibility of
bacteria to this antibiotic. Moreover, novel AMPs (namely pleurocidin, D-
pleurocidin-KR and temporin B L1FK) have been examined as relatively new
drugs that maintain bacterial susceptibility. AMPs are known to be strong candi-
dates for combating the development and spread of AMR owing to their broad
and unspecific mechanism of action, as well as their rapid degradation upon
contact with the environment. Besides, these molecules are also involved in other
mechanisms that interact and promote the wound healing process. AMPs are
found in the immune system regulating inflammatory and angiogenesis processes
as well as cell migration and proliferation. For these reasons, it has been hypo-
thesised that these molecules are a good strategy to fight AMR while enhancing
wound healing.

Further to AMR, another important wound treatment concern is the formu-
lation and/or drug delivery system used. The presence of wound exudate compli-
cates the administration of conventional topical drugs that may be removed from
the spot resulting in an ineffective treatment. Additionally, systemic formulations
are used, however they may result in toxicity issues. In this study, we developed
novel topical wound dressing formulations — electrospun matrices — formed using
a nanotechnology approach that can be used to overcome these concerns.

Electrospinning is a versatile technique used for the fabrication of fibers in
micro- to nanoscale. A high voltage electric field is applied in the metallic needle
of a syringe loaded with an electrospinnable polymer causing the ejection of this
solution onto a grounded collector. The accumulation of these polymeric nano-
fibers on top of each other results in the development of a non-woven matrix. The
obtained fibrous dressings are very good candidates for the treatment of wounds.
Their biocompatibility, high surface area to volume ratio, flexibility, strength,
and porosity allow them to resemble the natural ECM, allowing sufficient gas-
exchange and absorbability needed to maintain an appropriate moisture balance,
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enhancing haemostasis and promoting wound healing. Besides, this technique is
highly adjustable and may be affected by many different variables such as solu-
tion properties, electrospinning parameters (flow rate, voltage, and distance
between the tip and collector), and ambient parameters. The electrospinning
process allows the incorporation of active substances in the matrix. This can be
done following different techniques, but here drug blending (mixing polymer and
drug into a suitable polymer) and coaxial electrospinning (using a coaxial needle
to form a core-shell structure) are utilized.

Although this technique is highly adjustable and many different types of
matrices have been created before, it is not well known yet how to produce
matrices with porous fibers. Here, different parameters were examined in order
to develop this kind of matrices and analyse their effects on their mechanical
properties, drug release, cellular attachment, and antibacterial activity.

As mentioned before, CAM and pleurocidin were the selected molecules to be
included in electrospun matrices. Although the antibacterial activity of these
drugs has been previously studied, these investigations have mainly been done
using these molecules in solution and there are not many studies regarding the
incorporation of AMPs into electrospun matrices. Thus, during this dissertation
the incorporation of selected pleurocidin within matrices was investigated,
including the assessment of the stability and functionality of this AMP inside the
matrices. Moreover, the antibacterial activity of matrices and molecules in
solution was compared in order to understand how this drug delivery system
affects the behaviour of the molecule.

Common biocides are used and recommended by wound associations for the
cleaning of wounds, however, their effects on the activity of other concomitant
treatment are often neglected. Here, phenotypical effects caused by pleurocidin
and different biocides used in wound healing (chlorhexidine digluconate, benzal-
konium chloride, silver nitrate, silver sulfadiazine, octenidine dichloride, and
PVP-iodine) were studied in combination in order to understand their anti-
microbial properties when used together considering their potential use in clinics.

Although commercially available electrospun products have seen an increase
in recent years, the reality is that there are still not many available on the market.
This may be due to the high demands and requirements for pharmaceutical pro-
ducts and the fact that there are not many electrospinning facilities validated. This
dissertation provides relevant information regarding the development and pro-
perties of porous fibers created using electrospinning as well as essential
knowledge about AMP incorporation within electrospun matrices and the relation
between these molecules and frequently used biocides. This information can help
the electrospinning business bloom, where more products are expected to reach
clinical application in the upcoming years.
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4. AIMS OF STUDY

The general aims of this dissertation were to prepare and characterize novel
electrospun matrices loaded with antimicrobial molecules for wound healing
applications. Additionally, the study aimed to investigate the potential of com-
bining an AMP with common biocides in solution to combat wound pathogens.
In order to achieve these goals, the workload was divided into specific aims,
which were to:

1.

S

Develop porous fibers. To screen and select different solvent systems and
electrospinning parameters for process optimization and tunability of
porous fibers (I, II).

Develop CAM loaded matrices (I, II) and pleurocidin loaded matrices
(III). CAM and pleurocidin were selected as antimicrobial molecules
useful for wound infection treatment. In both cases, the electrospinning
parameters needed to be studied and controlled for process optimization.
Characterise the morphology and drug content analysis of electrospun
matrices (I, II, III).

Characterise the matrices using solid state analysis (I), mechanical pro-
perties assays (II), wettability (I) and drug release assays (I, I1I).
Evaluate the safety and biocompatibility of CAM loaded matrices (II).
Assess the antimicrobial action of drug loaded matrices (I, III).
Understand the activity of pleurocidin and different biocides against
various antimicrobial-resistant wound pathogens (III) and to investigate
the phenotypic effects (synergism, antagonism, or indifference) deve-
loped between them (III) as a potential combination treatment for wound
healing.
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5. MATERIALS AND METHODS

A summary of materials and methods is presented below. More detailed descrip-
tion of the methods is given in publications I-III.

5.1. Materials

5.1.1. Active pharmaceutical ingredients

Antimicrobial agents chloramphenicol (CAM) (I, II) and pleurocidin (III) were
selected to be incorporated into electrospun matrices. CAM was obtained from
Sigma-Aldrich Inc. (Darmstadt, Germany) and peptides were purchased from Cam-
bridge Research Biomedicals (Cleveland, UK) and Pepceuticals (Enderby, UK) as
desalted grade and amidated at the C-terminus. All AMPs were further purified.

Different biocides were studied (III): chlorhexidine digluconate, benzal-
konium chloride, silver nitrate (BioReagent, >99% (titration)), silver sulfadia-
zine, octenidine dihydrochloride (octenidine) and PVP-iodine. All these biocides
were purchased from Sigma-Aldrich.

5.1.2. Polymers, solvents and buffers

Polycaprolactone (PCL; Mn 80,000) (I, II) and polyvinyl alcohol (PVA,
KURARAY POVALTM 26-88 FA, low MW, partially saponified) (III) were
used as carrier polymers. PCL was obtained from Sigma-Aldrich while PVA was
obtained as a gift from Kuraray.

Different solvents were used in combination as solvent systems (I, II) for PCL
and CAM electrospinning. These were: acetone (ACE), chloroform (CF),
dichloromethane (DCM), dimethyl sulfoxide (DMSO), tetrahydrofuran (THF),
acetic acid (AA), and formic acid (FA). Trifluoroacetic acid (TFA), acetonitrile,
and AA were used for peptide purification. All solvents mentioned were
purchased from Sigma-Aldrich. Distilled water was selected as solvent (III) for
PVA and pleurocidin electrospinning.

PBS (pH 7.4) was used for different applications (I, II, III).

5.1.3. Bacteria, fibroblasts, and growth media

Baby hamster kidney cells (BHK-21) were used for cell studies (II). Fibroblasts
were grown in Glasgow minimal essential medium (GMEM; PAN Biotech,
GMBH Aidenbach, Germany) supplemented with 7.5% fetal bovine serum
(FBS), 2% tryptose phosphate broth (TPB, Difco, USA), 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) 1 M, 100 pg/mL penicillin (Sigma-
Aldrich) and 100 pg/mL streptomycin (Sigma-Aldrich). Dulbecco’s modified
Eagle’s medium (DMEM; phenol red, and serum-free medium) purchased from
Sigma-Aldrich was used to study cell attachment and growth (II).
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Relevant wound infection pathogens were used in these studies for the testing
of antimicrobial activity. Escherichia coli DSM 1103 (II) and Pseudomonas
aeruginosa DSM 1117 (II), were obtained from the Leibniz Institute DSMZ-
German Collection of Microorganisms and Cell Cultures.

Strains utilized in the antibacterial activity studies of the peptide and biocides
(ITD) included Acinetobacter baumannii AYE, A. baumannii ATCC 17978,
Pseudomonas aeruginosa PAO1 (reference laboratory strain, obtained from
infected wound), P. aeruginosa NCTC 13437 (multi-drug resistant). These
bacteria along with epidemic methicillin-resistant Staphylococcus aureus
EMRSA-15 (NCTC 13616), Klebsiella pneumoniae M6, NCTC 13368, and
Escherichia coli NCTC 12923 were selected as relevant multiresistant bacteria to
study the potential antimicrobial activity of the electrospun AMP-loaded matrices
and peptide in solution. Bacteria specified above as NCTC were obtained through
the British National Collection of Type Cultures (NCTC).

5.2. Methods
5.2.1. High performance liquid chromatography purification (l1)

The crude peptide purchased was purified (III) using reverse phase chromato-
graphy with a Waters SymmetryPrep C8, 7mm, 19 x 300 mm column. A gradient
of H,O/TFA 0.1% and acetonitrile/TFA 0.1% was used and it is specified in
Table 5. The collected phase was then vacuum centrifuged to eliminate aceto-
nitrile, lyophilised, resolubilised in 10% AA and lyophilised again, removing the
TFA counterion.

Table 5. Gradient elution program for peptide HPLC purification. Key: TFA: trifluoro-
acetic acid.

Time % Acetonitrile/TFA % H2O/TFA Flow (mL/min)

0 5 95 6.5

90 60 40 6.5

95 90 10 6.5
110 90 10 6.5
115 5 95 6.5
129 5 95 6.5
130 5 95 6.5
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5.2.2. Preparation and characterization of electrospinning
solutions (I, 11, 11I)

In order to test the effect of humidity on the electrospinning process, different
solvent systems and polymer concentrations were used (I, II). These solutions
were magnetically stirred overnight and only up to 1 hour before electrospinning,
when the polymer was completely dissolved, the antibacterial drug CAM was
included in the mixture when needed.

In the case of matrices prepared using PVA (IIl), its dissolution in distilled
water was enhanced by heating up the flask to 80 £+ 5°C for up to 1 hour (Palo et
al., 2019). The mixture was magnetically stirred overnight at room temperature
(RT), and the AMP was added and stirred 20 + 5 min prior to electrospinning.

All electrospinning solutions successfully electrospun are summarised in
Table 6.

To properly understand the differences in rheological behaviour between the
solvent systems and the polymer concentrations used (III), the viscosity was
measured using an Anton Paar Physica MCR 101 (Anton Paar GmbH, Ostfildern,
Germany) rotary rheometer. The viscosity was measured in triplicates using a
rotational shear test and controlling the shear rates between 100 s™ to 0 s™" at 25.0
+ 0.2 °C. Besides, the viscosity of two weeks aged PCL 15% w/V (THF:DMSO;
90:10 V/V%) and PCL 15% w/V (AA:FA; 75:25 V/V%) solutions was measured
in order to understand the possible viscosity changes during storage.

5.2.3. Preparation of electrospun matrices (I, 1l, 1)

Diverse electrospun matrices were prepared using different materials, parameters,
and electrospinning techniques. Some of these preparations have not been stated
here as the active molecule incorporated was found to be degraded or trapped in
the final electrospun matrix, being unable to achieve their ultimate aim. Fortu-
nately, a number of matrices were successfully developed that allowed us to study
our multiple aims, beginning with the focus on developing matrices with pores
on fibers (I), and the development of antimicrobial matrices (II, III). All matrices
(I, I, 1IT) were prepared using an ESR200RD robotized electrospinning system
(NanoNC, Seoul, Republic of Korea) at RT (24 + 2°C) and a distance between
the spinneret and collector plate of 15 cm.

As the developed electrospun matrices were prepared using different tech-
niques and parameters, the methods used in these preparations have been divided
into the following paragraphs.

For the preparation of PCL and PCL-CAM matrices (I, IT), monoaxial electro-
spinning using a plastic syringe (12 mL, 15.89 mm inner diameter) supplemented
with a blunt metal needle (23G) was selected, collecting the fibers onto a statio-
nary flat plate or a roller collector covered with an aluminium foil rotating at
40 rpm. The solution rate was 1 mL/h. The relative humidity (RH) within the
electrospinning chamber was varied using humidifier AEG LBF 7138 (EHT
Haustechnik GmbH, Niirnberg, Germany) using 19, 30, and 65% RH (I) termed
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as low, medium, and high humidity, respectively or only 19% and 65% RH (II).
The applied voltage was varied between 11, 13, and 15 kV (I) or 11 and 15 kV
(ID).

PV A matrices with and without AMP (III) were electrospun using the coaxial
electrospinning technique. For this purpose, a plastic syringe (12 mL), supple-
mented with a concentric needle (p/n100-10- COAXIAL-2218, Rame-Hart
Instrument Co) with an inner needle size of 22G and an outer needle size of 18G,
was loaded with 4 mL of polymeric solution with and without active ingredient.
For electrospinning, the two syringes were filled with the same amount of
polymer solution. The amount varied between formulations from 2.5 to 4.5 mL.
Fibers were collected on a roller collector rotating at 25 rpm and covered with an
aluminium foil. The solution flow rate was lower in this case, being 0.2 —
0.3 mL/h and the RH varied between 16 and 30% (ambient conditions). The
voltage selected was 15 kV.

Electrospun fiber matrices were stored in airtight plastic zip-lock bags at
ambient conditions until one day before further analyses, when the samples were
stored for 24 h at 0% RH in a desiccator (I, II). In the case of PVA matrices (I1I),
these were stored at RT and 0% RH inside a vacuum desiccator (above silica gel)
from their production until further analysis.

5.2.4. Characterisation of electrospun matrices
5.2.4.1. Morphology (I, II, 1)

A scanning electron microscope (Zeiss EVO 15 MA, Germany) was used to study
the surface topography of every matrix, its morphology, and fiber diameter (I, II,
III). The randomly selected samples were mounted on aluminium stubs and
magnetron-sputter-coated with a 3 nm platinum layer in an argon atmosphere
prior to microscopy. Images of the top layer were collected and analysed. The
mean diameter (N=100) (I, II, III) and the surface layer pore diameter (N=30) (I)
were measured using Image J v.1.53i. software and shown together with the
standard deviation (SD).

Besides, the porosity of the fibers was determined (I) based on the density and
geometry of the matrix. The porosity was calculated using Eq. 3:

. P .
P ty = (1 - —) +100 (Equation 3
orosity om (Equation 3)

Where pf is the apparent density of the fiber matrix and pm is the bulk density
of the corresponding materials, hence PCL 1.145 g/ cm® and CAM 1.547 g/cm’
were used. The apparent density was calculated based on the weight and volume
of the matrix. The latter was calculated by measuring the thickness of the fiber
matrix using a Precision-Micrometer 533.501 (Scala Messzeuge, Dettingen,
Germany) and using the surface area (1 cm?).
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Surface porosity and specific surface area (Sger) were determined (I) using
Accelerated Surface Area and Porosimetry System (ASAP) 2020 (Micromeritics,
Norcross, GA, USA). Further details about these methods are described in Pub-
lication 1.

5.2.4.2. Mechanical analysis (I1)

The mechanical behaviour of the dry and wet fiber matrices was studied (II) using
a Brookfield CT3 Texture Analyzer (Middleboro, MA, USA) equipped with a
10 kg load cell. The tensile test method was used for analysis in line with the
ASTM D-638 and ISO10350:1993 mechanical testing guidelines. Roller Cam
accessory grips (TA-RCA; width of 25 mm) were used to fix the sample. Mea-
surements were developed under ambient conditions. For wet fiber matrices,
these were immersed in a buffer solution for 3 min or 24 h and then analysed.
The thickness was measured as described above (5.2.4.1. Morphology). Young’s
modulus (MPa, linear region) and tensile strength (zero slope) (II) were
calculated from each corresponding stress-strain curve. TexturePro CT software
(AMTEK Brookfield, Middleboro, MA, USA) was used for data collection and
analysis. Further details on sample preparation and parameters can be found in
Publication II.

5.2.4.3. Contact angle, swelling, and weight loss (I1)

The sessile drop method (OCA 15EC, DataPhysics Instruments GmbH, Filder-
stadt, Germany) was used in order to understand the hydrophilic/hydrophobic
nature of the electrospun matrices and their wettability (II). The contact angle
formed by a 5 puLL drop of PBS at RT was measured at 0 and 30 s time-points. The
contact angle was analysed using SCA20 software (DataPhysics Instruments
GmbH, Filderstadt, Germany).

For swelling index and weight loss measurements (early in vitro degradation),
the fiber matrices (II) were cut, weighted, and immersed in PBS at 37 °C for
24 h. After that, the samples were placed on plastic Falcon Cell strainer sieves
(Fisher Scientific, Thermo Fischer, USA) placed on a 50 mL Falcon tube to
remove the free surface solution and weighed. The swelling index and weight loss
were calculated as reported previously (Nazemi et al., 2014).

5.2.4.4. Solid state analysis (1)

The XRD patterns of the pure starting materials and electrospun fiber matrices
were obtained with the X-ray diffractometer (D8 Advance, Bruker AXS GmbH,
Karlsruhe, Germany). The XRD experiments were carried out in a symmetrical
reflection mode (Bragg—Brentano geometry) with CuKa radiation (1.54 A). The
scattered intensities were measured with the LynxEye one-dimensional detector
including 165 channels. The angular range was from 5° to 40° 26 and the step size
0f 0.0198° 26.
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ATR-FTIR spectroscopy was performed on pure substances and electrospun
fiber matrices using an IR Prestige-21 spectrophotometer (Shimadzu Corp.,
Kyoto, Japan) and Specac Golden Gate Single Reflection ATR crystal (Specac
Ltd., Orpington, UK). The spectra were collected between 600 and 4,000 cm’,
each spectrum was the average of 60 scans. Spectra were collected using Shi-
madzu IRsolutions 1.5 software (Shimadzu Corp., Kyoto, Japan), and all spectra
were normalized with OriginLab 6.1 software (OriginLab Corporation, North-
ampton, USA).

Thermal analysis was performed using DSC (PerkinElmer DSC4000, Mel-
ville, New York, USA). The crystallinity was calculated as shown in the literature
before (Kweon et al., 2003). The electrospun fiber samples were weighed and
sealed in an aluminum pan with 2 pinholes in the lid. Solvent casted films of the
same composition were used for comparison (preparation of solvent casted films
explained in Publication I, Supplemental Appendix A). A nitrogen purge with
a flow rate of 20 mL/min was used in a furnace. The DSC runs were performed
at a heating rate of 10 °C/min from 30 °C to 180 °C for all samples. All DSC
curves were normalized to a sample weight. Indium was used as a reference
material.

5.2.4.5. Drug content (I, 1l1)

The CAM loading and its distribution within the fiber matrix was studied (I) using
the Shimadzu Prominence LC20 HPLC system with a PDA detector at 275 nm
(Shimadzu Europa GmbH, Duisburg, Germany), according to the official Euro-
pean Pharmacopeia method for a related substance: CAM sodium succinate.
HPLC was equipped with a column Phenomenex Luna C18(2), 250 x 4.6 mm,
5 um, and the mobile phase used was a 20 g/L solution of phosphoric acid R,
methanol R, and water R (5:40:55 V/V/V). The flow rate was 1.0 mL/min, and
the injection volume was 20 uL. The CAM-loaded PCL fiber matrices were cut
into 1 cm? pieces, weighed, and dissolved in CF and methanol (75:25%V/V).
Pieces were taken from both the centre and edges of the fiber matrix to see if
differences occurred in drug distribution.

The pleurocidin content was measured (III) using larger pieces of matrix
(4 cm?) as the theoretical content was smaller and a larger matrix was needed in
order to detect the drug. These pieces were dissolved in an organic solvent and
studied using the same HPLC system, detector, and column at 220 nm. For mobile
phase A 0.1% (V/V) TFA in water and mobile phase B 0.1% (V/V) TFA in
acetonitrile was used. The flow rate was 1.0 mL/min and the injection volume
was 20 pL. Peptide solution in water (using the theoretical peptide concentration
in the fiber matrix) was used as a control.

5.2.4.6. Drug release (I, IlI)

The CAM release was measured in vitro (I) using 1 cm? samples. These matrices
were weighed and immersed into 10 mL of PBS at 37 °C in 50 mL plastic tubes
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which were put into a dissolution apparatus vessel (Dissolution system 2100,
Distek Inc., NJ, USA) containing water and maintained at 37 °C. The tubes were
rotated by paddles at 100 rpm. Aliquots of 2 mL were removed and replaced with
the same amount of buffer at set time points. The aliquots were analysed using
UV-spectrophotometer (Shimadzu UV-1800). The wavelength of maximum
absorption (A =278 nm) was chosen for the drug release analysis.

The pleurocidin release was studied (III) using the same apparatus as with
CAM loaded matrices. However, in this case, 4 cm? samples were used, which
were introduced in 5 mL of PBS at 37 °C. Aliquots of 200 uL were removed and
replaced with the same amount of buffer at set time points. These aliquots were
analysed at A = 220 nm. A control peptide solution based on the theoretical
concentration was used to study the peptide behaviour and stability in the test
conditions and collected at equal timepoints.

5.2.4.7. Cytotoxicity testing (I1)

The fibroblast attachment and biocompatibility in electrospun matrices of diffe-
rent porosity and fiber diameters were evaluated using the MTS assay (II). The
matrices were placed into 24-well plates using cell crown inserts (CellCrown,
Scaffdex Oy, Finland). Then, a BHK-21 cell suspension (consisting approxi-
mately of 10* cells) was seeded on the electrospun matrices and DMEM, phenol
red, and serum were added. The number of cells was determined using trypan
blue exclusion (Invitrogen, Thermo Fischer, USA). After 24 h of incubation,
more medium was added and, after 48 h, the matrices were removed from the
inserts, placed in PBS, and transferred to DMEM. The MTS reagent (K300-500,
Biovision, USA) was then added and incubated at 37 °C and 5% CO for 45 min.
After this time, the matrices were removed, and the absorbance of the obtained
coloured media was measured using a plate reader (Invitrogen, Thermo Fischer,
USA) at 490 nm. The eukaryotic cell attachment and growth were also investi-
gated using microscopy techniques (II).

SEM was performed using the same microscope mentioned in 5.2.4.1. Mor-
phology. However, in this case, the matrices were rinsed twice with PBS and
fixed with 4% formaldehyde for 30 min at RT. Afterwards, they were rinsed again
and dehydrated with increasing concentrations of ethanol (30, 60, and 96%).
When dry, the SEM samples were prepared as described above.

Confocal Fluorescence Microscopy (CFM) using a LSM710 (Carl Zeiss,
Munich, Germany) and Zen software (Zeiss) were also used for a deeper visua-
lization of fibroblast attachment onto the fibers. After 48 h of the cell attachment
experiment, matrices were removed from the inserts and rinsed in PBS solution.
Then, they were placed in FM 4-64 (Invitrogen, Thermo Fischer, USA) staining
solution for 2 minutes before being placed onto a microscope slide. To evaluate
cell penetration through the fiber matrix, 3D micrographs were constructed using
the z-stack images from CFM using Zen software. The z-stack image consisted
of 101 slices with a depth of 134.95 pm, and the cell infiltration was measured
using 3D measurements.
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5.2.5. Antibacterial testing (11, 11I)
5.2.5.1. Antibacterial activity of AMPs and biocides in solution (ll1)

Minimum inhibitory concentration

The antibacterial activity of AMPs and biocides was assessed using a modified
two-fold broth microdilution assay with modal MICs generated from at least three
biological replicate experiments. The method broadly followed the EUCAST
methodology (EUCAST, 2024), but in this case, non-cationic-adjusted MHB and
polypropylene plates were used, which is recommended for cationic AMPs (Wie-
gand et al., 2008). All peptide and biocides stock solutions, except for silver
sulphadiazine, were dissolved in Milli-Q water. Silver sulphadiazine was dis-
solved in DMSO:MHB (1:100) for solubility enhancement. These stocks were
diluted in a two-fold dilution in media down on a 96-well plate (Greiner Bio-One
GmbH, Frickenhausen, Germany) to a final volume of 100 pL. The same
volume of bacterial suspension was then added, at a starting concentration of
10° CFU/mL, from a diluted overnight culture. Plates were incubated for 20 h at
37 °C in static conditions. The ODesoo was determined using a Clariostar plate
reader (BMG Labtech). The MIC was defined as the lowest concentration where
ODsoo was below a value of 0.1 after subtracting the background absorbance and
there was no visible growth.

Synergy checkerboard assay

Phenotypic effects (synergy, antagonism, additive, and indifferent) between
pleurocidin and biocides in solution were assessed using standard microdilution
checkerboard assay, whose schematics are shown in Figure 6.

< o et Pleurocidin

No growth o / \ & o 4

Growth - -9
FA ( ) O @& (& (
£ % Growth control P s g
cf ) ) X

\ \ / L A A A 1
MIC N Y Y

QL

Biocide

Figure 6. Checkerboard method for antimicrobial synergy testing. Created with
BioRender.com.
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The two-fold dilution series of pleurocidin and one biocide were prepared in
MHB in each 96-well polypropylene microtiter plate to a final volume of 100 pL.
The biocide was first diluted across the columns leaving the last one free from
biocide (peptide MIC column). Then, the pleurocidin was diluted down the plate,
leaving the last row free from pleurocidin (biocide MIC row). Afterwards, 100 uLL
of bacterial suspension, at a starting concentration of 10> CFU/mL, from a diluted
overnight culture were added into each well. Preparing these two-fold dilutions
in the same plate results in the second compound added (pleurocidin) decreasing
its concentration by half with each dilution. However, the first compound
(biocide) is not always reduced by half with each dilution. The biocide was first
diluted across columns and then, during the pleurocidin dilution process, it got
reduced again across rows. In the first row, where pleurocidin solution was added,
the biocide was diluted by half. However, when pleurocidin was diluted through
the following rows, the starting solution contained in row A consisted of pleuro-
cidin but also biocide. This biocide is transferred to the following row, increasing
its final concentration, and so this occurs across the plate. This deviation from a
two-fold dilution series has been considered, and real concentrations for biocides
calculated and incorporated into the analysis (Publication I, Figure 5). The
growth or absence of growth was established using the same definition as the
MIC. The FIC was calculated with the formula previously described in Equation
2.

FIC was calculated using three independent experiments and presented
together with an arithmetic mean. FIC <to 0.5 were considered strongly syner-
gistic, and consistent with a recent interpretation of FIC, which stressed the
importance of measuring the MIC in the same microarray plate, values of 0.5 to
<1 were considered to indicate weak synergism (Fratini et al., 2017). Indifferent
effect is defined when 1 < FIC < 2 and antagonism behaviour for FIC values > 2
(EUCAST, 2000).

5.2.5.2. Antibacterial activity of drug loaded matrices (I, IIl)

Disk diffusion

Pleurocidin antibacterial activity within electrospun matrices was investigated
using a disk diffusion assay. An overnight culture was diluted in MHB to an
ODs0o 0.01 and 200 pL of the bacterial suspension were spread around a MH agar
plate. The matrices were cut into 0.6 cm diameter disks and controls were pre-
pared using sterile filter paper, charging them with the calculated amount of
peptide depending on the matrix weight. Pristine matrices and sterile filter paper
(same size) were used as negative controls. When the MH agar plate and charged
filter papers were dry, all disks were placed onto the agar plate. Agar plates were
incubated at 37 °C overnight. Then, the inhibition zone was measured.

Antibacterial activity assay

The antibacterial activity of pleurocidin loaded matrices was analysed using
MIC-like assay (III). Pieces of 0.6 cm diameter of the electrospun matrices were
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directly inserted into the wells of a 96-well polypropylene plate previously filled
with MHB. The theoretical concentration of pleurocidin in each well was
calculated based on each independent matrix weight and this information was
used for the preparation of positive controls. Bacteria at a starting concentration
of 10° CFU/mL, from a diluted overnight culture, were then added. Plates were
incubated for 20 h at 37 °C in static conditions. Matrices and controls were
carefully removed from each well before using the plate reader (same Clariostar
system that was used for MIC determination of biocides and pleurocidin in
solution). Bacterial growth was visualised against a black surface.

Antibiofilm assay

The biofilm formation protocol used with CAM loaded matrices (II) was based
on the work of Brackman et al. (Brackman et al., 2011), proved in our previous
study (Preem et al., 2017). Overnight liquid cultures of E. coli and P. aeruginosa
were grown from DMSO stocks in LB. The culture was diluted to 5 x
10’ CFU/mL using DMEM supplemented with 10% FBS and 1 mL was placed
onto 1 cm? matrices in 24 well-plates. These were incubated at 37 °C for 24, 48,
and 72 h. After that, the samples were rinsed twice with PBS and placed into
1 mL of fresh PBS in an Eppendorf tube. In order to disrupt the biofilm, alter-
nating 30 s cycles of vortexing (Vortex-Genie 2, Scientific Industries) and
sonication (Bandelin Sonorex digital 10 P, operating at 20% of maximum power)
were performed. Each cycle was repeated 6 times, as this was proven to provide
the best compromise between biofilm disruption and bacterial viability. The
CFUs were determined by making 10-times dilutions of the suspension, plating
5 puL drops on LB agar plates, and incubating overnight at 37 °C. Planktonic
bacteria were as well plated as controls.

5.2.6. Statistical analysis

Results were expressed as an arithmetic mean (at least n=3) = SD, unless men-
tioned otherwise.

Statistical significance between fiber diameter distributions (I, 1L, III) of diffe-
rent formulations was calculated by applying one-way ANOVA and post hoc #-
test (two-sample assuming unequal variances) with MS Excel 365 software
(p<0.05). In the case of multiple comparisons (II), Holm’s method was used for
adjusting p-values.

The drug release data (I) were fitted into mathematical models using the
DDSolver, and add-in program for MS Excel. The Akaike Informative Criterion
(AIC) and R? value were used to evaluate the applicability of the models.

A non-linear regression model (four-parameter logistic curve) was fitted using
absorbance values (ODgoo) of drug solution controls for bacterial strains (III).
Data analysis was performed using GraphPad Prism 9 and Microsoft Excel
v.16.67.
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6. RESULTS AND DISCUSSION

6.1. Development of antimicrobial electrospun matrices

6.1.1. Composition and characterisation
of electrospinning solutions (1, 111)

In order to develop nano- or microfibrous matrices by electrospinning technique
for wound healing applications there are a number of factors that need to be con-
sidered.

The selection of the polymer is an essential part, as it will be the base of the
scaffold. For the purpose of wound healing, only safe and biocompatible poly-
mers can be used, which is the case of both polymers selected: PCL and PVA.
These polymers are biodegradable and well-studied molecules with good electro-
spinnability (Ali Zadeh et al., 2014; Vogt and Boccaccini, 2021). The polymer
concentration directly modifies the viscosity of the solution and highly affects the
electrospinning process (Luraghi et al., 2021). Therefore, different concentrations
were tested and used for method optimization which are summarized in Table 6.

The solvent or solvents used to dissolve polymers and drugs also influence the
process and the final physicochemical characteristics of the electrospun matrices.
All solvent systems selected were known to be suitable for electrospinning based
on their solubility, boiling point, and dielectric constants (Woodruff and Hut-
macher, 2010). The organic solvents selected for the development of PCL
matrices were carefully selected and evaluated for their ability to form porous
fibers. The solvent systems selected are summarized in Table 6.

Two drugs (CAM and pleurocidin) were loaded in selected solutions, as stated
in Table 6. As previously mentioned, these molecules possess antimicrobial
properties although their chemical structures, properties, and clinical use widely
differ.

The stability and potential degradation of these drugs in the chosen solvents
were tested prior to electrospinning, confirming suitability.
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In order to characterise electrospinning solutions and predict their behaviour for
electrospinning, the viscosity of solutions was measured (II). Selected solutions
were the ones used for PCL 15% w/V without CAM, which enables to compare
the effect of different solvent systems in terms of final solution viscosity. Diffe-
rent shear thinning properties and different viscosities were observed for each
sample (Publication I, Figure 1). However, the same general pseudoplastic
behaviour was found in all samples, wherein an increase in shear rate resulted in
a decrease in viscosity.

The solution prepared with AA:FA as a solvent system was the one with the
lowest viscosity, while others had similar viscosity values. These differences in
viscosity are supported by the literature (Dobrzanski et al., 2014) and can be
explained due to the fact that different solvents can modify the polymer structure.
They can narrow its molecular weight distribution through electrostatic inter-
actions and/or degrade the polymer, resulting in a decrease in both its molecular
weight and the viscosity of the solution (Chhabra and Richardson, 2011).

From these analysed samples, AA:FA and THF:DMSO solvent systems were
selected for further evaluation as the ones with the lowest and highest viscosity
values. In this case, these solutions were kept for two weeks in closed vials
surrounded by parafilm and then, their viscosity was measured. This additional
storage test gave information regarding the stability and change in their rtheology
behaviour, essential to design electrospinning experiments within applicable time
ranges. After two weeks of storage, PCL 15% w/V AA:FA solution showed lower
viscosity values which may be explained because AA is involved in the acidic
hydrolysis of PCL, speeding up its degradation (Ekram et al., 2017). On the other
hand, PCL 15% w/V THF:DMSO solution increased its viscosity after that time.
We believe that this is due to the high evaporation rate of these solvents even
when the vial was tightly closed. As observed, none of these solutions maintained
their properties after storage, thus the electrospinning process was always con-
ducted using fresh solutions.

6.1.2. Design of the electrospinning set-up (I, 11l)

PCL fibers were obtained using monoaxial electrospinning and simple drug
blending where applicable. However, in the case of pleurocidin loaded PVA
fibers, coaxial electrospinning was selected as a way to protect the active mole-
cule, known to be easily degradable (Lee and Lee, 2008), and achieve higher drug
concentrations within electrospun matrices.

The influence of various electrospinning parameters was investigated (I) and
thus, the polymer concentration, voltage, and humidity were varied in order to
investigate their effects on the final electrospun product, with a special interest in
the formation of porous fibers.

In all cases, the RT (24 + 2°C), the distance between the spinneret and the
collector plate (15 cm) and the plastic syringe (12 mL) were kept constant.
However, the flow rate was varied for process optimization.
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In the case of PVA matrices, the main goal was to develop antibacterial matri-
ces with high and stable AMP content and thus, the electrospinning parameters
were optimised for this purpose. This setup required the use of a concentric needle
that enabled to conduct coaxial electrospinning.

Successful and reproducible electrospinning was obtained with all formu-
lations, although some selected parameters did not allow specific samples to
create well-formed fibers due to the presence of beads, needle clogging, or solu-
tion dripping from the syringe.

6.1.3. Morphology of electrospun matrices and fiber porosity
(1, 11, 1)

Using THF:DMSO solvent system and PCL 12.5% w/V, fibers with beads were
produced, while PCL 15% w/V produced nice electrospinning and more uniform
fibers (Figure 7 A), thus the latter polymer concentration was selected for further
studies.

PCL 12.5% THF:DMSO (90:10). 13 kV. RH 30% PCL 15%

"
1 _— —

RH 19% CF:DMSO (90:10). 13kV. PCL15%  RH 65%

Figure 7. The effect of polymer concentration and RH on the morphology of electrospun
fibers. A. Bead formation when using PCL 12.5% vs. fiber formation when using PCL
15% on fiber matrices prepared with THF:DMSO (90:10), at 13 kV and RH 30%. B.
Smooth fibers when electrospinning was conducted at RH 19% vs. porous fibers when
conducted at RH 65% on matrices prepared with CF:DMSO (90:10), at 13 kV and PCL
15%. Key: CF: chloroform; DMSO: dimethyl sulfoxide; PCL: polycaprolactone; THF:
tetrahydrofuran; RH: relative humidity.
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As expected, solutions prepared with higher PCL concentrations and thus, higher
viscosity, generally produced fibers with larger fiber diameter. THF:DMSO,
CF:DMSO and ACE:DCM solvent systems generated microfibers (mean fiber
diameter approximately 1.5 + 0.7 wm) while AA:FA solutions resulted in smaller
fibers, creating nanofibers (0.25 = 0.11 um). No clear correlations were obtained
between the fiber diameter and applied voltage (Publication I, Figure 3, and
Appendix Figure 2).

However, the humidity clearly affects the morphology of the fibers (Figure 7
B). Using high RH conditions, porous microfibers were obtained with PCL and
different binary solvent systems (THF:DMSO and CF:DMSO). However, this
porous fiber morphology was not achieved under lower RH conditions (Publi-
cation I, Figure 2). The formation of pores on the surface of single fibers ob-
tained by electrospinning is therefore greatly enhanced at higher RH levels, con-
sidering humidity as the main parameter affecting the pore formation when using
the mentioned solvent systems and hydrophobic polymer. While increasing the
voltage appeared to enhance surface porosity in single fibers, this effect was not
uniformly observed across all tested solvent systems (Publication I, Figure 3).

The largest pores on fibers and highest fiber diameters were observed in PCL
fibers when using the THF:DMSO solvent system and under high RH conditions.
In contrast, fewer pores were obtained when using the ACE:DCM solvent system
and no pores were observed at all when electrospinning PCL in AA:FA, even
under high RH conditions (Publication I, Figure 2). These variations in pore size
are attributed to the different evaporation rates of the solvents employed.

For further characterization and preparation of CAM-loaded fibers, various
solvent systems and ambient conditions were selected. The THF:DMSO solvent
system and high RH were chosen to produce “porous PCL microfibers”. The
AA:FA solvent system was selected to serve as a nanofiber matrix with no pores
on single fibers, referred to as “non-porous PCL nanofibers”. Additionally, the
THF:DMSO solvent system and low RH were employed to produce microfibers
with no pores on single fibers, serving as controls and termed “non-porous PCL
microfibers”.

SEM images were analysed to estimate the pore size on single fibers and
achieve an initial understanding of the interconnectivity and an estimation of the
cross-sectional pore area. Although a deeper pore size distribution analysis could
have been conducted as reported previously using confocal laser scanning
microscopy, segmentation of SEM micrographs, or other artificial visualization
systems (Choong et al., 2015; Guo et al., 2018; Hotaling et al., 2015), these
studies were beyond the scope of this work. The mean pore diameter for porous
PCL microfibers without CAM was 0.28 + 0.08 wm, whereas the incorporation
of CAM within the fibers showed a decrease in their mean pore diameter down
to 0.22 + 0.08 um, although no statistically significant differences were detected
between these samples. However, smaller and fewer pores were visually observed
on CAM loaded porous fibers.
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The incorporation of CAM influenced both the pore formation and diameter
on electrospun fibers. Being in line with the previous studies (Arbade et al.,
2018), the addition of CAM in PCL fibers increased the fiber diameter in all
formulations (Publication I, Table 2). However, the incorporation of drugs into
electrospun matrices does not always lead to an increase in fiber diameter. In the
case of PVA matrices, the addition of pleurocidin into the process led to
significantly smaller fiber diameters (from 0.60 = 0.17 um in pristine fibers to
0.54 £ 0.09 um in pleurocidin-loaded fibers) (Publication III, Figure 1).

To evaluate the difference in the porosity of the fiber matrices, the porosity
was calculated as explained in the methods section. The porosity from all
electrospun matrices tested ranged from 71.60 + 0 % in CAM loaded porous
microfiber matrices to 78.60 = 2 % in pristine porous microfiber matrices, which
matches with the range discussed in the literature for PCL electrospun matrices
(Cortez Tornello et al., 2014). No large differences between all PCL electrospun
matrices prepared were revealed in terms of porosity percentage. However, large
differences were found on the surface pore diameters of the matrices between the
samples. As expected, microfiber matrices (both porous and non-porous PCL
THF:DMSO matrices) exhibited larger pores between the fibers compared to the
nanofiber matrices (non-porous PCL AA:FA matrices). The pore diameter of
microfiber matrices ranged from 13.24 = 4.78 um to 21.87 £ 7.30 wm, whereas
the pores in nanofiber matrices ranged from 2.88 £ 1.22 um to 3.65 £ 1.55 pum
(Publication I, Figure 2 and Table 2). Larger pores on the surface of the matrix
are known to be formed when single fibers have larger diameters (Pham et al.,
2006).

BET analyses were used to study the specific surface area of the electrospun
fibers. PCL THF:DMSO porous fibers had significantly smaller specific surface
area values compared to the PCL THF:DMSO non-porous microfibers and PCL
AA:FA non-porous nanofibers (1.70 = 0.02 m*/g, 5.12 + 0.68 m*/g and 8.23 £
0.11 m%/g, respectively).

As PCL AA:FA fibers exhibited the largest surface area, N, adsorption
isotherms were also conducted (Publication I, Figure 5). This method charac-
terized the sample in a larger relative pressure (P/Py) range in comparison with
the isotherms measured using krypton. It was observed that for values P/Py< 0.2,
the isotherm resembles the type I isotherm, giving some indication about the
microporosity. On the other hand, the end of the curve and entire profile
resembles more a non-porous II isotherm.

All things considered, these results showed that non-porous PCL nanofiber
matrices had larger specific surface area despite the presence of single fiber
surface porosity of the PCL microfibers, thus surpassing the effect of pores, a
theory that has been proven before (Huang et al., 2003).
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6.1.4. Mechanical properties of electrospun matrices (ll)

Porous microfibers (obtained using the THF:DMSO solvent system at high RH),
nonporous microfibers (obtained using the same solvent system but at low RH)
and nonporous nanofibers (obtained using the AA:FA solvent system at low RH)
were selected for further mechanical properties characterisation. All these
systems were electrospun with and without CAM (Table 6).

Nanofiber matrices were stiffer and more plastic compared to porous micro-
fiber matrices (Figure 8 A, C). Nonporous microfiber matrices were the most
resistant in stress-strain curves, showing a long elongation before breaking (Figu-
re 8 B). Besides, nonporous microfiber matrices were also the samples with the
highest tensile strength and Young’s modulus, a difference that was statistically
relevant when compared to nanofibers and porous microfibers, indicating that the
presence of porosity (even when fibers are formed using the same polymer and
solvent system) affects the plastic deformation behaviour (Figure 9 A, B).
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Figure 8. Representative stress-strain curves of A. porous microfiber matrices, B. non-
porous microfiber matrices, and C. non-porous nanofiber matrices. Key: CAM: chloram-
phenicol; MF: microfibers; NF: nanofibers.
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The fact that the presence of pores decreases the tensile strength of fibers is sup-
ported by the literature (D’ Amato et al., 2018). This is studied by calculating the
free volume changes through the ortho-positronium (o-P) atom lifetime values,
which gives information on the correlation between the macrostructural and
microstructural porosities of fibers (Sebe et al., 2017, 2013). The size of the free
volume of pores influences the mechanical properties as well as the drug release
(Scheler, 2014; Zhang et al., 2017).

Nonetheless, the presence of pores on single fibers increased the elasticity of
the microfiber matrices, which is shown in the highest elongation at break values
(Figure 9 C). Besides, we have confirmed what was previously reported
regarding the increase in the elongation at break for larger fibers (Tan et al.,
2005). Clearly, the fiber diameter is a critical parameter on the development of
matrices with different mechanical properties. It has been previously stated that
PCL fibers with a diameter smaller than 500 nm had great tensile strength
resistance (Baji et al., 2010).

When comparing nonporous nanofibers with porous microfibers, there
appears to be a tendency for nanofibers to exhibit higher Young’s modulus and
tensile strength (Figure 9 A, B). Indeed, previous studies have reported higher
tensile strength in fiber matrices with smaller diameters (Chew et al., 2006; Tan
et al., 2005).

PCL fiber matrices have been widely investigated before and their mechanical
properties have been declared to be affected not only by fiber diameter but also
by the matrix structure and the solvent system used for electrospinning (Croisier
et al., 2012). The solvent used in the electrospinning process (as it has been seen
before for PCL matrices (Pok et al., 2010)) determines the polymer structure,
such as its crystallinity, influencing the mechanical behaviour of matrices. Be-
sides, the evaporation of the solvent within the fibers causes a relaxation process
that significantly influences these properties (Arinstein and Zussman, 2011). For
instance, nanofiber matrices (prepared with AA:FA solvent system) showed a
less elastic behaviour compared to the others, which can be influenced by the
solvent selection, as it has been previously described that the use of AA as an
electrospinning solvent caused the formation of brittle nanofibers (Kanani and
Bahrami, 2011).
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CAM: chloramphenicol; MF: microfibers; NF: nanofibers.

The addition of CAM into the fibers seemed to affect the mechanical properties
of the matrices, although the analyses showed no statistically significant diffe-
rences. The presence of CAM decreased the elongation at break in all samples,
although it slightly increased tensile strength and Young’s modulus values in the
case of porous microfibers and nonporous nanofibers (Figure 9). There is no clear
correlation in the effect on the mechanical properties of electrospun matrices
when a drug is incorporated compared to pristine matrices, the effect depending
on the selected drug (Chew et al., 2006; Nelson and Guyer, 2011). For example,
it has been shown that linezolid improves the mechanical properties in PCL
matrices (Tammaro et al., 2015). The outcome produced highly depends on the
interactions formed between drugs and polymers, as it has been proven for

polyester fibers (Chou and Woodrow, 2017), interactions that should be studied
using solid-state analyses.
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As these electrospun matrices are prepared with the final goal of being applied
as wound dressings, more biorelevant testing was performed. Since the presence
of wound exudate may influence the mechanical properties of the prepared
matrices, here, buffer solution was used as a model liquid environment in which
the electrospun matrices were immersed for further characterisation. There were
no significant changes observed in the mechanical properties of pristine PCL
matrices, compared to their respective dry matrices, after immersing the samples
in buffer solution for 3 min and 24 h (Publication II, Figure 3 A-C). Neither
were there changes in the elongation at break values for any of the samples
(Publication II, Figure 3 D), nor significant differences in tensile strength and
Young’s modulus values between CAM loaded fibers and their corresponding
wet conditions (Publication II, Figure 3 C). There were minor differences, not
statistically significant, in the tensile strength of nonporous CAM-loaded fibers
and porous microfibers with CAM, slightly decreasing this value when wet
(Publication II, Figure 3 A, C), which can be explained as a consequence of
drug release.

For wound healing purposes, these matrices should mimic the skin and its
mechanical properties. The tensile strength of the healthy skin is approximately
20 MPa (Shevchenko et al., 2010), it has a Young’s modulus value that can vary
from 0.008 MPa (Pailler-Mattei et al., 2008) up to 70 MPa (Shevchenko et al.,
2010) and an elongation at break range from 35 to 115% (Chen et al., 2017).
Based on the results obtained, the mechanical properties of all electrospun
matrices prepared comply with these ranges, successfully mimicking the skin.
These properties enable the dressing to function as a tissue scaffold, where the
stiffness dictates the cell-fiber matrix interactions (Jiang et al., 2018), needed to
be sufficient to resist cells pulling themselves in any direction (Kennedy et al.,
2017). Moreover, these electrospun matrices, used as dressings, need to be easily
removable without destroying the freshly grown tissue in order to enhance and
not deter the wound healing process.

6.1.5. Contact angle, swelling and weight loss (lI)

Although it was shown that mechanical properties stay consistent after wetting
the matrices, other attributes need to be investigated when matrices are in contact
with a liquid environment as it is well known that it may increase the matrix
degradation and release of the incorporated drug (Cui et al., 2008; Zupanci¢ et
al., 2018).

The nonporous pristine fiber matrices, both nano- and microfibers, showed a
higher swelling index compared to porous microfiber matrices, although the
difference was not statistically significant. However, there was a significant
increase in the swelling index in the porous microfibers when CAM was present
(Figure 10 A). The weight loss detected was very low in all cases (Figure 10 B).
However, higher swelling index and weight loss were found in all CAM-loaded
samples compared to pristine ones (Figure 10 A, B).
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The contact angle between matrices and a buffer droplet was measured in order
to estimate the hydrophobicity of materials and change in time (Figure 10 C).
After only 30 s in contact with the buffer, a difference in contact angle between
the samples was observed, showing a contact angle decrease for all CAM-loaded
matrices. The presence of CAM in the fibers provided a more hydrophilic
behaviour to the matrices, as this molecule dissolves and enables the penetration
of buffer into the scaffold. The correlation between hydrophilicity and contact
angle reduction is stated in the European Pharmacopoeia (Ph. Eur, 2024). It is
also noted that to enhance the wetting properties of these materials, and thus,
reduce the contact angle, the surface roughness can be increased (Chau et al.,
2009). However, no significant differences in contact angle were observed in our
roughest mats (porous ones) compared to the others.

PCL is a hydrophobic polymer, however, the presence of CAM transmits
some hydrophilicity into the matrices, which improves the drug release from the
matrices (Chou et al., 2015; Preem et al., 2017; Yohe et al., 2012). As already
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mentioned, all matrices containing CAM presented a higher swelling index. This
change was followed by a modification in the morphology of the matrices such
as an increase in fiber diameters (Figure 10 A and Publication II, Appendix
Figure S2).

6.1.6. Solid state analysis (I)

The interaction between the drug and polymer highly influences the properties of
electrospun matrices, affecting their mechanical properties, drug release and thus,
their final antibacterial activity (Chou and Woodrow, 2017). The molecular struc-
ture of fiber matrices was investigated using different characterisation methods.
The results showed no major changes between the spectra of all PCL electrospun
matrices, suggesting that the polymer did not suffer considerable modifications
although matrices were prepared using diverse solvent systems.

Using ATR-FTIR (Figure 11 A), PCL characteristic peaks were observed in
all samples at 1,161 em™?, 1,238 em™, and 1,720 cm’. Previously reported results
were in a similar range (Kim et al., 2013). Spectral peaks found at 650 cm™,
813 cm™, 1,514 cm™ and 1,681 cm™ are attributable to CAM in an amorphous
form, suggesting a transformation from its crystalline form to amorphous during
the electrospinning process. This was confirmed by the absence of the peak at
1560 cm™, assigned only to the crystalline form of CAM (Preem et al., 2017).
Table 7 summarizes the assignments corresponding to these spectral peaks. CAM
used in a similar concentration for the preparation of PCL fibers was previously
detected in FTIR and XRD analyses in an earlier work (Preem et al., 2017),
confirming the detection limits. Here, only in the case of nanofiber matrices
(prepared using AA:FA solvent system), the characteristic CAM peak at
1,681 cm” was observed in the spectrum. Other peaks referring to CAM were
also more defined in the spectra of nanofiber matrices compared to microfiber
matrices (prepared using THF:DMSO solvent system), where only the peak at
1,514 cm™ was clearly outlined. These differences between solvent systems in
detecting the presence of CAM within matrices could probably be related to the
intramolecular interactions or CAM location within the fibers (i.e. surface vs.
core of the fibers) (Preem et al., 2017).
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Table 7. Selected characteristic infrared bands. Key: CAM: chloramphenicol; PCL: poly-
caprolactone; asym. stretch: asymmetric stretching; sym. stretch: symmetric stretching.

Molecule Assignments Wavem!lm ber Reference
(cm™)

_ (Elzein et al., 2004,
C=0 stretch 1720 Yang et al., 2014)
(Elzein et al., 2004,
PCL COC asym. stretch 1238 Yang et al., 2014)
(Elzein et al., 2004;
COC sym. stretch 1161 Wang et al., 2013)
C=0 stretch 1681 (Sajan et al., 2008)
Ring stretch + N-H in-plane bend 1560 (Sajan et al., 2008)
CAM NO; asym. stretch 1514 (Sajan et al., 2008)
C-Cl asym. stretch 813 (Sajan et al., 2008)

Ring deformation 650 (Sietal., 2009)

XRD determination confirmed the presence of CAM in amorphous form within
fiber matrices (Figure 11 B), as no reflections attributable to the crystalline form
were observed in the diffractograms. PCL electrospun fibers containing
amorphous CAM were previously reported (Preem et al., 2017). Conversely, PCL
conserved its semicrystallinity, although there were alterations in the PCL
reflections between samples. These may be explained by the properties of the
sample surface and/or the effect of the different solvent systems on PCL. The
decrease in the intensity ratio of two main peaks of PCL (/110/T200) confirmed the
retardation of crystallization (Lee et al., 2003). However, the exact crystallinity
could not be calculated due to the huge differences in the surface morphology
between the samples.

Ultimately, DSC analyses were conducted. This technique confirmed the
presence of CAM in its amorphous state, as no melting endotherm was observed
on the thermogram (Figure 11 C). Moreover, in this case, it was possible to
calculate the crystallinity degree of PCL fiber matrices through the melting endo-
therm of PCL. Based on these results, it was observed that the solvent system
used in electrospinning highly influenced the crystallinity degree of PCL. The
highest crystallinity values were obtained when using pristine THF:DMSO
matrices (68.09%) and the lowest when including CAM in the solution with the
same solvent system (62.62%). Less PCL crystallinity was found in electrospun
matrices compared to their respective control films (Figure 11 C). The highest
T, of PCL was shown when measuring pristine AA:FA matrices and the lowest
T, when including CAM in the same solution (same solvent system).
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Figure 11. A. Attenuated total reflection infrared (ATR-FTIR) spectra, B. X-ray dif-
fractometry (XRD) diffractograms and C. Differential scanning calorimetry (DSC)
thermograms of PCL, CAM and electrospun fibers. Black and red dotted lines indicate
the presence of characteristic PCL and CAM peaks/reflection. Key: a: PCL; b: CAM,; c:
porous microfibers; d: porous microfibers with CAM; e: non-porous nanofibers; f: non-
porous nanofibers with CAM; AA: acetic acid; CAM: chloramphenicol; DMSO: dimethyl
sulfoxide; FA: formic acid; PCL: polycaprolactone; THF: tetrahydrofuran.

In conclusion, CAM was found in an amorphous form within all electrospun
matrices. Besides, the PCL crystallinity degree was influenced depending on the
solvent system used for electrospinning. It seems that the electrospinning process
has enabled the transformation of both drug and polymer into a more amorphous/
less crystalline state.

6.1.7. Drug content and release (I, 11I)

The theoretical concentration of CAM used to prepare PCL matrices was 4% w/w
based on the dry weight of the solid material. However, a drug content assay was
conducted to confirm that no degradation occurred during electrospinning. The
results obtained support the successful incorporation of CAM within all matrices,
with more than 80% of the drug being incorporated in the worst-case scenario
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(non-porous microfibers) and up to 94% in the best case (non-porous nanofibers)
(Publication I, Appendix Table A2).

In the case of PVA matrices, the theoretical pleurocidin concentration was
0.7% w/w in solid state. This is almost three times higher than previously reported
(Wang et al., 2015) and it was selected as it was hypothesised to be sufficient to
kill some of the common wound pathogens. Here, HPLC measurements showed
an efficient drug incorporation, as measured pleurocidin within the fiber matrix
was 0.8% w/w. This small deviation from the theoretical concentration is most
likely related to the analysis method. However, it confirms the peptide stability
during the electrospinning process. Most probably, the use of PVA, which is a
well-known hydrophilic, biocompatible, and water-soluble polymer (Aslam et al.,
2018), along with water (eliminating the need for harsh solvents) in the pre-
paration of the electrospinning solution, promoted the high stability of the drug
and its incorporation into the fiber matrices. Besides, coaxial electrospinning was
used, a technique that is well known for its capability to encapsulate and protect
drugs (Yarin, 2011; Yu et al., 2011). Furthermore, knowing that pleurocidin is an
AMP molecule that degrades relatively easily both in powder and aqueous
solution at RT (within 24 h), the stability of the peptide within our PVA fibers
was assessed. Consequently, after 6 months of storage at RT and 0% RH, 0.5% +
0.04% w/w of pleurocidin was measured within the matrix, indicating that the
matrices maintain sufficient peptide to remain active.

Nevertheless, a successful drug incorporation does not necessarily mean a
good release, which is most needed when these dressings are conceived to fight
wound pathogens. All electrospun PCL fiber matrices showed an initial burst
release followed by a slower release independently of their morphology (Figure
12). However, the grade of burst release and the cumulative amount of released
drug highly diverged. The highest amount of CAM released from the matrix was
achieved from PCL nanofibers, where an initial burst release of 66.9 + 4%
occurred which followed a slower release that hit 72.6 + 7.7% after 96 h. Without
a doubt, the high surface area to volume ratio of nanofibers provided a faster
release, overweighing the presence of porosity of microfiber matrices (which
obtained a final release of 59.2 4+ 3.2%). On the contrary, non-porous microfiber
matrices released only 20% of the drug. Probably, only the drug placed on the
matrix surface was released and the rest was entrapped within the matrix. It is the
greatest difference in drug release reported (to the best of our knowledge)
between matrices that have the exact same composition (drug-polymer-solvent)
and electrospinning parameters but differ for the humidity used, and thus porosity
obtained. Such large differences in the drug release have been obtained before
but in that case, besides humidity, the polymer composition was also modified
(Yuan et al., 2018). Many studies have been undertaken to investigate the effect
of pore size and porosity of electrospun fiber matrices on drug release (Naseri et
al., 2015; Soliman et al., 2011). However, there is a scarce number of reports
analysing the effect of single fiber porosity on drug release behaviour (Ren et al.,
2018; Yaru et al., 2018). Here, porous microfibers showed a significantly faster
release compared to the non-porous microfibers. This may be explained by the
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fact that porosity enhances penetration of the medium into these hydrophobic
matrices, which is of high relevance considering that the drug release from PCL
electrospun fiber matrices has been described to occur through a diffusion process
(Mclnnes et al., 2018).
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Figure 12. Cumulative drug release A. profiles and B. percentages of PCL electrospun
matrices in phosphate buffered saline at 37 °C. Data are presented as mean + SD (n = 3).
Key: AA: acetic acid; CAM: chloramphenicol; DMSO: dimethyl sulfoxide; FA: formic
acid; PCL: polycaprolactone; THF: tetrahydrofuran.

Besides the remarkably greater surface area to volume ratio of nanofiber matrices,
their larger drug release may be influenced by the solvent system used to prepare
these matrices (AA:FA) in comparison with the one used to prepare microfiber
matrices (THF:DMSO). As it has been observed via ATR-FTIR, the detection
and molecular interaction between PCL and CAM inside the matrices is distinct
depending on this factor. Solvents may modify the polymer properties causing
changes in its molecular weight, viscosity of the electrospinning solution, and
electrospinnability (D’ Amato et al., 2017). Moreover, each solvent has an evapo-
ration rate and thus, the amount of residual solvent found in the terminal product
may differ, influencing the matrix formation. Consequently, all these changes in
chemical parameters and morphology of the matrices may lead to drug release
variations. For instance, our group has previously incorporated CAM into PCL
matrices using CF:methanol (75:25% V/V) as a solvent system (Preem et al.,
2017), and in this case a prolonged drug release was shown. From there, we
defined a diffusion-based mechanism (Preem et al., 2017).

A possible chemical interaction between PCL and AA:FA solvent system may
occur in this acidic and more hydrophilic environment (compared to THF:DMSO
and CF:methanol), resulting in the modification of PCL surface properties and
leading to the selective localization of CAM on the fiber surface. Moreover, the
interaction of PCL and CAM could be achieved through weak interactions that
enable a faster release (Sirc et al., 2012). The introduction of a charge in the PCL
backbone caused by an acidic environment could increase PCL hydrophilicity
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(Pok et al., 2010), leading to a faster release. CF and THF are high dissolution
solvents for PCL that enhance the creation of PCL aggregates, while other weaker
solvents lead to the formation of a filamentous structure (Pok et al., 2010).
Similarly to what occurs with the effect of hydrophobicity/hydrophilicity ratio in
molecular interactions (i.e. stronger CAM attachments with hydrophobic moie-
ties), the PCL structure formed within electrospun fibers, as well as the morpho-
logy of fibers themselves are common criteria that determine the drug release
behaviour (Pok et al., 2010).

The CAM release from our porous PCL microfibers and non-porous PCL
nanofibers followed a diffusion model, showing a good correlation with the
Korsmeyer-Peppas equation, as previously described for CAM release from PCL
matrices (Preem et al., 2017). The AIC for porous PCL microfibers was 18.87
and R? 0.99, while for non-porous PCL nanofibers, the AIC was 48.15 and R?
0.96. However, it was not possible to fit the drug release kinetics of non-porous
microfibers with any tested equations. Here the Korsmeyer-Peppas equation gave
an AIC of 59.30 and R? 0.82. Therefore, in this case, diffusion may not be the
main drug release mechanism, which may be more linked to the desorption of the
embedded CAM from the fiber surface or nanopores (not detected) (Srikar et al.,
2009).

In the case of PVA matrices, drug release was studied, although, no clear
conclusions could be obtained. The maximum amount released was 40%, how-
ever, the results showed high variation (Figure 13). This variable drug release
behaviour may be explained by the physicochemical characteristics of cationic
AMP pleurocidin which may affect the results. For instance, laboratory materials
(e.g. polystyrene) are known to largely affect electrostatic interactions and
therefore adsorption of AMPs onto the testing container (Wiegand et al., 2008).
Moreover, self-aggregation (Clark et al., 2021) may result in precipitate and make
it difficult to conduct the measurements with this experimental setup. In addition,
PVA is a biodegradable hydrophilic polymer, and its presence may also lead to
the formation of complexes with AMPs, potentially altering their adhesiveness
on surfaces. Therefore, the traditional drug release assay does not allow to make
reliable assumptions about pleurocidin release from these coaxially prepared
PV A matrices and further investigation is needed to understand this behaviour.
As a comparison, it was previously reported that approximately 40% of pleuro-
cidin is released after 15 min from monoaxial PVA fibers containing 0.25% w/w
of the AMP (Wang et al., 2015). However, this result cannot be extrapolated here
as the amount of pleurocidin and the electrospinning technique used for the
preparation of matrices differed.
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Figure 13. The release profiles of AMP pleurocidin from electrospun PVA fiber matrix
(n=3). Pleurocidin concentration in solution measured over 24 h.

6.1.8. Cytotoxicity testing (II)

Wound dressings, as any other medical device, need to be safe and biocompatible.
Moreover, it is crucial to explore how the morphology of electrospun matrices
impacts cell attachment and proliferation, as, in order to promote wound healing,
skin cells need to grow in close contact with the dressing. Here, PCL matrices
were investigated using fibroblasts and MTS assay. Porous microfiber matrices
with CAM showed the highest absorbance for formazan dye, suggesting that there
are more metabolically active cells attached to these matrices and thus, they have
proliferated more easily in this condition compared to the others (Publication 11,
Figure 5 A). Porosity enhances cell attachment and proliferation, as statistically
higher MTS signal was found on pristine porous microfiber matrices compared
to the non-porous ones. A trend that was maintained, though not as pronounced
(not statistically significant) between CAM loaded fibers (Publication II, Figure
5A).

SEM images and CFM were used to observe and construct 3D view micro-
graphs to investigate the fibroblast-matrices interactions and distribution along
the matrices. In all cases, the cells were evenly distributed on the surface layer of
the matrix (Figure 14). Confirming the MTS results, the highest number of cells
and the deeper cell infiltration (40 um) was found on porous microfiber matrices
loaded with CAM (Figure 14 E), followed by non-porous microfiber matrices
(Figure 14 A) and non-porous nanofiber matrices (Figure 14 B), where cells
where only found on the matrix surface. The matrix and single fiber morphology
clearly affect the ability of cells to permeate the matrix (Loh and Choong, 2013;
Sharifi et al., 2016). The matrix pore size is critical in the cellular infiltration
behaviour, affecting the ability to spread within the matrix, and even the
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dimension of the cells may affect the results (Farooque et al., 2014). It has been
observed that fibroblasts are able to deform their cytoskeleton up to 10% of the
nucleus size in order to migrate through small pores (Wolf et al., 2013). None-
theless, the infiltration process is smoother when cells encounter bigger pores.
This is the case of microfiber matrices compared to nanofibers, leading to im-
proved cell attachment and deeper penetration. Moreover, the surface porosity of
single fibers also contributes to a better cell proliferation, as it has been seen for
our porous microfibers compared to the non-porous ones (Figure 14 A, E). This
may be related to the more hydrophilic nature of these matrices (previously
proved through wettability and contact angle measurements), where aqueous
medium easily accesses the inner parts of the matrix, presumably enhancing cell
penetration.

Figure 14. SEM images (A, B) and CFM 3D micrographs (C-F) showing fibroblast
attachment and infiltration into PCL electrospun matrices. A. Non-porous microfiber
matrices. B. Nanofiber matrices. C. Porous microfiber pristine matrices. D. Nanofiber
pristine matrices. E. CAM loaded porous microfiber matrices. F. CAM loaded nanofiber
matrices. Key: CAM: chloramphenicol; CFM: confocal fluorescence microscopy; SEM:
scanning electron microscopy.
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CAM has proven to be biocompatible and safe to BHK-21 cells, as no significant
differences were found between the cell attachment of pristine and CAM loaded
fibers (Figure 14 C-F). This conclusion was previously stated for PCL and
similar concentrations of CAM (Jalili-Firoozinezhad et al., 2017; Mulhall et al.,
1983).

6.2. Antibacterial testing (1, 1ll)

6.2.1. Antibacterial activity of AMPs and biocides (lll)

Antibacterial activity of AMPs

Conversely to CAM, which is a model antibacterial drug frequently used in
clinics whose MIC and AMR have been widely investigated, AMPs are still quite
novel molecules that require further investigation. Here, three different AMPs
(pleurocidin, D-pleurocidin-KR, and temporin B L1FK) were selected and tested
to explore their antibacterial activity against selected wound pathogens. This
previous characterisation provided essential information to select an appropriate
AMP for the incorporation of this drug into an electrospun matrix.

Pleurocidin and its analogue showed a stronger potency compared to temporin
B L1FK, whereas, as expected, the modified peptide D-pleurocidin-KR was more
effective than its parent peptide (Table 8). A close comparison of the pleurocidin
peptides was performed by Manzo et al. (Manzo et al., 2020), where D-pleuro-
cidin-KR was first created to enhance pleurocidin antimicrobial activity and
reduce cytotoxicity, which was successfully proven both in vitro and in a murine
model. Their metabolomic studies showed that the mechanism of action of D-
pleurocidin-KR differs from its parent peptide, attributed to its greater conforma-
tional flexibility and the contribution from membrane damage.

All these peptides inhibit the growth of A. baumannii at lower concentrations
than they do for P. aeruginosa. This may be explained by the resistance mecha-
nisms of P. aeruginosa, which have been profoundly studied (Haghi et al., 2018;
Pang et al., 2019; Qin et al., 2022). Its intrinsic resistance is caused by efflux
pumps, modified outer membrane permeability, bacterial encapsulation formed
by extracellular polysaccharides, and enzymes that inactivate antimicrobial
drugs.

Biocides

Biocides are extensively employed in the prophylaxis and management of wound
infections. Notably, recent guidelines for managing burn infections advocate the
use of topical biocides, such as silver sulphadiazine, specifically for second- and
third-degree burns (Yoshino et al., 2020). Typically, biocides, often in the form
of solutions or creams, are utilized. Additionally, antimicrobial wound patches,
containing biocides like silver, are frequently employed in the treatment of
infected wounds (Haidari et al., 2020; May et al., 2022). However, in instances
where innovative wound dressings incorporating AMPs, such as pleurocidin, are
utilized, these are likely to be employed concomitantly with conventional wound
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care modalities, including the irrigation of the wound with biocide solutions
(European Wound Management Association (EWMA), 2006). Consequently, our
investigation sought to assess the impact of biocides on the antibacterial activity
and efficacy of pleurocidin. For this purpose, an initial antibacterial assessment
of commonly used biocides was developed, in order to determine the sensitivity
of selected multiresistant wound pathogens.

Here, silver nitrate, silver sulphadiazine, octenidine, PVP-iodine, chlorhexi-
dine and benzalkonium chloride were selected as frequently applied biocides used
in wound management. Multiresistant bacterial strains, P. aeruginosa PAO1 and
NCTC 13437 and A. baumannii AYE and ATCC 17978 were used to determine
the efficacy of these biocides. For this purpose, MIC assays were conducted, and
the results are shown in Table 8. All biocides inhibit the growth of tested bacterial
strains at lower MIC than the concentration that is commonly used in clinics for
wound care applications.

As it happened with AMPs, A. baumannii exhibits higher sensitivity to bio-
cides, with growth inhibition occurring at lower concentrations than observed for
P. aeruginosa. This may be related to the ability of this pathogen to prevent the
entrance of antimicrobials into its cytoplasmic membrane, which has been
previously described for QAC (Gilbert and Moore, 2005). P. aeruginosa NCTC
13437 showed the highest level of resistance to benzalkonium chloride, requiring
a concentration 32 times greater than that effective against A. baumannii strains.

The most potent biocide was octenidine, where just 4 pg/mL was needed to
inhibit the growth of all bacteria tested, followed by chlorhexidine. Both silver
biocides showed a similar MIC, in line with their similar mechanism of action
which was previously discussed. PVP-iodine is known to be highly effective for
wound infection prevention and treatment, being able to eradicate all ESKAPE
pathogens and biofilms even in the presence of blood (Barreto et al., 2020).
Nevertheless, the results shown here, highlight that its potency compared to other
biocides tested is quite low. However, its multiple mechanisms of action that
provide it with an excellent lack of antimicrobial resistance and its ability to
promote wound healing while exhibiting low cytotoxicity, permits its use in a
higher dose compared to the alternative treatments (Barreto et al., 2020).
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6.2.2. Antibacterial activity of drug loaded matrices (ll, Il1)
6.2.2.1. CAM loaded matrices (I1)

PCL matrices loaded with CAM were tested against E. coli and P. aeruginosa.
When CAM-loaded matrices were tested against planktonic E. coli, an effective
killing was observed after 72 h (Figure 15 A), which nicely correlates to the drug
release behaviour previously defined for these matrices (Figure 12). No diffe-
rences in the activity were observed between the types of CAM loaded matrices
(Figure 15 A). However, various outcomes were observed when these matrices
were investigated on biofilm formation. Most importantly, the presence of CAM
inside the fibers significantly diminished the formation of biofilm in all cases
(Figure 15 B). Moreover, differences in CFU were found after 48 h depending
on the sample, highlighting the high growth of biofilm on pristine matrices.

16 Planktonic bacteria 16+ Biofilm bacteria
—a— Porous MF
—e— Porous MF with CAM
& Non-porous NF
#- Non-porous NF with CAM
=~ Non-porous MF
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Figure 15. A. Antibacterial activity of PCL electrospun matrices with and without CAM
on E. coli and B. biofilm formation and antibiofilm activity. Data are presented as mean
+ SD (n=3). Detection limit refers to the CFU that can be counted by the plate method
(200 CFU/mL). Key: AA: acetic acid; CAM: chloramphenicol; MF: microfibers; NF:
nanofibers; PCL: polycaprolactone.

After 24 h, non-porous microfiber matrices showed more biofilm formation than
porous microfiber matrices, while these matrices obtained similar CFUs as nano-
fiber matrices. However, after 48 h, there was a huge difference in the activity of
CAM loaded porous microfibers and CAM loaded nanofibers, whereas the latter
maintained the formation of biofilm, porous microfibers showed a great antibio-
film decrease, lowering the CFUs to the detection limit (Figure 15 B). Besides,
non-porous microfibers remarkably decreased the formation of biofilm, although
it was not until after 72 h that they reached the lower detection limit. In all CAM
loaded matrices, it was not possible to detect CFU after 72 h.

Based on these results, we can conclude that microfiber matrices tend to
inhibit biofilm formation to a greater degree than nanofiber matrices. The effect
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on bacterial proliferation of diverse fiber sizes has been previously investigated
and it has been revealed that, usually, bacteria attach and grow more favourably
when fibers are similar in size to bacterial cells (Abrigo et al., 2015). Thus,
microfiber matrices should have been a better framework for bacterial attach-
ment, however, this was not our case. Other studies have reported supporting
evidence of the bacterial attachment on smaller (nano-scale) matrices (De Cesare
etal., 2019; Hu et al., 2019), corresponding in one case, to PCL matrices electro-
spun using CF:ethanol as solvent system. The considerable attachment to nano-
fibers may be explained due to the different organic molecules that bacteria
excrete in the biofilm formation process, that allows the adhesion of cells onto
the fibers (De Cesare et al., 2019). Besides, other matrix parameters such as
wettability, surface charge, and specific chemistry of the fibers influence cell
attachment and proliferation (Abrigo et al., 2015).

Conversely, the surface morphology of the matrices may negatively affect
bacterial attachment, reducing the contact area between cells and fibers (Cheng
et al., 2019; Hsu et al., 2013). For instance, nanoscale surface pores may create
energetic interactions that avoid cell attachment and thus, biofilm formation
(Anselme et al., 2010; Feng et al., 2014). In our study, the presence of surface
pores barely affected biofilm formation, as it can be seen for pristine matrices
(Figure 15 B).

Unquestionably, the drug release behaviour of CAM loaded matrices and the
presence of this drug within the matrix influence biofilm formation on the
matrices. Porous microfibers, which have proven to be more hydrophilic, are the
ones with better antibiofilm properties. Conversely, nanofiber matrices are the
ones with faster and most efficient drug release (Figure 12), thus the remaining
drug within the matrices is lower, which could explain the biofilm growth. On
the other hand, other samples with lower drug release provided better antibiofilm
properties.

The antibacterial activity of these matrices was also tested against P. aerugi-
nosa. However, none of them showed growth inhibition against this pathogen
(Publication II, Appendix Figure S 5), which is known to be resistant to CAM
(Li et al., 1994; Morita et al., 2014).

6.2.2.2. Pleurocidin loaded matrices (lll)

Based on the MICs results, both pleurocidin and D-pleurocidin-KR were first
selected for incorporation into electrospun matrices. However, the first attempts
resulted in peptide degradation and poor release behaviour, thus no antibacterial
activity was observed. The higher cost of D-pleurocidin-KR production led to the
selection of pleurocidin as the antimicrobial molecule to be incorporated in
further analyses.

Pleurocidin loaded matrices were tested against eight pathogenic bacterial
strains found in wound infections (P. aeruginosa PAO1 and NCTC 13437,
EMRSA-15, K. pneumoniae M6 and NCTC 13368, A. baumannii AYE and
ATCC 17978, and E. coli NCTC 12923).
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An initial characterisation of the antimicrobial activity of these matrices was
investigated using a disk diffusion assay. However, this method was unsuccessful
as the peptide was not able to diffuse along the matrix nor controls prepared with
sterile filter paper (where the corresponding amount of peptide, depending on the
matrix weight, was incorporated) (Figure 16). In order to study the peptide
diffusion along the agar plate, sterile filter papers were charged with a higher
amount of pleurocidin (32 and 64 pg). In this case, some peptide diffused through
the agar and a small inhibition zone was observed (Figure 16). However, the
peptide incorporated into electrospun matrices was not sufficient to observe any
diffusion. This can be explained by the interactions between the cationic moieties
of AMP with the negatively charged sulphate and sugar components of the
agaropectin in agar (Lehrer et al., 1991).

Figure 16. Disk diffusion assay using AMPs loaded electrospun matrices and controls.
A, B. D-pleurocidin-KR and pleurocidin loaded matrices and their controls against 4.
baumannii AYE and 4. baumannii ATCC 17978, respectively. C, D. Sterile filter papers
charged with 32 and 64 pg of pleurocidin against 4. baumannii AYE and 4. baumannii
ATCC 17978, respectively. Key: CM: control matrix; DPKR-M: D-pleurocidin-KR
loaded matrix; DPKR-F: D-pleurocidin-KR charged filter paper; F: filter paper; Ple-M:
pleurocidin loaded matrix; Ple-F: pleurocidin charged filter paper.
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Therefore, an assay was developed in order to study the antibacterial activity of
pleurocidin loaded matrices, where they were immersed into a liquid environment
in a 96-microtiter plate (more details in the Methods section). All matrices were
able to completely inhibit the growth of all strains except for P. aeruginosa
NCTC 13437, where a total inhibition was only found on matrices with the
highest weight (and hence a higher amount of AMP) (Figure 17). These results
were in line with the pleurocidin MIC already tested for these bacteria, whose
drug concentration response curves (obtained using a non-linear regression
model) are shown in Figure 17.
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Figure 17. The efficacy of A. pleurocidin solution and pleurocidin loaded PVA matrices
against selected bacterial strains. Pleurocidin concentration range released from the
matrix (40% and 100% shown) and available in the well was calculated from an average
0.6 cm diameter piece of pleurocidin loaded PV A matrix, based on the theoretical content.
B. pleurocidin containing PV A matrices against P. aeruginosa PAO1. C. pleurocidin con-
taining PVA matrices against P. aeruginosa NCTC 13437. Yellow arrows indicate the
matrices that are unable to successfully inhibit bacterial growth. Drug concentration
response curves were obtained using a non-linear regression model (four-parameter
logistic curve) using the percentage of maximal growth based on absorbance values
(OD600) from the control pleurocidin solution. Key: AYE: A. baumannii AYE; AB
17978: A. baumannii ATCC 17978; EC 12923: E. coli NCTC 12923; EMRSA-15: S.
aureus EMRSA-15; KP 13328: K. pneumoniae NCTC 13368; KP M6: K. pneumoniae
M6; PAOL1: P. aeruginosa PAO1; PA 13437: P. aeruginosa NCTC 13437; Pleu: pleuro-
cidin.
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As explained above, it was not possible to directly measure and estimate the
pleurocidin release behaviour from the matrices. However, it is needed to calcu-
late how much peptide could be available based on the theoretical concentration
of the matrices in order to compare their activity with the peptide used in solution.
For this purpose, we calculated that assuming 100% release from the matrices
and variations in weight of the 0.6 cm diameter matrices used for these assays,
the concentration range of pleurocidin that could be found in the well was 16.5 —
20.5 pg/mL. Besides, using as a reference the previously reported result already
mentioned of 40% release (Wang et al., 2015), also pleurocidin concentrations
after a 40% release were calculated from our matrices, resulting in a pleurocidin
range of 6.6 — 8.2 ng/mL.

The calculated pleurocidin released, when assuming 40% release, would not
be sufficient to inhibit EMRSA-15 and both P. aeruginosa strains based on the
MICs of these strains. Consequently, the range of isolates from the panel used
here whose inhibition was hindered by the coaxially electrospun matrices
suggests that the functional pleurocidin released from the matrices is close to its
maximum content.

In order to get a better understanding of the effect of weight variations of
matrices on the growth inhibition of P. aeruginosa strains, further analyses were
developed. As expected, pleurocidin produced a dose-dependent killing, con-
firming the peptide release and functionality after electrospinning into the matrix.
The growth of P. aeruginosa NCTC 13437 was completely inhibited only when
using a pleurocidin matrix weighing 500 pg, however full inhibition of P.
aeruginosa PAO1 was reached with a 400-pg matrix (Publication III, Figure
3).

The half-maximal inhibitory concentrations (ICso) of pleurocidin differ
depending on whether the peptide was placed in solution or within electrospun
matrices (assuming maximal release). For both P. aeruginosa strains, the
inhibition achieved with loaded matrices significantly surpasses what is achieved
by freshly made pleurocidin solution. This effect has been previously suggested
by Wang et al. (Wang et al., 2015), and it was also confirmed here. Undoubtedly,
although we were unable to determine the exact drug amount of pleurocidin
released from these matrices, to be effective against bacteria, pleurocidin must
have been released from the matrices. However, pleurocidin is an easily degrad-
able peptide (within 24 h in aqueous solution) and its stability may be hindered
in contact with the bacterial environment. Most probably, the protection that
electrospun fibers, especially coaxially electrospun fibers, confer to the AMP
highly influences its stability against this environment facilitating the availability
and functionality of the peptide. Moreover, bacterial attachment to fiber matrices
(as previously studied with PCL matrices) may be enhanced, facilitating the
interaction between these cells and the AMP.
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6.2.3. Interactions between pleurocidin and different biocides
({11)]

The use of concomitant treatments is habitually used in wound management,
mainly involving the application of a biocide and the administration of a systemic
antibiotic (Percival et al., 2014). However, the combination of drugs needs to be
investigated, as the resulting outcome may not be wished, causing health issues
of major significance that may even lead to death. Therefore, the combination of
pleurocidin with each biocide was tested here to reveal the advantageous effects
or potential risks of these molecules used together against P. aeruginosa and A.
baumannii strains.

Fortunately, weak synergism was found in most of the cases (Publication III,
Figure 4). A. baumannii strains showed very similar FICs against all combina-
tions tested, however, there were relevant differences between P. aeruginosa
strains. It has been previously reported that different combinations of antibiotics
and biocides lead to very different outcomes against P. aeruginosa (Pietsch et al.,
2021). This was confirmed here, where the effects produced by different combi-
nations of diverse biocides and pleurocidin showed very different results in the
case of P. aeruginosa, especially P. aeruginosa PAO1 (Figure 12). In the case
of this pathogen, pleurocidin in combination with both silver biocides and PVP-
iodine behave synergistically at almost all drug concentrations, while the com-
bination of pleurocidin and octenidine showed indifferent effects. Conversely,
pleurocidin in combination with benzalkonium chloride and chlorhexidine
showed an antagonistic effect. Moreover, a more staggering revelation was ob-
served when the same drug combination gave opposite results when applied to
different P. aeruginosa strains. P. aeruginosa NCTC 13437 was effectively killed
by a modest synergy obtained between pleurocidin and benzalkonium chloride,
conversely, the behaviour between these two molecules showed a strong
antagonist effect against P. aeruginosa PAO1 (Publication III, Figure 4 C and
4 D). This inter-strain variation has been previously described for this bacterium
when using gentamicin and chlorhexidine (Barnham and Kerby, 1980) and also
when combining silver nanoparticles and meropenem (Markowska et al., 2014;
Pietsch et al., 2021).

A deeper microdilution checkerboard analysis was conducted to understand
this behaviour at different concentrations of these molecules (Publication III,
Figure 5). When two antimicrobial molecules are used in combination, the goal
is to reduce the concentrations needed to kill pathogens, thereby enhancing the
activity of both. This was the case for most pleurocidin and benzalkonium
chloride combinations against tested bacteria. However, this did not occur for P.
aeruginosa PAO1 (Figure 18). This phenotypical behaviour was also observed
at a lower level for chlorhexidine and pleurocidin combinations against both P.
aeruginosa strains (Publication I11, Appendix Figure S2). No other combina-
tions tested showed this antagonistic phenomenon.
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Silver nitrate and silver sulphadiazine showed similar synergistic effects when
used together with pleurocidin, which is in line with the theory that molecules
with similar mechanisms of action show similar interaction effects (Pietsch et al.,
2021).

In conclusion, based on our results, pleurocidin can be used in combination
with silver nitrate, silver sulphadiazine, octenidine, and PVP-iodine for the
treatment of infections caused by tested pathogenic bacterial strains, as these
molecules have shown weak synergism or an additive effect. However, the risk
produced by the concomitant administration of pleurocidin and benzalkonium
chloride and pleurocidin and chlorhexidine must be considered. Further analysis
of a broader panel of P. aeruginosa strains is vital for understanding the inter-
actions and limitations of this drug administration.
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7. CONCLUSIONS

This dissertation has successfully addressed challenges and achieved all the aims
proposed. The preparation and assessment of different electrospun matrices have
been accomplished, demonstrating their efficacy as antibacterial drug delivery
systems with potential applications as wound dressings. Specific conclusions are
outlined below:

o The formation of pristine and CAM-loaded porous microfibers was
achieved only when PCL was selected as polymer and THF:DMSO was
used as the solvent system while using high RH (65%). This underscores
the critical role of humidity and solvent system selection in achieving this
outcome. These findings provide valuable insights into the limited infor-
mation available on the preparation of porous drug-loaded fibers.

o Electrospinning parameters for process optimization were successfully
selected and CAM was incorporated into PCL electrospun matrices using
THF:DMSO and AA:FA solvent systems, managing the formation of
micro- and nanofibers, respectively. Additionally, pleurocidin was incor-
porated into PV A matrices using coaxial electrospinning.

o The morphology of fiber matrices was influenced by various factors in-
cluding polymer concentration, the solvent system used, drug incorpo-
ration, and other parameters affecting electrospinning, such as environ-
mental conditions (e.g. humidity). The impact of these parameters on
matrix morphology has been previously described in the literature and
confirmed in this dissertation. However, specific considerations re-
garding the choice of solvent systems, drugs, and polymers provide use-
ful information for the future development of these electrospun matrices
and others with similar characteristics.

o Based on the results obtained, both dry and wet PCL electrospun matrices
successfully mimic the mechanical properties of skin and show promise
for use as wound dressings. However, it is crucial to note that the porosity
of the fibers, fiber diameter, and choice of solvent system highly in-
fluence the mechanical properties of the matrices. Therefore, careful
consideration of these factors is essential for the development of electro-
spun matrices intended for this application.

o The presence of wound exudate requires the study of matrices in contact
with a liquid environment. The contact angle, swelling index and weight
loss of fiber matrices are in close correlation with their hydrophili-
city/hydrophobicity ratio. Thus, incorporating hydrophilic CAM within
hydrophobic PCL resulted in increased swelling index and weight loss,
along with a decreased contact angle compared to pristine matrices.

o The electrospinning process and selected solvent systems influenced the
solid state of CAM and PCL. CAM was found in an amorphous form
within all electrospun PCL matrices. These solid state analyses provide
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valuable insights regarding chemical interactions that influence other
matrix characteristics, including drug release behaviour.

The utilization of harsh solvents and high voltage during electrospinning
can occasionally lead to drug degradation, resulting in matrices con-
taining less drug than theoretically planned, which directly affects their
activity. For this reason, drug content within matrices must be measured.
Here, an efficient drug incorporation was achieved in all developed
electrospun matrices. PCL matrices assimilated 80% of CAM, while all
pleurocidin was successfully incorporated within PVA matrices. This
high pleurocidin content confirms the exceptional stability of the peptide
during the coaxial electrospinning process, thereby improving the pre-
viously obtained results.

The drug release from electrospun matrices was significantly affected by
their hydrophilicity. In the case of PCL hydrophobic matrices, the pre-
sence of porous fibers facilitated medium penetration and drug diffusion,
leading to enhanced release. Conversely, non-porous microfibers
released only 20% of the incorporated CAM. The great surface area of
nanofiber matrices and the use of the AA:FA solvent system further
improved drug release from these matrices.

CAM loaded matrices are safe and biocompatible, enhancing cell attach-
ment and growth and thus, promoting wound healing. The best results
were obtained for matrices with larger pores and the ones with porous
fibers, which exhibited the highest hydrophilicity. This highlights the
presence of pores as a favorable property for wound dressings.

All antimicrobial drugs and biocides tested successfully inhibit the
growth of selected wound pathogens, with the exception of CAM loaded
matrices that were unable to kill P. aeruginosa. This pathogen showed
the most resistant behaviour against all tested molecules. The resistant
nature of this pathogen is well documented, and these results confirm it.
Further research must pay especial attention to this pathogen when
assessing antimicrobial efficacy.

All PCL matrices loaded with CAM effectively inhibited the planktonic
growth of E. coli. The antibiofilm effect of CAM loaded matrices highly
depended on their drug release behaviour, which in turn was influenced
by their morphology and hydrophilicity. Consequently, porous micro-
fibers exhibited the most pronounced antibiofilm effect.

Average 0.6 cm diameter pieces of pleurocidin loaded matrices were able
to inhibit the growth of all bacteria tested except for P. aeruginosa NCTC
13437. Only when heavier pieces of matrices were used (500 pg), its
inhibition was achieved. This highlights the relation between drug
amount and antimicrobial activity.

The inhibition achieved with pleurocidin loaded matrices significantly
surpasses what is achieved by freshly prepared pleurocidin solution. This
can be attributed to the protection that coaxially electrospun fibers confer
to the peptide and the interaction formed between pathogens and matrices.
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This electrospinning method proves to be a promising strategy for future
antimicrobial applications, particularly when fragile drugs are used.

o Pleurocidin can be used in combination with silver nitrate, silver sulpha-
diazine, octenidine, and PVP-iodine, where indifferent or synergistic
behaviour was found against all bacteria tested. However, caution is war-
ranted when considering the concomitant use of pleurocidin with benzal-
konium chloride and chlorhexidine, as antagonistic behaviour has been
observed in such combinations.

In summary, the preparation of electrospun matrices involves numerous para-
meters that require careful consideration. This dissertation provides valuable in-
sights into the development of electrospun fibers using both monoaxial and
coaxial techniques; shedding light on factors influencing pore formation on the
fiber surface and the correlation between matrix morphology, mechanical pro-
perties, and drug release. Future research on these antimicrobial matrices should
include additional ex vivo and/or in vivo experiments to confirm their efficacy
under more biorelevant conditions, with the ultimate goal of clinical application.
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9. SUMMARY IN ESTONIAN

Antimikroobsete elektrospinnitud maatriksite valmistamine ja
hindamine haavaravis rakendamiseks

Sissejuhatus

Agedate ja krooniliste haavade esinemissagedus on kdrge ja kasvab igal aastal
(Martinengo et al., 2019). Elu mitte-paranevate haavadega on oluline koorem nii
patsientidele kui ka tervele tervishoiusiisteemile, mis vajavad palju rahalisi
vahendeid nende ravikulude katmiseks (Lindholm and Searle, 2016).

Halvasti paranevad haavad on tdnapédeval suur probleem. Haava pohjalik
puhastamine on haavaravi oluline nurgakivi, see hdlmab haavapohja korralikku
puhastamist ja selle ettevalmistamist paiksete ravimite manustamiseks (Anghel
et al., 2016). Traditsiooniline haavaravi on aga tihtipeale ebatShus. Néiteks paik-
sed haavaravimid ja neis kasutatavad ravimvormid (kreemid, geelid, lahused jne)
omavad lithikest toimeaaega haavas ning haavaeksudaadi olemasolu v3ib veelgi
nende toimet vihendada. Siisteemsed antibiootikumpreparaadid on endiselt kasu-
tusel, aga nende puhul esineb probleeme toksilisusega, mis omakorda piirab
nende kasutamist (Eriksson et al., 2022). Lisaks sellele on haavaravi viljakutseks
ka antimikroobse resistentsuse (AMR) teke. Toenéoliselt on haavaravi iiks pea-
mine alustugi nakkuse kontroll, kuna naha kaitsva barjdéri 1d6hkumise jargselt
vajab organism nakkuste vastu tdiendavat kaitset. Viimastel aastatel on anti-
mikroobsete ravimite kéttesaadavus vahenenud, kuna AMR kasvab eksponent-
siaalselt. Kédesolevas doktoritods otsiti lahendusi nii paiksete ravimvormide, kui
ka raviaine antimikroobse resistentsuse probleemide jaoks.

Antibiootikum klooramfenikool (CAM) ja erinevad antimikroobsed peptiidid
(AMP-d) valiti uurimiseks nende erineva toimespektri ja -mehhanismi tottu
kasutamiseks erinevate haavapatogeenide vastu. Lisaks uuriti ka AMP-de kombi-
natsioone laialdaselt haavaravis kasutatavate biotsiididega. Pleurotsidiin valiti
suhteliselt uudse AMP-na, mis oma laia toimespektri ja erinevate toimemehha-
nismide tottu omab suurt potentsiaali haavanakkuse ravis kasutamiseks. Antud
juhul on pleurotsidiin hea alternatiiv antibiootikumidele multiresistentsete bakte-
rite vastu voitlemiseks ning aitab pidurdada AMR-i arengut.

Kéesolevas doktoritoos paigutati CAM ja pleurotsidiin uudsesse paiksesse
elektrospinnitud ravimkandursiisteemi (elektrospinnitud haavakattesse), et
parandada ravi efektiivsust ja vdhendada siisteemset toksilisust. Need uudsed
haavakatted on valmistatud elektrospinnimise tehnoloogial, mis voimaldab saada
nanotehnoloogilisi maatrikseid, kus nanoskaalas kiud kogutakse kokku mitte-
kootud maatriksisse. See valmistamismeetod voOimaldab lisada haavakatete
koostisesse raviaineid, parandades nende stabiilsust ja kontrollides nende vaba-
nemist (Yarin, 2011). Lisaks elektrospinnitud maatriksite headele flisiko-
keemilistele omadustele, nagu nende suur pindala ja mahu suhe, suur poorus ja
soovitud mehaanilised omadused, aitavad ja toetavad nad niiskuse tasakaalu, ja
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parandavad gaasivahetust haavas soodustades selle paranemist (Leaper et al.,
2014; Muthukrishnan, 2022).

Neid arendatud antimikroobseid maatrikseid on pohjalikult iseloomustatud in
vitro eksperimentide abil testides nende antibakteriaalset efektiivsust erinevate
oluliste haavapatogeenide vastu. Kiesolev doktorito6 on toonud esile mdningaid
piiranguid, kuid see on avanud ka uue strateegia, mida edasi uurida, lootes jouda
16ppeesmérgini: nende haavakatete lisamine uue terapeutilise vdimalusena
haavaravisse.

Uurimise eesmargid

Kéesoleva doktoritoo iildiseks eesmérgiks oli arendada ja iseloomustada uudseid
antimikroobseid raviaineid sisaldavaid elektrospinnitud maatrikseid haavaravis
kasutamise eesmargil. Lisaks uuriti potentsiaalset siinergiat antimikroobse peptiidi
(AMP) ja biotsiidide vahel lahuses oluliste haavapatogeenide vastu. Nende ees-
markide saavutamiseks jagati to6 konkreetseteks eesmarkideks, mis olid:

1. Valmistada poorseid kiude. Erinevate poliimeeride, lahustisiisteemide ja
elektrospinnimise parameetrite testimine ja protsessi optimeerimine
poorsete kiudude saamiseks (I, I1).

2. Arendada antibiootikum CAM-ni sisaldavaid maatrikseid (I, II) ja
pleurotsidiini sisaldavaid maatrikseid (III). CAM ja pleurotsidiin valiti
antimikroobsete molekulidena, mis on kasulikud haavanakkuse ravi
jaoks. Elektrospinnimise parameetrite testimine ja kontrollimine prot-
sessi optimeerimiseks.

3. Iseloomustada elektrospinnitud maatrikseid: morfoloogia ja raviaine
sisalduse analiiiisi (I, I, IIT) abil.

4. Iseloomustada elektrospinnitud maatrikseid tahke faasi analiiiisi (1),
mehaaniliste omaduste katsete (1), margumise (I) ja raviaine vabanemis-
katsete (I, III) abil.

Hinnata CAM-i sisaldavate maatriksite ohutust ja biosobivust (II).

Hinnata raviainet sisaldavate maatriksite antimikroobset toimet (11, I1I).

7. Moista pleurotsidiini ja erinevate biotsiidide toimet erinevatele anti-
biootikumresistentsetele haavapatogeenidele (I1I) ja uurida nende vahel
tekkivate fenotiilibiliste mojude (siinergism, antagonism voi koosmdju
puudumine) teket (III) potentsiaalse kombinatsioonravi jaoks haavade
paranemiseks.

oW

Materjalid ja meetodid

Maatriksid valmistati elektrospinnimise tehnoloogia abil. Kandjapoliimeeridena
kasutati poliikaprolaktooni (PCL) ja poliiviniiiilalkoholi (PVA). Antimikroobsete
ainetena kasutati klooramfenikooli (CAM) ja pleurotsidiini, mida lisati elektro-
spinnitud maatriksidesse. Kiuliste maatriksite morfoloogiat analiiiisiti skaneeriva
elektronmikroskoobi (SEM) abil. Poorsust uuriti gaasadsorptsioonimeetodil
(BET) ja SEM-i abil. Mehhaanilist kditumist uuriti tekstuurianaliisaatori abil.
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Maatriksite hiidrofiilsust /hiidrofoobsust ja nende mérgumisomadusi iseloo-
mustati kontaktnurga, paisumisnditaja ja massikao hindamise teel. Tahke faasi
omadusi hinnati rontgendifraktsiooni (XRD), summutatud tdispeegeldusega
Fourier'i transformeeritud infrapuna spektroskoopiat (ATR-FTIR) ja diferent-
siaalset skaneerivat kalorimeetrit (DSC) kasutades. Raviaine sisaldust maatriksi-
tes ja raviaine vabanemist uuriti kdrgefektiivse vedelikkromatograafia (HPLC)
abil. Beebi hamstri neeru (BHK-21) fibroblastid valiti elektrospinnitud maatrik-
site biosobivuse uurimiseks, kasutades MTS katset ja konfokaalset mikroskoopiat
(CFM). Elektrospinnitud maatriksite potentsiaalset antimikroobset aktiivsust
uuriti jargmisi olulisi multiresistentseid baktereid kasutades: Acinetobacter bau-
mannii AYE, A. baumannii ATCC 17978, Pseudomonas aeruginosa PAO1, P.
aeruginosa NCTC 13437, P. aeruginosa DSM 1117, Staphylococcus aureus
EMRSA-15, Klebsiella pneumoniae M6, K. pneumoniae NCTC 13368 ja Esche-
richia coli NCTC 12923 ning E. coli DSM 1103. Testiti erinevaid antibakte-
riaalsete ja antibiofilm-omaduste uurimise meetodeid nagu agardifusiooni
meetod ja antibiofilm test. Lisaks uuriti jargmisi biotsiide: kloorheksidiin diglu-
konaat, bensalkooniumkloriid, hobenitraat, hobesulfadiasiin, oktenidiindikloriid
ja povidoon-jood (PVP-jood) iiksi ja koos pleurotsidiiniga mainitud haava-
patogeenide vastu.

Tulemused ja arutelu

Antimikroobseid raviaineid sisaldavaid elektrospinnitud maatrikseid oli vdimalik
edukalt valmistada monoaksiaalse ja koaksiaalse elektrospinnimise meetodi abil.
Poorsete mikrokiudude moodustumine dnnestus ainult siis, kui poliimeerina kasu-
tati poliikaprolaktooni (PCL), lahustisiisteemina kloroform-DMSO-d (CF:DMSO)
voi tetrahlidrofuraan-DMSO-d (THF:DMSO) ning elektrospinnimine viidi labi
korge suhtelise dhuniiskuse (RH; 65%) juures. Viimane oli neist kriitilise téhtsu-
sega parameeter poorsuse saavutamisel.

Kasutatud poliimeeri kontsentratsioon mojutas kiudude 14bimdotu, suuremaid
kiude oli vdimalik tekitada suurima PCL kontsentratsiooni korral (PCL 15%).
See tulemus on kooskdlas varasemalt kirjanduses tooduga (Luraghi et al., 2021).
Lisaks mojutas valitud lahustisiisteem oluliselt kiudude 14bimddtu. Mikrokiud
saadi, kui kasutati THF:DMSO-d, CF:DMSO-d ja atsetoon-diklorometaani
(ACE:DCM), ning nanokiud, kui kasutati lahusti siisteemina dadikhape-sipelg-
hapet (AA:FA).

Kuigi raviaine lisamine maatriksisse muutis kiudude labimodtu, puudub
usaldusviirne ja iihtne korrelatsioon kiu 1abimdddu ja raviaine kius juuresoleku
vahel. CAM-ga laetud PCL-maatriksite kiu 1dbimdot oli suurem kui ilma ravi-
aineta PCL-kiu 18bimdot, samal ajal kui pleurotsidiini lisamine PV A-maatrik-
sitesse viis vdiksema kiu 1abimoddu tekkimiseni (0,60 + 0,17 pm ilma raviaineta
PVA kiudude puhul vorreldes 0,54 + 0,09 um pleurotsidiiniga laetud kiudude
puhul). Lisaks vihendas CAM-i lisamine kiu pinnal esinevate pooride suurust.

Suuremate pooride moodustumist on tdheldatud maatriksi pinnal sel juhul, kui
iiksikud kiud olid suurema labimdoduga (Pham et al., 2006). Kéesolevas t66s

110



tekkisid elektrospinnimise kdigus mikrokiudmaatriksid (PCL THF:DMSO), kus
pooride ldbimdodud olid vahemikus 13,24 + 4,78 pm kuni 21,87 + 7,30 pm,
samas kui nanopoorsete maatriksite (PCL AA:FA) poorid olid vahemikus 2,88 +
1,22 um kuni 3,65 £ 1,55 pm. Hoolimata suuremate pooride esinemisest mikro-
kiudmaatriksites, nditasid nanokiudmaatriksid suurimat eripinda, mida moddeti
BET analiiiisi ja N, adsorptsioonisotermide abil. Seda on ka varasemates toddes
ndidatud nano- ja mikrokiudmaatriksite vordlemisel (Huang et al., 2003).

PCL elektrospinnitud maatriksite mehaanilisi omadusi mdjutasid kiudude
poorus, kiudude 14bimdot ja kasutatud lahustisiisteem. Mittepoorsed mikrokiud
olid kdige vastupidavamad ja neil oli kdige suurem tdmbetugevus ja Youngi
moodul. See v3ib olla seletatav asjaoluga, et pooride esinemine vihendab kiu-
dude tdombetugevust (D’Amato et al., 2018). Teiselt poolt suurendas pooride
olemasolu kiudude elastsust, seega purunemist oli voimalik esile kutsuda ainult
suuremate joudude rakendamisega. Leidis kinnitust, et suurem katkevenivus
saavutati suurema 14bimddduga kiudude jaoks (Tan et al., 2005). Vihemelastne
kiitumine saadi PCL AA:FA maatriksitega vorreldes PCL THF:DMSO maatrik-
sitega, kinnitades veelgi kasutatud lahustisiisteemide mdju maatriksite mehaani-
listele omadustele. AA kasutamisel elektrospinnimise lahustina on varem
kirjeldatud haprate nanokiudude tekkimist (Kanani and Bahrami, 2011). Mingeid
olulisi muutusi maatriksite mehaanilistes omadustes ei tdheldatud, kui need olid
biorelevantses puhvris 3 minutit voi 24 tundi. Viimane test on eriti oluline imitee-
rimaks reaalses haavas etappi, kui maatriksid on kontaktis haavacksudaadiga.
Valmistatud PCL maatriksite mehaanilised omadused simuleerisid edukalt naha
enda omadusi (Chen et al., 2017; Pailler-Mattei et al., 2008; Shevchenko et al.,
2010).

Hiudrofiilse CAM-i olemasolu kiu koostises pGhjustas paisumisnéitaja ja mas-
sikao suurenemise ning kontaktnurga vidhenemise koigis maatriksites. CAM-i
olemasolu kiududes pohjustas maatriksite hiidrofiilsemat kditumist, kuna ravi-
aine molekul lahustub ja voimaldab puhvri tungimist kiududesse.

Tahke faasi analiiiis kinnitas, et kui raviaine molekul oli kiududesse lisatud,
muutus CAM kristalsest amorfseks vormiks. ATR-FTIR spekter niitas jooni, mis
kinnitasid CAM amorfset vormi, lisaks puudus tipp 1560 cm™ juures, mis on
iseloomulik ainult CAM-i kristalsele vormile (Preem et al., 2017). XRD abil ei
tuvastatud difraktogrammil kristalsele vormile omistatavaid teravaid peegeldusi.
DSC analiiiisid kinnitasid CAM-i olemasolu amorfses olekus, kuna termo-
grammiil ei tdheldatud kristallvormi sulamist. Vastupidi, PCL séilitas oma pool-
kristalsuse ja téheldati lahustisiisteemi moju PCL kristalliinsusele. THF:DMSO-
ga valmistatud PCL maatriksid néitasid suuremat kristalliinsust vorreldes
AA:FA-ga valmistatud PCL maatriksitega.

Efektiivne raviaine kiududesse sisseviimine saavutati mdlemate arendatud
elektrospinnitud maatriksite puhul — CAM viidi PCL kiududesse ja pleurotsidiin
PVA kiududesse. Tulemused néitasid, et tile 80% CAMe-ist oli voimalik edukalt
inkorporeerida PCL kiududesse. Samuti kogu pleurotsidiin viidi sisse PVA kiu-
listesse maatriksitesse, mis kinnitab suurepérast peptiidi stabiilsust elektrospinni-
misprotsessi ajal ja koaksiaalse elektrospinnimise kaitsvat toimet. Tdiendavad

111



6-kuulised stabiilsusuuringud elektrospinnitud maatriksitega kinnitasid, et ka
séilitamise ajal piisis peptiid suhteliselt stabiilsena.

Koik elektrospinnitud PCL maatriksid néitasid algul kiiret CAM-i vabane-
mist, millele jirgnes aeglasem vabanemine sdltumata nende kiudude morfo-
loogiast. Olulised erinevused olid tdheldatavad just vabanenud raviaine kogustes
ning vastavalt disaini erinevustele puudus raviaine vabanemine peaaegu iildse
ilma pooridetta kiudude puhul. Mittepoorsed mikrokiud vabastasid ainult 20%
sisse viidud CAM-ist. Raviaine vabanemist mojutas oluliselt ka elektrospinnitud
maatriksite hiidrofiilsus. Sel juhul vabanes toenéoliselt ainult maatriksi pinnale
paigutatud raviaine ja tilejadnud CAM jéi maatriksi sisse kinni. Nanokiudude
maatriksite suur eripind ja kasutatud lahustisiisteem (AA:FA) parandas nendest
maatriksitest raviaine vabanemist, ndidates kdige suuremat vabanenud CAM-i
hulka (16plik vabanemine 72,6 + 7,7%), iiletades mikrokiudude maatriksite poor-
suse moju (1oplik vabanemine 59,2 + 3,2%). Siin néitasid poorsed mikrokiud
maérkimisvéarselt kiiremat vabanemist vorreldes mittepoorsete mikrokiududega.
Seda vGib seletada asjaoluga, et poorsete kiudude olemasolu suurendab
vabanemiskeskkonna tungimist nendesse PCL-hiidrofoobsetesse maatriksitesse,
mille ravimi vabanemist on kirjeldatud difusiooniprotsessina (Mclnnes et al.,
2018; Preem et al., 2017).

Kasutatud lahustislisteem vois mojutada ka nende maatriksite raviaine
vabanemiskaitumist, kuna lahustid vdivad oluliselt muuta poliimeeri omadusi ja
elektrospinnimise protsessi (erinevate aurustumiskiiruste kaudu) (D’ Amato et al.,
2017). Keemiline interaktsioon PCL-i ja AA:FA lahustisiisteemi vahel v3ib
tekkida sellises happelises ja hiidrofiilsemas keskkonnas (vdrreldes THF:DMSO-
ga), pohjustades PCL pinnaomaduste muutumise ja viies CAM-i kiudude pinnale
ning tekitades norgemaid sidemeid raviaine ja poliimeeri vahele, mis vGimaldab
kiiremat raviaine vabanemist (Pok et al., 2010; Sirc et al., 2012). Difusioon on
peamine raviaine vabanemise mehhanism poorsetest PCL mikrokiududest ja PCL
nanokiududest. Mittepoorsete mikrokiudude raviaine vabanemise kineetikat ei
onnestunud sobitada iihegi testitud vorrandiga, mis viitab difusiooni puudu-
misele. Seda vabanemist v3ib seostada raviaine adsorptsiooniprotsessiga kiudude
pinnale vdi nanopooridesse (mida ei tuvastatud) (Srikar et al., 2009). PVA
maatriksite uurimisel ei olnud voimalik raviaine vabanemiskditumisest selgeid
jéreldusi teha, kuna tulemused néitasid pleurotsidiini kontsentratsioonides suuri
varieeruvusi. Seda voib selgitada katioonse AMP pleurotsidiini fiisikokeemiliste
omadustega, mis voivad interakteeruda anumatega voi moodustada suuremaid
agregaate (Clark et al., 2021; Wiegand et al., 2008). Jargmised uuringud on pla-
neeritud, et todtada vélja sobivamad analiiisimudelid ja testida AMP vabanemis-
kditumist pdhjalikumalt.

Elektrospinnitud maatriksite interaktsioone eukariiootsete rakkudega uuriti
ohutusetestides. Fibroblastid kinnitusid maatriksitele ja paljunesid iihtlaselt koi-
gil PCL maatriksitel, kinnitades nende ohutust ja biosobivust. Poorsetel maatrik-
sitel saavutati parem rakkude infiltreerumine, mida on ka varem kirjanduses
nédidatud (Farooque et al., 2014). Lisaks tdheldati, et rakud kinnitusid ja tungisid
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stigavamale just hiidrofiilsematesse poorsetesse kiududesse. Vastupidi, nano-
kiudmaatriksite puhul kinnitusid rakud peamiselt ainult pinnale.

Koik testitud antimikroobsed raviained ja biotsiidid takistasid edukalt valitud
haavapatogeenide kasvu. Ainult CAM ei suutnud tappa P. aeruginosa bakterit
ning see patogeen néditas suurt resistentsust kdigi testitud raviaine molekulide
suhtes.

Kodik CAM-iga laectud PCL-maatriksid olid efektiivsed planktoonilise E. coli
kasvu inhibeerimisel ilma oluliste erinevusteta aktiivsuses maatrikside vahel.
Siiski mdjutas elektrospinnitud maatriksite morfoloogia bakteriaalse biofilmi
moodustumist erinevalt. Poorsetel mikrokiududel oli suurem antibiofilmi efekt
kui mittepoorsetel mikrokiududel, mis on tugevalt seotud nende mainitud hiidro-
fiilsuse ja raviaine vabanemise kditumisega. Lisaks héirivad mikrokiudmaatrik-
sid biofilmi teket suuremas ulatuses kui nanokiudmaatriksid. Seletuseks on see,
et nanokiudmaatriksitest vabaneb raviaine kiiremini, mis viib selleni, et maatrik-
sisse endasse jadb vihem raviainet.

Agardifusioonimeetodit ei olnud vdimalik AMP-de antibakteriaalse aktiiv-
suse uurimisel kasutada kuna AMP difusioon agarisse oli takistatud nende
molekulide katioonsete osade ja agaropektiini negatiivselt laetud sulfaadi- ja
suhkrukomponentide vaheliste molekulaarsete interaktsioonide tSttu (Lehrer et
al., 1991). PVA maatriksid kutsusid esile bakterite kasvu inhibeerimise, mis
viitab sellele, et maatriksitest vabanenud funktsionaalne pleurotsidiini kontsent-
ratsioon on iile minimaalse inhibeeriva kontsentratsiooni. Siiski mdjutas nende
maatriksite kaal ja seega keskkonda vabanenud pleurotsidiini kogus oluliselt
raviaine voOimet takistada resistentsete bakterite, nagu P. aeruginosa NCTC
13437, kasvu, mida saab ainult 500 pg kaaluv maatriks pidurdada (sisaldab
raviainet 3.5ug). Huvitaval kombel selgus, et pleurotsidiiniga laetud maatriksite
abil saavutatud bakterite kasvu inhibeerimine iiletas oluliselt seda, mida saavutati
varskelt valmistatud pleurotsidiini lahusega. Seda mdju on varem ndidanud ka
Wang jt (Wang et al., 2015). Vdimalikud seletused sellisele ndhtusele on jérg-
mised: (i) koaksiaalselt elektrospinnitud kiududes on peptiidil tdiendav kaitse
keskkonna tingimuste eest ja (ii) patogeenide ning maatriksite vahel tekib
tdiendav interaktsioon, mis mojub soodsalt bakterite kasvu inhibeerimisele.

Pleurotsidiini kasutamisel biotsiididega tuvastati erinevaid koostoimeid.
Pleurotsidiini saab ohutult kasutada koos hobenitraadi, hobesulfadiasiini, okteni-
diini ja PVP-joodiga, kus leiti koosmd&ju puudumist voi siinergilist kaitumist kdigi
testitud bakterite vastu. Siiski tuleb arvestada, et pleurotsidiini ja bensal-
kooniumkloriidi ning pleurotsidiini ja kloorheksidiini kombinatsioonide kasuta-
misel leiti antagonistlikku kditumist. Lisaks tdheldati P. aeruginosa jaoks erine-
vaid fenotiilipilisi mdjusid, kuna sama raviainete kombinatsioon (pleurotsidiin ja
bensalkooniumkloriid) andis vastupidiseid tulemusi (mdddukas silinergia P. aeru-
ginosa NCTC 13437 ja antagonism P. aeruginosa PAO1 vastu). Seda varieeru-
vust on selle bakteri puhul varem kirjeldatud, ka teiste raviainete kombinatsioone
korral (Barnham and Kerby, 1980; Markowska et al., 2014; Pietsch et al., 2021).
Laia valiku P. aeruginosa tiivede edasine analiiiis on oluline nende interakt-
sioonide ja nende raviainete koosmanustamise piirangute mdistmiseks.
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Kokkuvote

Kasutades kandjapoliimeere (PCL ja PVA) ja antibakteriaalseid raviaineid
(klooramfenikool ja pleurotsidiin), oli vdimalik valmistada erineva koostise ja
struktuuriga nano- ja mikrokiulisi maatrikseid monoaksiaalse ja koaksiaalse
elektrospinnimismeetodite abil. Kasutades korgemat 6huniiskuse taset ja valides
sobiv lahustisiisteem (THF:DMSO), valmistati edukalt poorsete mikrokiududega
maatrikseid. Saadud elektrospinnitud maatriksid imiteerivad naha mehaanilisi
omadusi isegi niisketes tingimustes ja seetdttu saab neid kasutada haavasideme-
tena eksudaadi juuresolekul. To66 kéigus leiti, et kiudude poorsus ja 1d4bimodt
mojutavad maatriksite mehaanilisi omadusi ning pooride olemasolu suurendas
kiudude elastsust.

Klooramfenikooli (CAM) lisamine maatriksitele suurendas paisumisindeksit
ja kaalukadu vesikeskkonnas. Lisaks leiti, et klooramfenikool oli kiududes
amorfses vormis ja seda koigis elektrospinnitud PCL-maatriksites. Tohus ravi-
aine inkorporeerimine saavutati koigis vélja tootatud elektrospinnitud maatrik-
sites. Raviaine vabanemiskéitumist mojutas suuresti elektrospinnitud maatriksite
hiidrofiilsus. Uurides kiudude 1dbimdddu mdju maatriksite kditumisele selgus, et
suurenenud pindala ja mahu suhtarvuga nanokiududest oli CAM-i vabanemine
kdige kiirem, jargnesid poorsed mikrokiud ja siis mittepoorsed mikrokiud, kust
vabanes ainult 20% raviainest. Viimasel juhul ei tdheldatud prolongeeritud
vabanemist, toendoliselt vabanes raviaine ainult maatriksi kiudude pinnalt.

Elektrospinnitud CAM-iga laetud maatriksid on ohutud ja biosobivad.
Poorsed mikrokiulised maatriksid voimaldasid suuremat rakkude infiltratsiooni.
Samuti tuvastati, et rakud kinnitusid ja tungisid siigavamale poorsetesse hiidro-
fiilsematesse kiududesse. Vastupidiselt eclnevale, nanokiudmaatriksite puhul
kinnitusid rakud peamiselt ainult pinnale.

Koik testitud antimikroobsed raviained ja biotsiidid takistasid edukalt valitud
haavapatogeenide kasvu. Ainult CAM ei suutnud tappa P. aeruginosa bakterit
ning see patogeen néitas liles suurt resistentsust kdigi testitud raviaine molekulide
suhtes. Poorsete]l CAM sisaldavatel mikrokiududel oli suurem antibiofilmi toime
kui mittepoorsetel CAM sisaldavatel mikrokiududel ja nanokiududel. Viimane
vaatlus on tugevalt seotud nende kiudude hiidrofiilsuse ja vGimega vabastada
raviainet. Pleurotsidiini Onnestus edukalt inkorporeerida PVA maatriksitesse
koaksiaalse elektrospinnimise ajal. Kuigi nende valimistatud maatriksite puhul
raviaine vabanemist ei dnnestunud moodta, tdestati nende AMP sisaldavate maat-
riksite tShusus haavapatogeenide vastu. Need analiiiisid niitasid, et antibakte-
riaalne tohusus oli ddrmiselt sdltuv maatriksite kaalust just resistentsete P.
aeruginosa tivede jaoks. Pleurotsidiini sisaldavate maatriksite toimed iiletasid
oluliselt seda toimet, mis saavutati varskelt valmistatud pleurotsidiini lahusega.
Pleurotsidiini kooskasutamine traditsiooniliste biotsiididega voimaldab saavu-
tada erinevaid koostoimeid. Pleurotsidiini kombinatsioonid hdbenitraadi, hobe-
sulfadiasiini, oktenidiini ja PVP-joodiga vdimaldasid saavutada koostoime
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puudumist voi siinergilist toimet koigi testitud bakterite vastu. Samas pleuro-
tsidiini samaaegse kasutamise ajal bensalkooniumkloriidi voi kloorheksidiiniga
téaheldati antagonistlikke koostoimeid.

Kokkuvdtvalt voib Gelda, et elektrospinnitud haavakatete valmistamisel tuleb
arvesse votta mitmeid erinevaid ja olulisi parameetreid. Doktorit6o kdigus kasu-
tati nii mono- kui koaksiaalsete elektrospinnimise tehnoloogiat, mille kdigus
saadi tdiendavaid teadmisi tegurite kohta, mis mojutavad pooride teket fiibrite
pinnal. Lisaks uuriti seoseid haavakatete morfoloogia, mehaaniliste omaduse
ning raviaine vabanemise vahel. Doktoritoos kirjeldatud haavakatteid on plaan
edasi uurida juba ex vivo ja in vivo mudelites, et selgitada vilja nende toime bio-
relevantsetes tingimustes ning jouda 16pliku eesmérgini, et kasutada neid tulevi-
kus ka patsientide ravis.
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