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Abstract

Biofilms are structured communities of microorganisms embedded within a self-produced
extracellular matrix. Biofilm-associated infections are difficult to treat, as the extracellular matrix
acts as both a physical and chemical barrier that hinders the penetration of antimicrobial agents.
Treatment challenges are further compounded by the emergence of antimicrobial resistant strains.
Together, these factors highlight the urgent need for novel antimicrobial agents suitable for clinical
use, as well as effective delivery systems capable of targeting microbes within the biofilm.
Antimicrobial peptides (AMPs) offer a promising alternative due to their diverse mechanisms of
action and ability to target drug-resistant microbes. However, their clinical application is hindered

by suboptimal physicochemical and pharmacokinetic properties.

This thesis explores the antimicrobial and antibiofilm activity of novel AMPs, namely teixobactin
analogues and micrococcin P1 (MP1), and liposomal encapsulation as a strategy to enhance their
delivery and efficacy against biofilm-forming pathogens. Initially, cholesterol-free fusogenic
liposomes with varying surface charges were developed, and their ability to fuse with microbial
cells and penetrate the biofilm matrix was assessed. All liposomal formulations demonstrated fusion
with different microbial cells, highlighting their potential for AMP delivery. Moreover, cationic
liposomes showed the strongest interaction and retention within biofilms. Subsequently, MP1 was
incorporated into cholesterol-free fusogenic liposomes formulated using phospholipids with
varying acyl chain lengths. Liposomes with longest acyl chains exhibited higher MP1 entrapment
efficiency and enhanced the peptide’s antimicrobial and antibiofilm activity. Furthermore, MP1-
loaded liposomes effectively disrupted Staphylococcus aureus biofilms formed on biomedical

surfaces.

Finally, this thesis evaluated the antimicrobial and antibiofilm activities of three teixobactin
analogues. The natural teixobactin compound represents a novel class of antibiotics with a unique
mechanism of action and has attracted considerable interest as a potential drug candidate. While all
three analogues demonstrated promising efficacy against biofilm-forming pathogens, one showed
comparatively stronger effects and is proposed as a lead candidate for further liposomal

encapsulation.

In conclusion, this work highlights the potential of fusogenic liposomes as an advanced delivery
system for novel AMPs targeting biofilms, offering a promising strategy for combating biofilm-

associated infections.



Sammendrag

Biofilmer er strukturerte samfunn av mikroorganismer som er omsluttet i en egenprodusert
ekstracelluleer matriks. Infeksjoner assosiert med biofilm er utfordrende & behandle, ettersom den
ekstracelluleere matriksen fungerer bade som en fysisk og kjemisk barriere som hemmer penetrasjon
av antimikrobielle midler. Behandlingsutfordringene forsterkes ytterligere av fremveksten av
antimikrobiell resistens. Samlet sett understreker disse faktorene det akutte behovet for nye
antimikrobielle midler som egner seg for klinisk bruk, samt effektive leveringssystemer som kan
malstyres mot mikrober inni biofilmen. Antimikrobielle peptider (AMP-er) representerer et lovende
alternativ grunnet deres varierte virkningsmekanismer og evne til & angripe resistente
mikroorganismer. Deres kliniske anvendelse begrenses imidlertid av suboptimale fysikalsk-

kjemiske og farmakokinetiske egenskaper.

Denne avhandlingen underseker den antimikrobielle og antibiofilmaktiviteten til nye AMP-er,
narmere bestemt teixobactin-analoger og micrococcin P1 (MP1), samt liposomal innkapsling som
en strategi for & forbedre leveringen og effekten deres mot biofilmdannende patogener.
Innledningsvis ble det utviklet kolesterolfrie fusogene liposomer med ulik overflateladning, og
deres evne til & fusjonere med mikrobielle celler og penetrere biofilmmatrisen ble evaluert. Alle
liposomformuleringene demonstrerte fusjon med ulike mikrobielle celler, noe som understreker
deres potensiale som legemiddelleveringssystem for AMP-er. Kationiske liposomer utviste sterkest
interaksjon med og retensjon i biofilmen. Deretter ble MP1 innkapslet i kolesterolfrie fusogene
liposomer formulert med fosfolipider med varierende acylkjedelengde. Liposomer med lengst
acylkjeder viste hayere innkapslingseffektivitet for MP1 og forbedret bade den antimikrobielle og
antibiofilmaktiviteten til peptidet. Videre viste MP1-liposomer effektiv forstyrrelse av biofilmer

dannet av Staphylococcus aureus pa biomedisinske overflater.

I denne avhandlingen ble den antimikrobielle og antibiofilmaktiviteten til tre teixobactin-analoger
ogsa evaluert. Det naturlige stoffet teixobactin? representerer en ny klasse antibiotika med en unik
virkningsmekanisme og har vakt betydelig interesse som lovende legemiddelkandidat. Alle tre
analogene viste lovende effekt mot biofilmdannende patogener, men én av dem utpekte seg med

relativ sterkere effekt og foreslas som en mulig kandidat for videre formulering med liposomer.

Dette arbeidet har loftet frem potensialet til fusogene liposomer som et avansert
legemiddelleveringssystem for nye AMP-er rettet mot biofilmer. Dette kan vaereen lovende strategi

for & bekjempe biofilmassosierte infeksjoner.
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1. Introduction

1.1. Biofilms and their clinical relevance

Biofilms are microbial communities embedded in a self-produced extracellular matrix [1]. They
can form on both living and non-living surfaces, including surfaces within the human body,
where they can impact health [1, 2]. Biofilms are not limited to surface formation; bacterial
aggregates that are not surface attached (e.g. pellicles) are also recognized as biofilms [3, 4].
Resident microbes in biofilms benefit from enhanced tolerance to antimicrobial agents and

increased protection against environmental harsh conditions [2, 5].

Biofilm aggregates were first described in the late seventeenth century by Anton van
Leeuwenhoek, who characterized them as bacterial clusters adhering to surfaces [4, 5]. The
term "film" was first used in the mid-1930s to describe bacterial aggregates forming on surfaces
submerged in water [6, 7]. In medical microbiology, the first reported link between biofilm
formation and human disease emerged in the 1970s, when researchers observed Pseudomonas
aeruginosa aggregates in sputum samples and lung autopsies from cystic fibrosis patients [4].
Since then, biofilm formation has been linked to a wide range of infections, including
periodontitis, chronic otitis media, infective endocarditis, chronic wounds and recurrent urinary
tract infections, among others [8]. Furthermore, medical devices and implants, such as
catheters, orthopaedic implants and heart valves, are susceptible surfaces for biofilm
development [8]. Biofilms formed on implanted medical devices contribute to approximately

60—70% of hospital-acquired infections [9].

The transition of microbial cells from the planktonic (free-floating) state to biofilm formation
is a complex process triggered by changes in the surrounding environment. Factors such as
shifts in nutrient availability, temperature, pH and oxygen concentration play a critical role in
initiating this transition [10]. These changes lead to an increase in the intracellular concentration
of the second messenger cyclic diguanylate monophosphate (cyclic-di-GMP), which in turn
activates the production of adhesins and extracellular polymeric substances (EPS) essential for
biofilm attachment, maturation, and structural integrity [11]. Once microbial cells manage to
form biofilms, the infection often becomes chronic and more challenging to treat compared
with infections associated with planktonic microbial cells [3]. Biofilm infections have also been

reported to play a significant role in promoting the emergence of antimicrobial resistance



(AMR) by various mechanisms [2, 12]. For instance, biofilm formation is frequently linked to
hypermutator bacterial phenotypes, which can exhibit mutation rates up to 1,000 times higher
than normal, thereby increasing the likelihood of AMR development [13]. Additionally, the
presence of diverse microbial species within the biofilm promotes the transfer of resistance
genes via mobile genetic elements, such as plasmids [12]. Moreover, biofilm infections are
often managed by administering high doses of antibiotic combinations over extended periods,

an approach that may further contribute to the development of antimicrobial resistance [2].

Although most reports highlight the role of bacterial biofilms in infections, fungal biofilms on
medical devices are also increasingly being recognized as a major contributor to hospital-
acquired infections [14]. Bacterial species commonly detected in infection-related biofilms
include Pseudomonas aeruginosa, Escherichia coli, Staphylococcus aureus and Enterococcus
faecalis; whereas Candida species are the most frequently isolated fungi from biofilms [15, 16].
The following two subsections will provide a description of the biofilm formation process, and

the challenges encountered in treating biofilm-associated infections.

1.1.1.The biofilm development cycle

Biofilm development and composition are influenced by both the microbial species involved
and environmental conditions. For example, single-species biofilms of P. aeruginosa can form
as mushroom-shaped microcolonies in glucose-based media and as flat biofilms when grown
in the presence of citrate as a carbon source [2]. Moreover, biofilms in clinical settings are rarely
monomicrobial. They are rather polymicrobial and can include various bacteria and fungi
coexisting within a shared EPS matrix, which adds complexity to the biofilm structure [16, 17].
Polymicrobial biofilm formation can involve multiple biofilm-forming species during the initial
stages, while other microbial cells may adhere later, particularly species lacking biofilm-
forming properties. In such cases, the species that first colonize the surface are often referred
to as the founding species [18]. Regardless of the microorganism or environmental conditions,
biofilm development typically progresses through four key stages as shown in Figure 1 [11].
Both bacterial and fungal cells share the same main stages in biofilm formation and

development [14]. The following section will describe each stage of biofilm development



depicted in the figure, illustrated with examples from the most studied and clinically relevant

biofilm-forming microbial species.
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Figure 1. Illustration of the main stages of biofilm development and dispersal depicted using a prosthetic knee

joint as an example. The figure is created in BioRender.com.

1. Initial reversible attachment:
Microbial cell motility plays a crucial role in the initial phase of biofilm development, by
facilitating physical contact with surfaces suitable for cellular attachment. This motility
may arise from specialized appendages (e.g. flagella) or from passive mechanisms like
Brownian motion in species lacking motility structures, such as species of Streptococcus
and Klebsiella [18]. Cell attachment is influenced by the physicochemical properties of
the surface, such as roughness, hydrophilicity, surface energy, and electrical potential. For
instance, irregular or rough surfaces promote bacterial adhesion and colonization, thereby
creating favourable conditions for biofilm development [19]. Conversely, certain studies

report that nanoscale surface roughness has an inhibitory effect on microcolony formation



[20]. The interaction between microbial cells and material surfaces is governed by the
principles of colloidal physics, as described by the Derjaguin—Landau—Verwey—Overbeek
(DLVO) theory [21, 22]. According to this theory, repulsive electrostatic forces may arise
between the surface charge of microbial cells and a material surface. However, these
forces are counterbalanced by attractive van der Waals interactions, facilitating the
adhesion process [21, 23]. During the final stage of adhesion, bacterial cell wall
deformation strengthens attachment by positioning cytoplasmic molecules closer to the
surface, facilitating interaction via van der Waals attractive forces [22]. The extended
DLVO theory also considers acid—base interactions, which lower the energy barrier and
render the adhesion process irreversible [21, 23]. Once microbial cells make contact with
a surface, they employ various mechanisms to maintain attachment. These include the
production of adhesin proteins, such as lectin. Adhesins facilitate the binding of the cells
to the surface and promote stable attachment [18, 24]. Additionally, the bacterial capsule,
primarily produced for cell protection, has been shown to facilitate surface adhesion and
contribute to biofilm establishment. Staphylococcus and Streptococcus are examples of
bacterial genera in which this mechanism plays a key role [18]. Moreover, irreversible
surface adhesion is also reported to involve appendages such as adhesive pili [25]. Once
attachment is established, microbial cells proliferate and produce the EPS matrix, which
promotes further aggregation and marks the transition into the second stage of the biofilm

development cycle [3, 25].

1I.  Irreversible attachment and microcolony formation:

The production of an EPS matrix is a crucial step in the biofilm formation process [26].
EPS is involved in cellular attachment, cell-to-cell communication and the development
of antimicrobial tolerance [11]. The EPS matrix functions as a scaffold offering structural
integrity and its secretion starts immediately after surface attachment [15]. EPS is a broad
term encompassing a diverse range of components, the composition varies depending on
the microbial cells forming the biofilm [26]. It generally includes polysaccharides,
extracellular DNA, proteins and lipids [27]. Polysaccharides are the most prevalent
organic molecules in the biofilm matrix, constituting typically 50 to 90% of the total
biofilm mass [15]. The composition of polysaccharides in a biofilm varies depending on

the microbial species present. For example, poly-N-acetylglucosamine is commonly

10



produced by bacterial species such as S. aureus, S. epidermidis and E. coli, while alginate
is produced by P. aeruginosa. On the other hand, the fungi Aspergillus fumigatus and
Candida spp. produce polysaccharides such as galactosaminogalactan and glucans,
respectively [14]. Regardless of their chemical composition, polysaccharides generally

serve similar functions, including surface attachment and maintaining biofilm architecture

[28].

IIl.  Biofilm maturation:

After irreversible surface attachment, further microbial aggregation and microcolony
growth lead to biofilm maturation. A biofilm microcolony is generally regarded as mature
when it reaches a thickness of approximately 100 um [15, 29]. Once established, mature
biofilms are extremely resistant to antimicrobial treatments and mechanical removal [22].
Maturation is characterized by development of active coordination between the cells
within the biofilm. At this stage, gene expression and protein production are regulated at
the level of the entire microbial community rather than at the individual cellular level,
promoting the expression of biofilm-specific genes [15]. Intercellular communication
within the biofilm occurs primarily through quorum sensing (QS), which is a cell-to-cell
biochemical communication mechanism enabling microorganisms to detect the density of
nearby cells and adjust gene expression accordingly [30, 31]. Some QS molecules not
only enable communication within the same species but also influence other bacterial and
fungal species, demonstrating intraspecies, interspecies and inter-kingdom signalling. For
instance, the “diffusible signal factor” family of QS molecules, produced by many gram-
negative bacteria, mediates interactions across species and kingdoms [32]. QS plays a
critical role in biofilm development by regulating the cellular production of key factors,
such as extracellular DNA, surface proteins, lectins and biosurfactants, which contribute
to the biofilm’s structure and integrity [11]. During biofilm maturation, the EPS
strengthens cell adhesion and cohesion, leading to densely packed microbial aggregates

and a highly structured biofilm [22].
As maturation progresses, physiological heterogeneity develops within the biofilm, with

microbial subpopulations exhibiting diverse phenotypes. This phenomenon can arise from

adaptation to localized environmental conditions [33]. For instance, oxygen concentration

11



varies within the biofilm matrix, with the lowest levels often found near the biofilm core
[26]. Alternatively, the emergence of subpopulations can result from cellular migration,
as observed in the example of P. aeruginosa, where motile subpopulations migrate toward
the biofilm surface, while non-motile subpopulations remain in close proximity to the
point of attachment [34]. The presence of heterogenous subpopulations can also be driven
by changes in gene expression, particularly the expression of biofilm-specific genes [15,
33]. Persister cells are an example of biofilm subpopulations, commonly found in mature
biofilms. These cells exhibit enhanced resistance to antimicrobial agents due to their
dormant state, making them less susceptible to treatment [33]. Physiological
heterogeneity in biofilms serve as a protective mechanism, allowing survival of
subpopulations under extreme conditions or antibiotic treatments. For example, studies
on P. aeruginosa show that tobramycin and ciprofloxacin primarily impact bacteria in the
cap region of mushroom-shaped biofilms, while colistin affects bacteria in the stalk region

[34].

1V.  Biofilm dispersal:

Biofilm dispersal is a crucial phase of the biofilm life cycle. At this stage, microbial cells
spread from the initial site of colonization to other areas within the body, thereby
contributing to the progression of the infection [15]. This phenomenon has also been
referred to as metastatic seeding, as it shows similarities to the metastatic behaviour of
cancer cells [35]. Biofilm dispersal is initiated in response to environmental changes, such
as nutrient limitations, which stimulate the production of enzymes that degrade the biofilm
matrix and facilitate cell dispersal [11, 29]. For instance, P. aeruginosa produces alginate
lyase, while E. coli produces N-acetyl-heparosan lyase to degrade the EPS matrix.
Additionally, this phase involves the upregulation of flagella proteins, enabling bacterial

motility and facilitating the colonization of new sites [29].

1.1.2.Challenges associated with biofilm infection management

Biofilm-associated infections are characterized by persistent inflammation and ongoing tissue

damage [5, 36]. Mature biofilms are highly resistant to antimicrobial treatment, making the

prevention of initial microbial attachment to surfaces a critical strategy for combating biofilm-

12



related infections [22]. Current approaches to biofilm management are primarily prophylactic,
aiming to inhibit microbial cell attachment and prevent the initiation of biofilm formation [5].
One approach involves using biofilm-resistant materials in medical implants, which are
designed with various strategies to prevent biofilm formation. These strategies include surface
modifications to prevent microbial cell attachment, incorporation of antimicrobial agents, or a
combination of both [30]. For example, hydrophilic coatings with heparin or polyethylene
glycol (PEG) have shown to significantly reduce microbial adhesion [30]. Additionally,
coatings of stainless steel and titanium implants with hydrophobic polycationic materials have
been reported to effectively prevent S. aureus biofilm formation [37]. Administration of
antibiotics following implant surgeries is among the common prophylactic approaches, aiming

to target planktonic cells before surface attachment [5].

Once a biofilm is fully formed, antibiotic monotherapy is typically not sufficient and
administration of high-dose combination therapy of antibiotics for a prolonged duration is the
most common treatment approach [38]. Biofilm tolerance to antimicrobial treatment can be
attributed to several factors. A primary contributor is the EPS matrix, which restricts the
diffusion of antimicrobial agents into the biofilm core. Additionally, the EPS matrix contains
enzymes and chemical compounds capable of degrading or neutralizing susceptible
antimicrobial agents [39]. Furthermore, the transition of cells into a dormant state and the
resulting alterations in their metabolic activity render certain antimicrobial agents, such as those
targeting cell wall synthesis, ineffective [29]. Due to these factors, microbial cells within
biofilms have been reported in some instances to exhibit up to a thousand times higher tolerance

to antimicrobial treatments compared to planktonic cells [14, 40].

Mechanical removal of biofilms is implemented when feasible. This typically involves the
removal or replacement of biofilm-contaminated implants or medical devices [38]. However,
this approach is not always possible, particularly when biofilms colonize the host tissue instead
of implant surfaces (e.g. endocardial and pulmonary tissues). Alternative mechanical disruption
methods, such as ultrasound-mediated microbubble technology, have gained attention. This
approach utilizes gaseous cores encased in stabilizing shells to induce mechanical forces,

facilitating biofilm disruption and enhancing antimicrobial penetration [41].
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Various novel approaches have been investigated to enhance the eradication of mature biofilms,
either as standalone strategies or in combination with conventional antimicrobials. Notable
methods include the use of quorum-sensing inhibitors, EPS matrix degrading enzymes and
antimicrobial peptides (AMPs) [39]. Among these, AMPs stand out as a promising approach

and are presented in the following section.

1.2. Antimicrobial peptides and their application in biofilm

treatment

AMPs are small molecules composed typically of fewer than 100 amino acids with an
amphiphilic structure [42, 43]. In 1940, gramicidin became the first AMP to undergo clinical
testing but was found unsuitable for systemic use due to its high toxicity [44]. Since then, over
5,000 AMPs have been identified and reported [45]. AMPs have emerged as a promising
alternative to conventional antimicrobials with a potential broad range of clinical applications
[46]. They exhibit potent and rapid action against a variety of pathogenic microbial species,
including multidrug-resistant (MDR) pathogens [47]. Moreover, some AMPs, particularly those
with multiple target molecules and mechanisms of action, have been reported to exhibit a low
tendency for resistance development [47, 48]. In addition to their antimicrobial properties,
certain AMPs can exhibit antibiofilm activity. They have been reported to inhibit biofilm
formation through various mechanisms, such as downregulating essential genes involved in
microbial attachment and quorum sensing or disrupting established biofilms by breaking down
the EPS matrix [46, 49, 50]. The spectrum of antibiofilm activity encompasses various clinically
relevant biofilm-forming microbes, such as E. coli, P. aeruginosa, S. epidermidis, Acinetobacter
baumannii and S. aureus, including methicillin-resistant Staphylococcus aureus (MRSA)

strains [46, 49].

1.2.1.Classes and mechanisms of action of AMPs

AMPs have been variously classified according to their chemical structure, spectrum of activity

or source. They can be categorized structurally into four main types: linear a-helical peptides,
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B-sheet peptides, linear extended structures, and hybrid a-helix/B-sheet peptides [49, 50].
Additionally, more complex structures, such as cyclic peptides and thioether-bridged structures,
contribute to the diversity of AMPs and can be grouped into a separate fifth class as
demonstrated in Figure 2-A. This structural complexity has been further enriched by recent
advancements in the development of synthetic AMPs [48, 49]. Increased knowledge of AMP
structural diversity has enhanced the understanding of their structure-activity relationships
(SAR) [48]. This insight forms the basis for rational peptide design, as key physicochemical
properties, such as amino acid sequence, charge, and hydrophobicity, determine their

antimicrobial activity [51].

Based on their spectrum of activity, AMPs can be classified into various classes such as
antibacterial, antifungal and antiviral peptides. In addition to their antimicrobial properties,
some AMPs have been shown to exhibit immunomodulatory effects and have potential
applications in anti-inflammatory and anticancer treatments [42, 46]. Antibacterial peptides
account for more than half of the identified AMPs, while approximately 25% exhibit antifungal
activity [49]. Their antibacterial action encompasses both gram-positive and gram-negative
bacteria, including various MDR strains [44]. Antifungal peptides have shown significant
activity against various clinically relevant fungal species, including Candida albicans and
Aspergillus flavus, indicating their potential for therapeutic applications [49]. The remaining
AMPs are categorized into smaller groups, such as antiviral, anticancer and anti-inflammatory

[49].

Regarding the classification of AMPs by origin, they are naturally produced by various life
forms, including animals, plants, insects, fungi and bacteria, serving as a primary defence
mechanism [51]. In animals, AMPs such as defensins and cathelicidins are primarily found in
epithelial tissues and body fluids, where they exhibit antimicrobial activity against pathogenic
microbes [49, 51]. Animal-derived AMPs constitute the largest group, accounting for
approximately 70% of all identified antimicrobial peptides [52]. In microorganisms, AMPs
perform different roles by mediating interactions within their shared environment. For instance,
bacterial AMPs often function as toxins, promoting the survival of the producing bacteria by

targeting and eliminating closely related competing microbial species [43].
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Figure 2. A) The main structural categories of antimicrobial peptides (AMPs). B) Illustration of the various
mechanisms of action of AMPs: (I) disruption of the microbial cell membrane through the barrel-stave, toroidal
pore, or carpet model, leading to membrane damage; and (IT) penetration of the cell envelope to target intracellular
components, thereby inhibiting essential cellular processes (e.g. translation, transcription, protein folding and
posttranscriptional modifications (PTMs)) or damaging critical targets necessary for microbial cell survival (e.g.

DNA, mRNA, amino acids and proteins). The figure is created in BioRender.com and adapted from [53, 54].

Bacteria-derived AMPs are categorized based on their biosynthetic origin into ribosomally
synthesized AMPs (commonly referred to as bacteriocins) and non-ribosomally synthesized
AMPs [55, 56]. Both types are produced by gram-positive and gram-negative bacteria.
However, bacteriocins are more commonly associated with gram-positive bacteria [57].

Bacteriocins from gram-positive and gram-negative bacteria vary significantly in structure,
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mechanism of action and spectrum of activity [57]. Colicin, the first bacteriocin to be
discovered, was isolated from E. coli in 1925. Since then, numerous bacteriocins have been
discovered, forming a diverse group of AMPs. Bacteriocins also includes gramicidin, the first
peptide-based topical antibiotic, which was isolated from Bacillus brevis and demonstrated
broad spectrum of activity against gram-positive and gram-negative bacteria [57]. Bacteriocins

produced by gram-positive bacteria are usually classified into four categories [43, 56, 58]:

— Class I: lantibiotics
Small (<5 kDa), heat stable, post-translationally modified and contain thioether bridges
in their structure (e.g. nisin).
— Class II: non-lantibiotics
Small (<10 kDa), heat stable and lack post-translational modifications (e.g. pediocin).
— Class III: large bacteriocins
Large (>30 kDa) and heat labile (e.g. helveticin J).
— Class IV: complex bacteriocins

Uniquely structured and may contain lipid or carbohydrate moieties.

However, recent efforts to classify bacteriocins from gram-positive bacteria have proposed the
inclusion of two additional classes: sactipeptides (Class V) and thiopeptides (Class VI). A key
distinction between sactipeptides and lantibiotics is the involvement of the a-carbon in thioether
bridge formation in sactipeptides, compared to the P-carbon in lantibiotics class [59].
Thiopeptides are post-translationally modified thiazole-containing bacteriocins. They possess
a central pyridine ring and a core macrocyclic ring with substituents such as thiazole, oxazole
and thiazoline [60]. Finally, bacteriocins produced by gram-negative bacteria are less diverse
and classified into two main classes based on their molecular weight: colicins, which are large
(>10 kDa), and microcins, which are smaller (<10 kDa) and more tolerant to thermal and

enzymatic degradation [58].

AMPs in general exert their antibacterial effects either by disrupting the cellular membrane or
by targeting essential intracellular components as shown in Figure 2-B. The specific mode of
action of each peptide is determined by its physicochemical properties and its interaction with
the target molecule [51]. The intracellular mode of action of AMPs involves disrupting

processes crucial for cellular viability, such as nucleic acid replication, gene expression and
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protein synthesis, eventually leading to cell death [53, 61]. In the membrane disruption mode,
AMPs interact with the bacterial envelope, with cationic peptides often initiating this process
through electrostatic attraction. This interaction can lead to pore formation and altered
membrane curvature, resulting in ion leakage, membrane depolarization and cell lysis. AMPs

utilize mechanisms such as “barrel-stave”, “toroidal pore” and “carpet formation” to destabilize

the bacterial membrane [53].

The barrel-stave model involves AMP insertion vertically in the membrane, followed by
aggregating to form channels that lead to cytoplasmic outflow and cell death (e.g. alamethicin)
[49]. The toroidal pore model also involves vertical insertion of AMPs into the membrane,
disrupting the hydrophobic/hydrophilic arrangement of the lipid bilayer and creating ring-
shaped pores that compromise the membrane integrity (e.g. magainin and lacticin Q) [62].
Finally, in the carpet-like model, peptides align parallel to the membrane, forming a coating

that disrupts its integrity in a detergent-like manner (e.g. human cathelicidin LL-37) [51].

Similar mechanisms are observed with antifungal AMPs. Some directly target the fungal cell
membrane by interacting with ergosterol, a sterol specific to fungi [49]. Others disrupt essential
intracellular processes, such as inhibiting biosynthetic pathways for key fungal cell wall
components or interfering with ergosterol-related genes. These disruptions compromise
structural integrity, eventually leading to fungal cell death (e.g. echinocandin and caspofungin)

[47].

1.2.2. Teixobactin and micrococcin P1 as potential antibiofilm agents

Two types of antimicrobial peptides, analogues of the naturally occurring teixobactin and
micrococcin P1 (MP1), were explored in this thesis for their potential as antibiofilm agents.
Teixobactin is a non-ribosomally synthesized, positively charged depsipeptide, whereas MP1 is

a ribosomally synthesized bacteriocin [59, 63].

Teixobactin, discovered in 2015, is produced by a previously uncultivated gram-negative
bacterium provisionally designated as Eleftheria terrae [64]. It is a cyclic depsipeptide

containing 11 amino acids (Figure 3-A). Position 10 is occupied by L-allo-enduracididine,

18



which is derived from arginine through post-translational modification and has proven difficult
to synthesize [65]. Teixobactin represents a new antibiotic class, exerting its antimicrobial
activity by disrupting cell wall synthesis. It targets intracellular precursors, lipid II and lipid III,
which are essential for the production of peptidoglycan and teichoic acid, respectively [64-66].
Its dual-targeting mechanism of action is believed to pose a barrier to the development of
bacterial resistance [65]. The C-terminal enduracididine motif enables teixobactin to bind to the
pyrophosphate-sugar moiety of lipid II, while the N-terminus interacts with the pyrophosphate
of a second lipid II molecule, promoting the formation of a -sheet structure of the teixobactin-
target complex [67]. The formation of B-sheet structures initiates further aggregation into stable
fibrillar assemblies, which have been reported to remain stable for hours and effectively
sequestering lipid II [67]. The interaction with lipid III is reported to involve a similar

mechanism, initiated by teixobactin binding to the pyrophosphate groups of lipid III [68].
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Figure 3. Chemical structure, molecular formula and mechanism of action of A) teixobactin and B) micrococcin
P1 (MP1). Teixobactin inhibits cell wall synthesis by binding to lipid II and lipid III, which are respectively the
precursors for peptidoglycan and teichoic acid. MP1 prevents protein synthesis by interfering with the activity of

elongation factor-G (EF-G). The figure is created in BioRender.com.
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Teixobactin has been found to be highly effective against various clinically-important gram-
positive bacteria, including S. aureus, E. faecalis, Streptococcus pneumoniae and Clostridium
difficile [69]. The spectrum of activity also extends to MDR strains, such as methicillin-resistant
Staphylococcus aureus (MRSA) and vancomycin-resistant Enterococci (VRE). However, it is
ineffective against gram-negative bacteria due to its inability to penetrate their outer membrane
[64]. Teixobactin demonstrates favourable pharmacokinetics, safety and efficacy in murine
infection models. It is currently undergoing preclinical evaluation for drug development by

NovoBiotic Pharmaceuticals in Cambridge, USA [69, 70].

Several research groups have chemically synthesized teixobactin analogues, and a primary
focus has been the replacement of L-allo-enduracididine with more common and readily
available amino acids [65, 71]. Some of these analogues maintained comparable antimicrobial
activity to the parent compound [65], along with reported antibiofilm activity [72, 73]. For
instance, the analogue L-ChglO-teixobactin showed 80% inhibition of E. faecalis biofilm
formation at a concentration of 0.13 pg/mL [72]. Another study reported promising antibiofilm
activity of D-Arg4-Chgl0-teixobactin, Arg3-D-Arg4-Chgl0-teixobacin and Nlel0-teixobactin

analogues against preformed S. aureus and S. epidermidis biofilms [73].

Micrococcin P1 (MP1) is a post-translationally modified thiopeptide with a molecular weight
of 1144 Da, and featuring a 26-membered ring structure (Figure 3-B). Micrococcin, the first
thiopeptide discovered, was isolated from a Micrococcus species in 1948. It was later also
isolated from Bacillus pumilus and renamed micrococcin P. The B. pumilus micrococcin was
shown to be a mixture of two compounds, micrococcin P1 and P2, with P1 comprising
approximately 90% of the composition [74]. Subsequently, MP1 was found to be produced by
certain members of other genera, including Staphylococcus and Micrococcus [59]. MP1
disrupts protein synthesis by targeting the 50S ribosomal subunit and interacting with
elongation factor-G (EF-G), thereby inhibiting peptide chain elongation. Additionally, it
inhibits translation initiation by destabilizing the interaction between the ribosome, tRNA and
the initiation factor [75]. MP1 produced by Staphylococcus equorum, exhibited bacteriostatic
activity against a broad spectrum of gram-positive bacteria, including 130 out of 135 strains
belonging to the genera Listeria, Enterococcus, Staphylococcus and a number of other bacterial
species [76]. MP1 shows also antimicrobial activity against MRSA and VRE [77, 78]. Studies

on MP1's antibiofilm activity demonstrate synergy in combination with other antimicrobial
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agents (e.g. penicillin G and garvicin KS) against preformed S. aureus biofilms [79, 80].
Moreover, MP1 exhibited no cytotoxicity towards various human cell lines, including

embryonic kidney cells, monocytic cells, hepatic cells, and skin keratinocytes [81, 82].

Chemical synthesis of MP1 employing a variety of strategies has been documented in the
literature [77, 83, 84]. However, the total chemical synthesis remains economically impractical
for large-scale production and drug development [85, 86]. The complexity and challenges of
total thiopeptide chemical synthesis can be attributed to the presence of multiple heterocycles
and chiral centres [77]. As a result, semisynthetic and biosynthetic approaches have become the
primary focus for producing thiopeptide derivatives [85, 86]. For instance, a cost-efficient
production method for MP1 was reported using S. equorum. This approach, gave high and stable
MP1 production and yielded 98% pure MP1 [86].

1.2.3. Limitations to the clinical application of AMPs

Despite significant advancements in the discovery and isolation of AMPs, only ten peptide-
based antimicrobial agents have been approved for clinical use by the United States Food and
Drug Administration (FDA) as of 2024 [87]. The clinical development of AMPs has faced
significant challenges due to various factors. The isolation of natural AMPs presents issues
related to safety, quality, and production yield. Although chemical synthesis methods are
available for some AMPs, large-scale production remains economically challenging [42]. Over
the past few decades, only limited efforts have been made to overcome these obstacles. This is
primarily due to the perceived marginal advantages of AMPs over conventional antibiotics and
the complexities of the regulatory approval process. Moreover, inherent chemical properties of
AMPs may lead to suboptimal pharmacokinetics and stability challenges, further restricting
their clinical value [42]. For instance, despite their promising antimicrobial properties,
bacteriocins have not yet been utilized in pharmaceutical applications due to their instability,
proteolytic degradation, poor water solubility and low bioavailability [88, 89]. To date, nisin
remains the only bacteriocin approved for use, with its application restricted to food

preservation [89].
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To address the previously mentioned limitations, chemical modifications of the peptide
structure have been explored [47, 90]. These modifications can enhance AMP stability and
efficacy through strategies such as hydrocarbon stapling, which reinforces secondary structure,
and hybridization with cell-penetrating peptides to boost antimicrobial activity [52].
Additionally, amino acid modifications can improve the proteolytic stability and lower toxicity,
whereas conjugation with fatty acids or sugar moieties has been reported to enhance both
pharmacokinetics and antimicrobial activity [47, 91]. However, chemical modifications do not
always enhance all peptide properties simultaneously, as improving one aspect may
compromise another. For instance, incorporating D-amino acids can extend a peptide's plasma

half-life but often reduces its biological efficacy [92].

Studies have shown that employing advanced nanosized delivery systems can effectively
overcome various limitations of AMPs. A wide range of nanocarriers, such as liposomes,
micelles, metallic nanoparticles, mesoporous nanoparticles, dendrimers, polymeric
nanoparticles, nanofibers and carbon nanotubes have demonstrated the potential to enhance the
antimicrobial efficacy, stability, and target specificity of AMPs [47, 52]. For instance,
conjugation of colistin with gold nanoparticles improved its interaction with the cellular
envelope of A. baumannii, while silver nanoparticles enhanced colistin activity against E. coli,
K. pneumoniae, and P. aeruginosa [93, 94]. Incorporating the bacteriocin nisin into solid lipid
nanoparticles has been reported to enhance its antimicrobial and antibiofilm activity against the
oral pathogen Treponema denticola [95]. Loading the cathelicidin LL-37 peptide into anionic
mesoporous silica nanoparticles, minimized its degradation by proteases produced by P.

aeruginosa and human immune cells [96].

Among the various nanosized drug delivery systems, liposomes stand out as a highly effective,
biocompatible and versatile delivery system. They can encapsulate both hydrophilic and
hydrophobic drugs, protect AMPs from degradation and control the drug release. Furthermore,
liposomal formulations enhance the proteolytic stability of peptide drugs and improve their
bioavailability [47, 52]. Given their advantages as nanocarriers for peptide drugs, liposomes

were selected as a nanosized delivery system for AMPs investigated in this thesis.
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1.3. Liposomes as a promising approach for biofilm

treatment

Liposomes are self-assembled vesicles composed of one or more phospholipid bilayer
membranes encapsulating an aqueous core. The term ‘liposomes’ was introduced in 1961 by
Alec D. Bangham during his studies on phospholipids and blood clotting [97]. In the 1970s, G.
Gregoriadis proposed their use as drug carriers, and liposomal preparations eventually entered
the market in the 1990s [97]. Liposomes were the first nanosized delivery system to receive
clinical approval from the United States FDA and the European Medicines Agency (EMA),
marked by the introduction of the liposomal formulation of the anticancer drug doxorubicin in
1995 [98-100]. Since then, interest in liposomes has grown significantly, with liposomal
formulations accounting for 44% of all nanomedicine products in clinical trials between 2016
and 2021 [99]. By 2022, the number of approved liposomal products for clinical use, excluding
generics, had reached 14. These products cover various therapeutic indications, including
multiple types of cancer and microbial infectious diseases (e.g. amphotericin B and amikacin

liposomal products) [101]. More details on liposomes are provided in the following sections.

1.3.1.Preparation and classification of liposomes

Phospholipids are the primary structural components of liposomal vesicles. The amphiphilic
nature of phospholipids, characterized by a hydrophilic phosphate head group and hydrophobic
carbon chain tails, plays a crucial role in directing liposome formation [102]. When amphiphilic
molecules interact with aqueous solutions, they spontaneously self-assemble into
supramolecular structures. This phenomenon is primarily driven by the hydrophobic effect,
which minimizes unfavourable interactions between hydrophobic regions and water, thereby
making the self-assembly process thermodynamically favourable [103]. The shape of the
resulting assembled structure depends on the properties of the amphiphilic molecules, such as
the hydrophobic chain length and the polar head size. The "critical packing parameter" helps to
predict the self-assembly behaviour and the resulting structure (e.g. micelles or bilayers

vesicles) [104]. The bulky hydrophobic chains of phospholipids favour the assembly into
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bilayers over micelle formation, as illustrated in Figure 4. The assembly process initiates by

planar bilayer formation followed by bending and closure into vesicles [103].
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Figure 4. A) Factors affecting the self-assembly process of amphiphilic compounds, which can be either single-

chain surfactant or a phospholipid with two chains. The critical packing parameter (CPP) value can predict the
type of the assembled structure. Values less than 0.5 result in micelle formation, while values around 1 typically
result in bilayer formation. B) The process of phospholipid self-assembly upon contact with aqueous solution,
which starts by formation of a planar bilayer (phase 1) followed by closure into a vesicle (phase 2). The figure is

created in BioRender.com and adapted from Eugster and Luciani [103].

Liposomes can be classified based on their size and lamellarity into either multilamellar vesicles
(MLVs) or unilamellar vesicles. MLVs consist of multiple lipid bilayers separated by aqueous
layers and typically exceed several hundred nanometres in size [105]. Unilamellar vesicles, on
the other hand, are characterized by a single lipid bilayer and are further divided into small
unilamellar vesicles (SUVs), ranging from 20-100 nm, and large unilamellar vesicles (LUVs),

which are larger than 100 nm in diameter. Unilamellar vesicles with diameters greater than one
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um are referred to as giant unilamellar vesicles (GUVs) [106]. Preparation conditions
significantly influence vesicle size and morphology. Preparation of liposomes typically
involves two main steps: the assembly of the liposomes, followed by size reduction and control
to achieve a uniform liposomal structure and a monodisperse size distribution [103]. Several
techniques have been developed for the first step, with some of the most commonly used

methods being:

L Thin-film hydration:

The thin-film hydration technique is one of the simplest approaches. It involves dissolving
the lipids in an organic solvent, which is then evaporated to create a thin lipid film. The
film is subsequently rehydrated with an aqueous solution to produce liposomes. This
approach has some drawbacks, including vesicles size variability, low encapsulation

efficiency for hydrophilic drugs, risk of residual organic solvents, and limited scalability

[105].

Il.  Reverse-phase evaporation:

In this method, a small amount of water is added to an organic lipid solution to create a
water-in-oil emulsion. Gradual evaporation of the organic solvent leads to the assembly
of phospholipids into liposomal vesicles. While this method provides high encapsulation
efficiency for hydrophilic drugs, it shares similar drawbacks with the thin-film hydration

method, including size variability, residual organic solvent, and limited scalability [103].

1Il.  Ethanol injection:

This method involves dissolving lipids in ethanol to create a lipid solution, which is then
rapidly injected into an aqueous phase. This process results in the self-assembly of lipid
molecules into bilayer vesicles [107]. A key advantage of this method is the ability to
control liposome size and uniformity through process parameters, such as lipid
concentration and ethanol injection flow rate, eliminating the need for an additional size
reduction step. Following liposome formation, ethanol is removed by stirring the mixture
at room temperature. However, the potential presence of residual organic solvent remains

a limitation of this technique [108].
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After the assembly of liposomal vesicles, a size reduction step is often required to optimize the
preparation and achieve the desired vesicle size range. Ultrasound is effective in breaking down
large multilamellar liposomes into small SUVs through cavitation, a process in which gas
bubbles are generated and collapsed, creating significant local pressure changes [109].
Sonication can be performed using either probe or bath sonication. While probe sonication
delivers direct energy input, it can cause localized temperature increases that may degrade the
encapsulated drug or liposomal components. In contrast, bath sonication offers better
temperature control [105]. Despite its simplicity, sonication requires optimization of several
parameters, such as ultrasound intensity, amplitude, frequency, output power and duration,

which influences the final liposomal size [109].

The membrane extrusion method provides superior size control and narrower size distribution
compared to sonication, as it is possible to control the membrane pore size [109]. During
extrusion, the liposomal preparation is passed through a polycarbonate membrane at a
temperature exceeding the phase transition temperature (Tm) of the phospholipids, which is the
point at which phospholipids transition from a gel phase to a liquid-crystalline phase [110]. At
Tm, the phospholipids in the bilayer become less tightly packed facilitating the breakdown of
large vesicles as they pass through the membrane pores [109, 110]. Although extrusion offers
precise vesicle size control, it faces challenges with respect to scalability and potential
membrane pore clogging. Additionally, extrusion requires multiple cycles to achieve the desired
size range, which can be time-consuming [103, 109]. Finally, high-shear homogenization
provides a scalable alternative for size reduction by forcing the suspension through an orifice

under high pressure. However, this method may lead to a broader size distribution [103].

Liposomes can also be categorized according to their composition. For instance, conventional
liposomes are typically composed of phosphatidylcholine as the primary phospholipid, along
with cholesterol. The inclusion of cholesterol enhances liposomal stability by increasing the
membrane rigidity [107]. Modifications to liposomal composition have been made to enhance
functionality or overcome limitations. For example, surface-modified liposomes with
polyethylene glycol (PEG), referred to as "PEGylated" or "stealth" liposomes, were designed
to evade detection by macrophages. This modification helps address rapid clearance by the
immune system and extends liposomal plasma circulation time [100]. Additionally, charged

phospholipids, with either a positive or negative net charge, have been incorporated into
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liposomes to enhance their physical stability. This stabilization is achieved through electrostatic
repulsion between liposomal vesicles, which prevents aggregation as described by DLVO
theory [103, 111]. Furthermore, the liposomal charge can enhance drug entrapment through
electrostatic attraction between the drug molecules and the oppositely charged liposomes [103].
For instance, cationic liposomes are a distinct class prepared using positively charged lipids.
They were developed to enhance the encapsulation efficiency of negatively charged drugs via

electrostatic interactions [107].

1.3.2.Liposomes in biofilm management

Liposomes can enhance the treatment of biofilm-related infections by encapsulating
antimicrobial agents, improving their penetration into biofilms and protecting them from
premature degradation within the biofilm matrix [112, 113]. Furthermore, their direct
interaction with microbial cell envelopes enables the intracellular delivery of high drug
concentrations, thereby enhancing the antimicrobial activity of the encapsulated drug [112-
114]. Liposomal encapsulation have demonstrated efficacy against various antibiotic resistant
gram-negative and gram-positive bacteria [112]. The efficacy of liposomes in combating
biofilms is influenced by their physicochemical properties, including size, composition, and
encapsulation efficiency [115]. For example, nanoparticles smaller than 500 nm have been
shown to effectively penetrate the EPS matrix due to their ability to navigate through the dense
network of polysaccharides and proteins [116, 117]. Figure S illustrates the underlying

principle of liposome-based biofilm treatment.

Biofilm-specific traits, including the EPS structure and the microbial makeup, must also be
considered, as they influence the interaction between biofilms and liposomes. These
interactions are governed by electrostatic, hydrophobic, and steric forces, which affect
liposomal adhesion to the biofilm matrix and facilitate penetration and drug delivery [113].
Cationic nanoparticles typically exhibit enhanced interaction with the biofilm matrix due to the
prevalence of negatively charged components within the EPS, such as extracellular DNA [118].
Thus, cationic liposomes have been reported to show deeper diffusion and stronger binding to

the biofilm matrix [113]. This interaction contributes to the enhanced retention of cationic
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liposomes within biofilms, as demonstrated in a comparative study evaluating the interactions

of cationic and anionic liposomes with P. aeruginosa biofilms [119].
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Figure 5. A graphical representation of the mechanism of action of liposomes following administration to a
biofilm. (i) Liposomes penetrate the biofilm matrix while protecting the encapsulated drug from degradation. (ii)
Fusion with microbial cells facilitates the release of the antimicrobial agent, achieving high intracellular

concentrations. The figure is created in BioRender.com.

Several studies have demonstrated that incorporating antimicrobial agents into liposomal
formulations enhances biofilm disruption compared to the application of free drugs [120-122].
For example, the inclusion of fluconazole in conventional 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC)/cholesterol liposomal preparations improved its activity against C.
albicans biofilms. This activity was further enhanced by adding a quorum sensing inhibitor to
the liposomal formulation [123]. Similarly, a liposomal preparation of meropenem showed
superior efficacy in eradicating biofilms of various P. aeruginosa isolates compared to free
meropenem [124]. The antibiofilm activity of liposomes can be further enhanced through
various strategies: One approach involves the dual incorporation of two antimicrobial agents or

the combination of an antibiofilm agent, such as a quorum-sensing inhibitor, with an
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antimicrobial drug [113]. Another effective strategy is the functionalization of the liposomal
surface to improve interactions with biofilms. This can be achieved by covalently attaching
lectins, such as concanavalin A, to the liposomal surface [114]. The targeting mechanism of
lectin-functionalized liposomes is based on the selective binding of concanavalin A to o-
mannopyranosyl and a-glucopyranosyl residues, which are commonly present in the EPS
matrix of certain biofilms [114]. For instance, coating metronidazole-loaded liposomes with
concanavalin A was reported to enhance their antibiofilm activity against Streptococcus mutans
periodontal biofilm compared to both free metronidazole and uncoated metronidazole
liposomes [125]. In addition to the biofilm-specific advantages, liposomes are generally
considered biocompatible, biodegradable and non-immunogenic, making them ideal for drug
delivery [109]. Moreover, liposomes possess a versatile structure that can be easily modified
for a wide range of therapeutic applications. For example, they can function as sustained-release
depots or facilitate targeted drug delivery, thereby minimizing host cell exposure to the drug

and reducing side-effects [97, 99].

Despite their many advantages, liposomes also have some characteristic weaknesses and
limitations, such as premature drug leakage and physical instability. These limitations can be
addressed through various strategies, including modifying the liposomal composition to
enhance membrane rigidity and prevent drug leakage [97, 103]. Increasing the proportion of
charged phospholipids can also improve physical stability by enhancing the electrostatic
repulsion forces between the vesicles and minimizing liposomal aggregation [109].
Additionally, freeze-drying techniques can eliminate physical instability, enabling long-term
storage of liposomal formulations in a solid state, which can be reconstituted immediately prior
to administration [103, 109]. The disadvantage of rapid clearance of conventional liposomes
from the bloodstream by the immune system can be mitigated through the use of PEGylated
liposomes [97].

Furthermore, modifying the liposomal composition by incorporating fusogenic phospholipids,
such as 1,2-dioleoyl-sn-glycero-3-phosphatidylethanolamine (DOPE), enhances their ability to
fuse with biological membranes. This modification takes advantage of the structural similarity
between liposomal bilayers and cell membranes, thereby increasing the potential for liposome-

cell membrane fusion [126, 127]. This is further discussed in the next section.
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1.3.3.Fusogenic liposomes

The interaction between liposomes and cells is critical for ensuring precise drug targeting,
thereby achieving the intended therapeutic efficacy. This interaction has been extensively
studied with mammalian cells due to its importance for drugs targeting intracellular ligands,
such as anticancer agents [128]. Liposomes can either be internalized by endocytosis or fuse
directly with the cell membrane. Fusion offers distinct advantages over other uptake
mechanisms as it bypasses lysosomal degradation and enables the direct release of high drug
concentrations into the cytosol [128-130]. Liposomes can be further modified to enhance their
ability to utilize the fusion pathway over other cellular uptake mechanisms. This can be
achieved by incorporating specific types of phospholipids that increase membrane fluidity,
making the liposomal membrane more prone to fusion [129]. These modified liposomes are

referred to as “fluidosomes” or “fusogenic liposomes”.

In general, phospholipids exhibiting fusogenic properties have specific structural features,
including relatively small polar head groups and unsaturated hydrophobic tails. These structural
properties promote the transition from a stable lamellar phase to a more dynamic hexagonal
phase, which enhances membrane fluidity and promotes fusion [107]. As the degree of
unsaturation in phospholipid acyl chains increases, bending rigidity decreases, facilitating
curvature adaptation, which enhances liposomal fusogenicity [129]. Examples of such
fusogenic phospholipids include 1,2-dioleoyl-sn-glycero-3-phosphatidylcholine (DOPC) and
DOPE [107]. An increase in the proportion of DOPE in liposomal formulations has been
reported to enhance fusion with bacterial cells. In contrast, higher cholesterol content was found
to reduce fusion efficiency [131]. These effects can be attributed to the influence of each
component on liposomal membrane fluidity: DOPE promotes membrane fluidity, facilitating
fusion, whereas cholesterol stabilizes the membrane and increases rigidity, thereby hindering
the fusion process [131]. While increased fusogenicity enhances liposome-cell membrane
fusion, it may reduce membrane stability, leading to a higher risk of premature drug release

[112].

While numerous studies have investigated the mechanisms of liposomal fusion with
mammalian cells, fusion with microbial cells remains less understood [113]. Several reports

have documented the fusion of fusogenic liposomes with bacterial cells [127, 131-133].
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However, the exact mechanism underlying this interaction has yet to be fully elucidated. A
recent study investigating the fusion mechanism of positively charged fusogenic liposomes with
E. coli (gram-negative) and B. subtilis (gram-positive) revealed distinct interactions depending
on bacterial cell envelope structure [134]. In E. coli, liposomes fused directly with the outer
membrane, whereas in B. subtilis, they first attached to the cell wall before their lipid
components were internalized. The findings suggest that the mode of interaction of liposomes
can vary across bacterial species, underscoring the need for species-specific investigations
[134]. Moreover, greater fusion with gram-negative bacterial cells has been reported in the
literature compared to gram-positive bacteria. This is attributed to the structural similarity
between liposomal vesicles and the outer membranes of gram-negative bacteria, as both contain

phospholipids [133].

Despite uncertainties regarding the molecular mechanism of liposomal fusion with microbial
cells, the ability of fusogenic liposomes to enhance the antimicrobial activity of various agents
has been reported in the literature. For instance, studies have demonstrated that tobramycin-
loaded fusogenic liposomes exhibit superior antimicrobial activity against P. aeruginosa
compared to free tobramycin [131, 132]. Similarly, enhanced activity was observed in a study
evaluating aminoglycosides including amikacin, gentamicin and tobramycin against P,
aeruginosa strains after encapsulation in fusogenic liposomes [135]. Another study reported
greater antimicrobial efficacy of fusidic acid-loaded fusogenic liposomes compared to both free
fusidic acid and fusidic acid-conventional liposomes, against S. aureus and S. epidermidis
[136]. Notably, fusogenic liposomes not only enhanced antimicrobial activity against
susceptible bacteria but also enabled antibiotics to cross the outer membrane of gram-negative
bacteria [136, 137]. This could potentially allow the use of antibiotics that are normally
ineffective against these bacteria due to their impermeable outer membrane. For instance,
fusidic acid-loaded fusogenic liposomes demonstrated antimicrobial activity against K.
pneumoniae and E. coli strains, which are inherently resistant to fucidic acid [136]. Similarly,
vancomycin-loaded fusogenic liposomes showed enhanced activity against various gram-

negative bacterial species [137].
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2. Aim of the work

There is a need for new and innovative strategies to treat biofilm-related infections, particularly
those caused by antimicrobial-resistant microbes. Efficient drug delivery is crucial for targeting
microbes embedded within the biofilm matrix. Formulating AMPs into suitable and effective
pharmaceutical forms is an overarching aim of the present work. Specifically, this thesis
explores the potential of fusogenic liposomes as a nanocarrier system for novel AMPs in the
treatment of biofilm-associated infections. Additionally, the study investigates the antibiofilm
potential of new AMPs, as the rise in multidrug-resistant bacteria has created an urgent need
for alternative therapeutic agents. The work is divided into three research papers. The main aim

of each paper was to:

- develop cholesterol-free fusogenic liposomes and investigate the effect of liposomal
surface charge on their interaction with planktonic microbial cells and established

biofilms. (Paper I)

- develop and optimise fusogenic liposomes for the entrapment of micrococcin P1, with

the goal of enhancing its antimicrobial and antibiofilm activity. (Paper II)

- investigate the antimicrobial and antibiofilm activity of three novel teixobactin
analogues against clinically relevant bacterial strains, with the aim of identifying the
most promising candidate for further development into a liposomal delivery system.

(Paper III)
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3. Methodological considerations

This section provides an overview of the materials and methods used in the scientific papers

comprising this thesis, including the rationale for the chosen approaches, their limitations, and

potential areas for refinement. A detailed description of each method can be found in the

respective paper where it was applied. The studies incorporate various physicochemical and

antimicrobial techniques and Figure 6 outlines the methods used in each research paper.

( Paper I ) ( Paper I )

( Paper III )

( ) ( Liposomal Size, PDI, Zeta Potential & TEM Studies )
Physicochemical
Characterization ( Physical Stability Monitoring )
of Liposomes
\ P ) C Entrapment Efficiency )
~ N z
Biocompatability ( Haemolysis Assay )
St ipcotine ) ( Fibroblast Cytotoxicity )
(" Fusionof | ( Lipid Mixing Assay )
Liposomes with
\_ Microbial Cells / ( Flow Cytometry Assay )
4 \ = ST :
( Minimum Inhibitory Concentration (MIC) Assay )
( MBC Assay )
Evaluation of - -
Antiticrabial ( Bacterial Growth Analysis )
& e :
Antibiofilm bRy Shories )
Activity
( Treatment of Preformed Biofilms )
\_ ) ( Biofilms Microscopic Analysis by CLSM )

Figure 6. Overview of the experimental approaches and methods used across the three research papers involved

in this study. (CLSM: Confocal Laser Scanning Microscopy, MBC: Minimum Bactericidal Concentration, MIC:

Minimum Inhibitory Concentration, PDI: Polydispersity Index, TEM: Transmission Electron Microscopy).
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3.1. Materials
3.1.1. Antimicrobial peptides

This thesis investigates two types of AMPs: MP1 (Paper II) and three teixobactin analogues
(Paper III). MP1 isolated from S. equorum with 98% purity as determined by high-
performance liquid chromatography-mass spectrometry (HPLC-MS) and was provided by
AgriBiotix AS, Norway. The teixobactin analogues (TB1, TB2, and TB3) were chemically
synthesized by the University of Liverpool with >90% purity as determined by HPLC-MS and
feature modifications to the natural teixobactin structure. Specifically, each analogue includes
a different substitution at position 10, where the L-allo-enduracididine residue is replaced with
either leucine (Leu), norleucine (Nle), or norvaline (Nva). The chemical structures of all AMPs

are shown in Figure 7.
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Figure 7. Chemical structures of the three teixobactin analogues (TB1, TB2, and TB3) and micrococcin P1 (MP1)
investigated in this study. Substitutions from the natural teixobactin structure are highlighted in red. In all
analogues, the L-allo-enduracididine residue at position 10 is replaced by leucine (Leu), norleucine (Nle), or
norvaline (Nva), as indicated. Additionally, the glutamine (GIn) residue at position 4 is substituted with arginine

(Arg) in each analogue.
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3.1.2. Phospholipids

Lipids used in the various liposomal formulations prepared in this thesis, along with their

relevant key properties are presented in Table 1.

Table 1. Function, transition temperature (Tm) and net charge at physiological pH of the phospholipids used in
preparation of the fusogenic liposomes, as reported by the supplier Avanti Polar Lipids (Alabaster, AL, USA).

Net charge at
Function Phospholipid Tm (°C)
pH 7.4
Membrane stabilization DPPC Neutral 41
(1,2-Dipalmitoyl-sn-glycero-3-
phosphatidylcholine)
DSPC Neutral 55
(1,2-Distearoyl-sn-glycero-3-
phosphatidylcholine)
DAPC Neutral 66
(1,2-Diarachidoyl-sn-glycero-3-
phosphatidylcholine)
Fusion promoter DOPE Neutral -16
(1,2-Dioleoyl-sn-glycero-3-
phosphatidylethanolamine)
Charge modulation DOPG Anionic -18
(1,2-Dioleoyl-sn-glycero-3-
phospho-(1'-rac-glycerol))
DOTAP Cationic <5

(1,2-Dioleoyl-3-

trimethylammonium-propane)
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3.1.3. Microbial strains

The bacterial and fungal strains used in this study included both reference strains and clinical
isolates. S. aureus (ATCC 29213), E. coli (ATCC 25922), and E. faecalis (ATCC 29212) were
purchased from the American Type Culture Collection (ATCC, Rockville, MD, USA). S. aureus
(DSM 2569) and C. albicans (DSM 1386) were purchased from the Leibniz Institute DSMZ-
German Collection of Microorganisms and Cell Cultures GmbH (Braunschweig, Germany). A
bioluminescent S. aureus Xen 29 strain, derived from ATCC 12600, was purchased from
Revvity (MA, USA). Additionally, clinical isolates of S. aureus (P14 and P20) and E. faecalis
(P40) were collected from the eyes of patients diagnosed with severe dry eye disease in a study

conducted at Oslo Metropolitan university, as previously described [138].

3.1.4. Medical-grade surfaces for biofilm studies

Biofilms of S. aureus and E. faecalis were formed on one-centimetre rods of medical-grade
polymers commonly used in medical applications. Polytetrafluoroethylene (PTFE), used in
catheter production (Zeus Company, USA), and polyvinyl chloride (PVC), used for intravenous

infusion tubing (B. Braun, Germany), were selected for the present work.

3.2. Preparation and physicochemical characterization of
liposomes
3.2.1. Preparation of fusogenic liposomes

Fusogenic liposomes were prepared using a standard thin film hydration method, followed by
membrane extrusion to obtain uniformly sized unilamellar vesicles. The phospholipid DOPE
was incorporated in all liposomal preparations to confer fusogenic properties. Saturated
phospholipids DPPC, DSPC and DAPC were added to enhance membrane rigidity and stabilize
the liposomes. Additionally, charged phospholipids DOPG and DOTAP were included to

provide anionic and cationic surface charges, respectively.
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The pH of the liposome hydration medium was adjusted from the physiological pH of 7.4 in
Paper I to 9.0 in Paper II. This was based on preliminary screening work which indicated that
higher pH values enhance MP1 entrapment. The observed effect is likely due to increased
ionization of anionic groups in MP1 at higher pH, which strengthens electrostatic interactions

with the cationic DOTAP incorporated in the liposomal formulation.

Additionally, the DOTAP concentration was increased from 10 mol% in Paper I to 25 mol%
in Paper II. The lower DOTAP concentration led to physical instability when the phospholipid
acyl chain length was increased from 16 to 20 carbons, resulting in liposome aggregation and
size enlargement after preparation. Increasing the DOTAP concentration to 25 mol% improved
physical stability by providing sufficient electrostatic repulsion. This effect was visually

observable, as shown in Figure 8.

Figure 8. Physical appearance of DAPC-based fusogenic liposomes immediately after preparation, formulated

with (A) 10 mol% and (B) 25 mol% of DOTAP.

3.2.2. Measurement of liposomal size and polydispersity index

The size and size distribution of nanosized delivery systems are critical parameters influencing
drug encapsulation efficiency, in vitro stability, cellular uptake and biodistribution [103, 139].
For systemic administration, liposomes should ideally range between 50 and 200 nm to navigate

capillaries and tissue effectively [103]. Additionally, for biofilm treatment, particle size plays a
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crucial role in penetration, with optimal penetration reported for nanoparticles smaller than 500
nm [115]. The polydispersity index (PDI) is a key parameter used to assess the uniformity of
particle size distribution and is calculated from dynamic light scattering (DLS) data. Generally,
a PDI value below 0.2 indicates a monodisperse sample [139]. The particle size and PDI of
fusogenic liposomes were measured using DLS technique with a Zetasizer Ultra instrument
(Malvern Panalytical Ltd, UK), which determines the hydrodynamic diameter by analysing
fluctuations in scattered light from particles undergoing Brownian motion [140]. Measurements
were conducted in triplicate at 25°C, with a backscattering angle of 173° and a refractive index
of 1.33. The physical stability of the liposomes, monitored via size and PDI measurements, was
assessed over a period of one year in Paper I and two months in Paper II, with the liposomal

preparations stored at 4°C under nitrogen.

DLS offers advantages such as minimal sample preparation and broad size range coverage.
However, it has limitations including a bias toward larger particles in heterogeneous samples,
a lack of particle shape information, and inconsistencies in data processing algorithms across
different instruments [140]. Moreover, the hydrodynamic diameter determined by DLS is
affected not only by particle size but also by other factors, such as dispersant medium
composition and ionic strength [141]. Therefore, maintaining consistent measurement
parameters, such as sample dilution procedures and instrument settings, is crucial for ensuring

reliable stability studies.

Unlike the DLS technique, electron microscopy typically offers more precise size
measurements, focusing on actual particle size rather than hydrodynamic diameter. However, it
requires complex sample preparation and is time-consuming, making it unsuitable for routine
size distribution analysis [140]. Additionally, electron microscopy can only provide size data
for a limited number of particles, whereas DLS enables screening of a much larger particle
population [140]. Caution is required when interpreting electron microscopy results for
liposomes, as their vesicular structure may be altered during sample dehydration [142]. In

contrast, DLS measurements are performed in solution, preserving the integrity of the vesicles.

Fusogenic liposomes imaging was conducted using transmission electron microscopy (TEM).
TEM micrographs of selected liposomal preparations were acquired using a modified negative-

staining embedding technique, adapted from a previously published protocol [143]. Cryo-TEM,
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which better preserves the native structure of liposomes, is more suitable for analysing liposome
lamellarity and morphology but is more expensive and time-consuming [144]. Although
dehydration during TEM preparation can distort liposomal morphology, it was deemed

sufficient for confirming liposome formation and validating DLS size measurements.

3.2.3. Determination of liposomal zeta potential

Zeta potential is the electric potential at the slipping plane within the electrical double layer of
a colloidal particle, relative to a point in the surrounding bulk medium. It is calculated by
determining the electrophoretic mobility of the particle within the medium [145]. The zeta
potential is influenced by the surface charge density of the particles and the composition of the
surrounding liquid. This parameter is essential in colloidal systems, as it influences particle
stability and interactions [ 146]. Particles with a zeta potential of £30 mV or higher are generally
regarded stable, as the electrostatic repulsive forces between the particles are sufficiently strong
to prevent aggregation [109]. The electrophoretic light scattering (ELS) technique was
employed in Papers I and II to measure the electrophoretic mobility and calculate the zeta
potential of the fusogenic liposomes, using a Zetasizer Ultra instrument (Malvern Panalytical
Ltd, UK). Zeta potential measurements were conducted at the same time intervals as those used

for size and PDI measurements.

3.2.4. Quantification of drug entrapment efficiency

The entrapment efficiency (EE%) of MP1 was determined using HPLC-MS. Prior to
quantification, the free unentrapped drug was removed. This purification step can be performed
using various techniques, such as ultracentrifugation, ultrafiltration, dialysis, or
chromatography, although each approach has its own challenges [103]. Ultracentrifugation may
be inefficient, particularly for small liposomes, and can compromise liposomal integrity, while
dialysis is time-consuming and may lead to drug leakage [147]. Ultrafiltration is prone to drug

adsorption on the membrane surface and membrane clogging due to lipid accumulation.

39



Chromatographic methods, such as size exclusion chromatography, introduce risks of liposome

disruption due to lipid interactions with the column matrix [147].

In Paper II, size exclusion chromatography was selected for purification, utilizing PD-10
prepacked columns (Sephadex G-25). To mitigate the drawbacks of this technique and optimize
liposome recovery, empty liposomes were first eluted through the column to prevent potential
disruption caused by lipid interactions with the column packing. Before injecting the samples
into the HPLC-MS, liposomes were treated with 1% Triton X-100 and sonicated to disrupt the
liposomal membrane and release the entrapped MP1. The chemical stability of entrapped MP1

was evaluated over two months of storage at 4°C.

3.3. Biocompatibility testing of fusogenic liposomes

As phospholipids are fundamental components of biological membranes, liposomes exhibit
inherent compatibility with biological systems due to their phospholipid-based composition.
Therefore, liposomes are generally considered biocompatible and biodegradable [110]. The
biocompatibility of the prepared fusogenic liposomes was assessed in Paper I through two

different approaches: haemolysis testing and fibroblast cytotoxicity assay.

Direct interaction between nanosized drug delivery systems and red blood cells (RBCs) can
disrupt the cell membrane, potentially causing haemolysis [ 148]. Therefore, a haemolysis assay
was conducted as an initial screening for hemocompatibility. However, since RBCs are not the
only cellular components of blood, a comprehensive hemocompatibility assessment should also
consider interactions with other blood components, such as white blood cells and platelets.
RBCs from healthy donors were isolated by centrifugation and resuspended in phosphate-
buffered saline (PBS). They were incubated with serially diluted liposomes in a 96-well plate,
and haemolysis was assessed by measuring haemoglobin release at 405 nm. The assay was
performed using liposomal concentrations from 0.625 to 15 mM. Negative controls included

RBCs in PBS, while positive controls were treated with 1% Triton X-100 to induce haemolysis.

A cytotoxicity study was performed on adult human dermal fibroblasts (C-12302, PromoCell,

Heidelberg, Germany). Cells were seeded into 96-well plates and exposed to different
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concentrations of liposomes (1.25, 2.5, 5, 10, and 15 mM) for 20 hours. Cytotoxicity was
assessed using the Alamar Blue assay, with 1% Triton X-100 added to the positive control wells
to induce cytotoxicity and growth medium added to the negative control wells. The cell viability
assay measures the irreversible enzymatic conversion of Alamar Blue to resazurin by live cells,
which is then determined fluorometrically at an excitation wavelength of 560 nm and emission

at 600 nm.

3.4. Liposomal fusion with microbial cells

The ability of the prepared liposomes with various surface charges to fuse with microbial cells
(S. aureus, E. coli and C. albicans) was evaluated in Paper I via two experimental approaches,
namely the lipid mixing assay and flow cytometry. The underlying principle of each assay
employed in this study is illustrated in Figure 9. Including conventional liposomes as controls
for comparison with the developed cholesterol-free fusogenic liposomes could have been
considered. However, the impact of cholesterol incorporation on liposomal fusion has already
been well-documented in literature, confirming its negative effect on the fusogenic properties

[131, 133].

The lipid mixing assay is a fluorescence-based technique widely used to investigate membrane
fusion and lipid exchange between membranes. It relies on Forster Resonance Energy Transfer
(FRET) between two fluorescent probes, typically nitro-2,1,3-benzoxadiazole-4-yl (NBD) as
the donor and lissamine thodamine B (Rh) as the acceptor [149]. Initially, the close proximity
of the fluorophores enables FRET, where excitation of NBD facilitates energy transfer to Rh,
leading to Rh fluorescence emission. When the labelled liposomal fuses with unlabelled
microbial membranes, the fluorescent probes become diluted, reducing FRET efficiency and
Rh fluorescence. This decrease provides a quantitative measure of liposomal fusion events [131,
133]. Selected liposomal formulations were prepared with incorporation of 0.2 mol% of each
fluorescent probe and mixed with microbial cells in 96-well plates. Fluorescence intensity of
Rh was measured at time point zero, after 30 minutes and 3 hours of incubation. To determine
the maximum change in FRET, Triton X-100 was added at the final measurement to disrupt the

liposomal membrane and release the probes.
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Figure 9. Schematic representation of the experimental principles of (A) the lipid mixing assay and (B) the flow
cytometry assay, illustrating their application in detecting liposomal fusion with planktonic microbial cells. The

figure is created in BioRender.com.

To assess the liposomal fusion with flow cytometry, the formulations were labelled with a green
fluorescent cell membrane labelling kit (PKH67) and incubated with microbial cells for 3 hours.
The experiment followed previously published protocols with minor modifications. While
earlier methods relied on sucrose cushion centrifugation to separate microbial cells from free
liposomes [132, 135], this approach was found to be ineffective due to the potential retention
of liposomes with microbial cells, leading to inaccurate measurements. To ensure effective
separation, microbial cells were retained on 0.45 um polycarbonate membranes, detached in
PBS, and then analysed by flow cytometry. The extent of liposomal fusion was determined by

calculating the percentage of fluorescent cells relative to the total cell count.
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3.5. Evaluation of antimicrobial and antibiofilm activity
3.5.1. Minimum inhibitory concentration assay

The minimum inhibitory concentration (MIC) is defined as the lowest concentration (pg/mL)
of an antimicrobial agent that prevents visible growth of the tested microorganism [150]. MIC
values are used to determine whether a microbial strain is resistant or susceptible to an
antimicrobial agent, based on established clinical breakpoints published by the European
Committee on Antimicrobial Susceptibility Testing (EUCAST) or the Clinical and Laboratory
Standards Institute (CLSI) [151]. These breakpoints are determined by various factors,
including the pharmacokinetic and pharmacodynamic properties of the antimicrobial agent.
Consequently, direct comparison of MIC values between different antimicrobial agents is not

appropriate for assessing relative susceptibility [151].

In this work, the broth microdilution method was performed following CLSI guidelines to
determine MIC values for MP1 and MP1-loaded liposomes (Paper II) and for teixobactin
analogues (Paper III). As neither MP1 nor teixobactin analogues have yet reached clinical
application, no established breakpoints are currently available. For teixobactin analogues, MIC
values were compared to evaluate the impact of chemical structural modifications on
antimicrobial activity (Paper III). For MP1, MIC values of free MP1 and MPI-loaded
liposomal formulations were compared, to assess whether liposomal encapsulation had a
positive or negative impact on antimicrobial activity in vitro (Paper II). Vancomycin was
included as a quality control measure in both studies to ensure the validity of the experimental
procedures. Breakpoints for vancomycin have been reported by CLSI for the ATCC reference
bacterial strains, S. aureus (ATCC 29213) and E. faecalis (ATCC 29212), which were used in

the quality control assessments.

Stock solutions of teixobactin, teixobactin analogues, MP1, and vancomycin were made in
dimethyl sulfoxide (DMSO) and serially diluted according to CLSI guidelines [152]. MP1-
loaded liposomes were diluted based on their entrapment efficiency determined by HPLC-MS
to yield similar concentration ranges. MIC testing was conducted in 96-well plates using ATCC
reference strains and clinical isolates of S. aureus and E. faecalis, according to CLSI guidelines

and MIC values were visually determined after 18 hours of incubation at 37°C.
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3.5.2. Minimum bactericidal concentration assay

The minimum bactericidal concentration (MBC), also referred to as the minimal lethal
concentration, is defined as the lowest concentration of an antimicrobial agent required to kill
>99.9% of viable microorganisms after 24 hours of incubation [153]. MBC was determined in
Paper III for the teixobactin analogues. Following MIC determination, the contents of wells
without visible bacterial growth were transferred onto tryptic soy agar (TSA) plates and
incubated overnight at 37 °C. Colony counts were then used to determine the MBC. The
MBC/MIC ratio was calculated for each analogue-strain combination to classify the compounds
as either bactericidal or bacteriostatic, with a ratio of <4 generally indicating bactericidal

activity [154].

3.5.3. Effect of antimicrobial agents on bacterial growth curves

The effect of teixobactin analogues and vancomycin on planktonic growth was evaluated using
S. aureus (ATCC 29213) and E. faecalis (ATCC 29212) in Paper III. Bacterial growth
responses vary based on the antimicrobial agent mechanism of action, for instance, agents
targeting the cell wall or cell membrane have been reported to delay growth onset [155].
Bacterial suspensions (=<10° CFU/mL) in tryptic soy broth (TSB) + 1% glucose were treated
with teixobactin analogues or vancomycin at concentrations equivalent to 2xMIC, MIC, and
2xMIC. Optical density was measured every 15 minutes for 16 hours at 37°C using a plate
reader (Victor’, Perkin Elmer, USA) at 590 nm. Growth curves were analysed to determine the

exponential phase onset and doubling time.

3.5.4. Inhibition of biofilm formation

In Paper III, teixobactin analogues were evaluated for their ability to inhibit S. aureus and E.
faecalis biofilm formation at concentrations ranging from 2xMIC to 4xMIC. Bacterial
suspensions were incubated statically in 96-well polypropylene plates with TSB + 1% glucose
overnight at 37°C in the presence of the antimicrobial agents. Biofilm formation was first

assessed visually, and wells showing significant growth reduction were further analysed using
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colony counting, crystal violet (CV) staining, and triphenyl tetrazolium chloride (TTC) activity
staining. The biofilm inhibitory concentration (BICoo) was defined as the lowest concentration
achieving >90% inhibition. Using both CV and activity staining provided complementary
insights into biofilm inhibition. CV staining measures total biofilm mass, including cells and
extracellular matrix, while activity staining selectively detects viable cells based on metabolic
activity [156, 157]. Combining these methods ensured a comprehensive evaluation of both

biofilm matrix and bacterial cell viability.

3.5.5. Treatment of preformed biofilms

The ability of MP1, MP1-loaded liposomes, and teixobactin analogues to treat established
biofilms was evaluated in Papers II and III using various quantitative and qualitative
approaches. Biofilms of S. aureus and E. faecalis were allowed to form on various materials,
including 96-well polystyrene plates and biomedical materials such as PTFE and PVC.
Bacterial inoculums were cultured in TSB + 1% glucose for three days to allow biofilm
formation, followed by treatment for 24 hours with various concentrations of each antimicrobial

agent.

In Paper II, the antibiofilm activity of MP1 and MP1-loaded liposomes was assessed against
a bioluminescent strain of S. aureus (Xen 29), and biofilm eradication was quantified by
measuring changes in biofilm metabolic activity detected as bioluminescence. In Paper III,
biofilm inactivation by teixobactin analogues was evaluated using colony counting as a
quantitative assay measuring the reduction in CFU numbers after treatment compared to the
control. Additionally, activity staining by TTC was employed as a qualitative screening method,

where the intensity of colour development was scored visually.

3.5.6. Microscopic Analysis of Biofilms

Biofilms of S. aureus were grown in 4-well chamber slides using TSB supplemented with 1%
glucose. Bacterial inoculum was prepared by suspending colonies from overnight TSA cultures

in saline at 0.5 McFarland, and diluting in TSB to =10° CFU/mL. The suspension was incubated
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for 72 hours with daily medium replacement. Before treatment, biofilms were washed twice
with sterile water. Confocal laser scanning microscopy (CLSM) was employed to analyse
biofilms after treatment. In Papers I and I1, the ability of fusogenic liposomes to penetrate the
biofilm was assessed by labelling the liposomes with rhodamine-phosphatidylethanolamine,

while biofilm cells were visualized using 4',6-diamidino-2-phenylindole (DAPI).

Additionally, CLSM was used to evaluate the eradication of S. aureus biofilm. In Paper II, this
was assessed following treatment with MP1 and MP1-loaded fusogenic liposomes. In Paper
III, the evaluation was carried out after treatment with teixobactin analogue TB3. Live/dead
cell staining, consisting of Syto 9 and propidium iodide, was employed to differentiate between
viable (green) and dead (red) cells. The reduction in cellular viability was quantified by
calculating the percentage of dead cells relative to the total cell count after incubation with the

antimicrobial agent for 24 hours.
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4. Synopsis of the papers
Paper |

The Impact of Surface Charge on the Interaction of Cholesterol-Free Fusogenic
Liposomes with Planktonic Microbial Cells and Biofilms

Ahmed M. Amer, Colin Charnock, Sanko Nguyen

International Journal of Pharmaceutics, 2025

Aim of the study:

Based on previous reports in the literature highlighting the negative impact of cholesterol on
liposomal fusion, this study aimed to enhance the fusogenic properties of liposomes by
formulating cholesterol-free variants with different surface charges and investigating their

interactions with both planktonic microbial cells and established biofilms.

Materials and methods:

Cholesterol-free fusogenic liposomes with varying surface charges were prepared using the
thin-film hydration method, incorporating DOPE as the fusion-promoting phospholipid. Their
physical properties, including size, polydispersity index (PDI), and zeta potential, were
characterized using light scattering techniques and long-term stability was assessed over one
year of storage at 4°C. Liposomal fusion with microbial cells, including yeast-like fungal cells
(C. albicans), gram-positive (S. aureus) and gram-negative (E. coli) bacteria, was evaluated
using both the lipid mixing assay and flow cytometry. Additionally, the influence of surface
charge on liposomal interaction and penetration into preformed S. aureus biofilms was
examined via confocal laser scanning microscopy (CLSM). Finally, biocompatibility was

assessed through cytotoxicity testing on human skin fibroblasts and haemolysis assays.

Results and discussion:

Monitoring the physical stability of the prepared liposomes revealed that they remained stable
for over a year, except for two cationic formulations, which exhibited size enlargement and

aggregation over time. The incorporation of DPPC effectively compensated for the absence of
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cholesterol, ensuring the structural stability of the liposomes. Fusion experiments using lipid
mixing and flow cytometry assays revealed that liposomal fusion efficiency was highest with
the gram-negative species (E. coli), followed by the gram-positive species (S. aureus). Fusion
was lowest with the yeast-like fungi (C. albicans). Among the formulations, neutral liposomes
exhibited the greatest fusion capacity, followed by cationic and anionic liposomes. The results
suggest that liposomal fusion is a multifactorial process influenced by the chemical composition

of both the liposomes and microbial cell envelopes.

Furthermore, confocal microscopy studies demonstrated that all liposomal formulations,
regardless of charge, were capable of penetrating S. aureus biofilms. Cationic liposomes
showed enhanced interaction and retention within the biofilm matrix, likely due to electrostatic
interactions with the abundant negatively charged compounds present in the biofilm matrix.
Biocompatibility assessments demonstrated that the prepared fusogenic liposomes exhibited
minimal cytotoxicity toward human skin fibroblasts, maintaining cell viability above 90%
across all tested concentrations. Furthermore, haemolysis studies confirmed that the liposomal

formulations did not induce red blood cell damage, as no haemoglobin leakage was detected.

Conclusion:

The cholesterol-free fusogenic liposomes developed in this study, with varying surface charges,
demonstrate strong potential as drug delivery platforms against biofilm-associated infections.
Surface charge and phospholipid composition influenced the fusion with microbial cells and
interaction with preformed biofilm. Cationic liposomes exhibited greater interaction and

retention within S. aureus biofilm.
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Paper Il

Phospholipid Acyl Chain Length Modulation: A Strategy to Enhance Liposomal Drug
Delivery of the Hydrophobic Bacteriocin Micrococcin P1 to Biofilms

Ahmed M. Amer, Colin Charnock, Kirill V. Ovchinnikov, Tage Thorstensen, Sanko Nguyen

European Journal of Pharmaceutical Sciences, 2025

Aim of the study:

This study aimed to develop fusogenic liposomes for the entrapment of micrococcin P1
to enhance its antimicrobial and antibiofilm efficacy. It also investigated the influence
of phospholipid acyl chain length on drug entrapment efficiency, liposomal stability

and antibiofilm activity.

Materials and methods:

Fusogenic liposomes were prepared wusing the thin-film hydration method,
incorporating phospholipids with varying acyl chain lengths (C16, C18, and C20). MP1
was entrapped by dissolving it in the organic phase during the lipid film formation step. Both
empty and MP1-loaded liposomes were characterised in terms of vesicle size, PDI, and
zeta potential, with stability monitored over two months of storage at 4°C. Entrapment
efficiency was determined using HPLC-MS, while the chemical stability of entrapped MP1
was assessed over the same two months period. The antimicrobial activity of MP1-loaded
liposomes was evaluated using MIC assays against various S. aureus strains, including
clinical isolates. Additionally, the ability of liposomal entrapment to enhance MP1 activity
against preformed S. aureus biofilms was investigated. Biofilms were first allowed to form
in 96-well plates and on biomedical-grade PTFE before undergoing treatment. Confocal
laser scanning microscopy (CLSM) was further employed to visualise S. aureus biofilms

following treatment with MP1 and MP1-loaded liposomes.

Results and discussion:

This study demonstrated the successful development of fusogenic liposomes as a drug
delivery system for the hydrophobic antimicrobial peptide MPI1. Liposomal entrapment
significantly
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improved the aqueous stability of MPI1. Additionally, MP1-loaded liposomes exhibited
enhanced antimicrobial activity, reducing the MIC values against the tested S. aureus strains by
4- to 16-fold compared to free MP1. Increasing the phospholipid acyl chain length from 16 to
20 carbons not only improved MP1 entrapment but also enhanced the antibiofilm efficacy. This
improvement could be partially attributed to the ability of longer-chain phospholipids to disrupt
biofilm integrity, as demonstrated by the activity of empty liposomes against preformed
biofilms in 96-well plates. Furthermore, CLSM confirmed the antibiofilm activity of MP1-
loaded liposomes. At a concentration of 0.25 pg/mL, MP1-loaded fusogenic liposomes (MP1-
DAPC) incorporating 20-carbon acyl chains reduced biofilm cell viability by approximately

55%, while free MP1 at the same concentration achieved only 15% reduction.

Despite the improved antibiofilm activity, the longer acyl chains compromised the physical
stability of the liposomes. While MP1-loaded liposomes formulated with 16-carbon acyl chain
(DPPC) remained stable for two months, those incorporating 20-carbon acyl chain (DAPC)
were stable for only two weeks. Stability was improved by increasing the concentration of the

cationic phospholipid DOTAP from 25 mol% to 50 mol% in the liposomal composition.

Conclusion:

These findings highlight the potential of fusogenic liposomes for enhancing the aqueous
stability, antimicrobial and antibiofilm activity of MP1. However, while increasing the
phospholipid acyl chain length improved drug entrapment and antibiofilm activity, it also
compromised the liposomal stability, emphasizing the need for formulation optimization to

balance efficacy and stability.
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Paper lll

Novel Teixobactin Analogues Show Promising In Vitro Activity on Biofilm Formation by
Staphylococcus aureus and Enterococcus faecalis

Ahmed M. Amer, Colin Charnock, Sanko Nguyen

Current Microbiology, 2024

Aim of the study:

This study aimed to evaluate the antimicrobial and antibiofilm activity of three novel
teixobactin analogues to identify the most promising candidate for further liposomal

encapsulation.

Materials and methods:

Three newly developed teixobactin analogues (TB1, TB2 and TB3) were evaluated for their
antimicrobial and antibiofilm efficacy against S. aureus and E. faecalis. The three analogues
differ in the amino acid residue at position 10, where TB1 contains leucine (Leu), TB2 contains
norleucine (Nle), and TB3 contains norvaline (Nva). The methodologies employed included
determining MIC and MBC to assess the antibacterial activity of each analogue. Additionally,
the effect of the analogues on the growth curves of planktonic cells was investigated by
monitoring bacterial growth over 16 hours. Furthermore, the study investigated the ability of
these analogues to prevent biofilm formation and to eradicate bacterial cells within preformed
biofilms on medical-grade materials, specifically polyvinyl chloride (PVC) and
polytetrafluoroethylene (PTFE). Antibiofilm activity was evaluated using colony counting,
crystal violet staining, and metabolic activity staining (TTC). Additionally, CLSM was
employed to visualise bacterial cell inactivation within the biofilm matrix and to quantify

changes in biofilm biovolume.

Results and discussion:

All three analogues exhibited promising antibacterial activity, with MIC values comparable to
those of the natural teixobactin compound. The MBC assay further confirmed the bactericidal

nature of the compounds against the S. aureus strain tested, with MBC/MIC ratios <4.
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Regarding biofilm inhibition, the teixobactin analogues eftectively reduced biofilm formation
in 96-well polypropylene plates. All three analysis methods (colony counting, crystal violet
staining and metabolic activity staining) yielded consistent results for S. aureus, while the
activity staining results for E. faecalis were inconclusive, as no colour development was
observed. The teixobactin analogue TB3, which contains a norvaline substitution at position 10,
demonstrated higher activity than the other two analogues. The antibiofilm activity of the
teixobactin analogues against preformed S. aureus biofilms on biomedical materials (PVC and
PTFE) showed the highest activity with the TB3 analogue, followed by TB2 and TB1. These
results were consistent across both colony counting and activity staining. Further CLSM
analysis of TB3 treated biofilms showed a dose-dependent reduction in cellular viability and
biovolume. Treatment with 8 pg/mL for 24 hours reduced viable cell counts by 65% and total

biovolume by 75%.

Conclusion:

The study demonstrates that teixobactin analogues show considerable potential for addressing
biofilm-associated infections and could be candidates for pharmaceutical development.
Additionally, the findings underscore the influence of the position-10 substitution on the

antimicrobial and antibiofilm activity of teixobactin analogues.
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5. Discussion

5.1. Main findings

This research provides key insights into the development of fusogenic liposomes and
antimicrobial peptide-based approaches for combating microbial biofilm infections. The
findings in Paper I demonstrate that cholesterol-free fusogenic liposomes effectively fuse with
microbial cells while maintaining long-term physical stability. Previous studies have shown that
incorporating cholesterol can impair the fusogenic properties of liposomes [131, 133].
Therefore, cholesterol-free formulations are expected to exhibit enhanced fusion with microbial
cells. A key finding of this study was that these liposomes remained physically stable despite
the absence of cholesterol, which is typically required to maintain vesicle rigidity. Notably, the
inclusion of DPPC at 50 mol% effectively compensated for the lack of cholesterol, ensuring
structural stability during long-term storage. The stabilising effect of DPPC on fusogenic
liposomes is likely due to its relatively high phase transition temperature (41 °C), which may
have contributed to maintaining membrane rigidity during storage at 4 °C throughout the one-

year stability study.

The ability of liposomes to fuse with microbial cells is crucial for enhancing the antimicrobial
activity of the incorporated drug. Fusion facilitates the intracellular delivery of high drug
concentrations, thereby enhancing antimicrobial effectiveness [112-114]. Regardless of surface
charge, all fusogenic liposomes prepared in Paper I demonstrated the ability to fuse with
various microbial cells, although the fusion efficiency varied depending on both the liposomal
properties and the microbial cell type. The fusion efficiency followed a certain trend: neutral

liposomes exhibited the highest fusion ability, followed by cationic, and then anionic liposomes.

Electrostatic interactions are often considered the primary driver of fusion, as they facilitate the
interaction of cationic liposomes to negatively charged microbial cell surfaces. In contrast,
anionic liposomes are thought to require divalent cations to overcome electrostatic repulsion
and facilitate fusion [133]. However, the findings reported in this thesis challenge this
assumption, as anionic liposomes were able to fuse in the absence of divalent cations. This
suggests that, alongside electrostatic interactions, the composition of the microbial cell
envelope and the properties of the liposomal membrane also play crucial roles in driving the

fusion process.
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The enhanced fusion ability of neutral liposomes is likely due to their higher DOPE content (50
mol%), compared to the 40 mol% in charged liposomes. The decision to replace part of the
DOPE with charged phospholipids (DOTAP or DOPG) in the preparation of cationic and
anionic liposomes was based on their similar acyl chain structures, despite differences in
headgroups. In contrast, substituting DPPC with charged phospholipids would have introduced
greater variability due to its distinct headgroup, shorter acyl chains, and lack of unsaturation.
This consideration is particularly relevant as the curvature of the phospholipid membrane,
which is critical for fusion, is influenced by the nature of the headgroup, as well as the length
and wunsaturation of the acyl chains [158]. Unsaturated phospholipids such as,
phosphatidylethanolamine (e.g. DOPE) exhibit negative membrane curvature, resulting in
membrane protrusion toward the hydrocarbon chains as shown in Figure 10 [159]. Moreover,
the smaller headgroup of DOPE further enhances negative membrane curvature, promoting the
fusion process [134]. In contrast, phosphatidylcholine (e.g. DPPC) forms nearly planar

monolayers, resulting in an overall curvature close to zero [159].
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Figure 10. (A) Schematic representation of the fusion process according to the "stalk model." The process begins
with the liposomes encountering biological membranes, leading to the formation of a stalk, followed by hemifusion
diaphragm intermediates, and eventually resulting in complete fusion with the membrane. (B) Illustration of how
the structure of phospholipids influences membrane curvature when incorporated into liposome preparations,
which in turn affects the fusogenic ability of the liposomes. The figure is created in BioRender.com and adapted

from [134, 158].
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Several hypotheses have been proposed to explain the mechanism of liposome fusion with
biological membranes. Based on simulations and theoretical studies, the "stalk model",
illustrated in Figure 10, is the most widely accepted fusion mechanism [158]. According to this
model, fusion starts with a point-like membrane protrusion that forms an hourglass-shaped stalk
between the membranes undergoing fusion. The stalk then expands into a hemifusion
diaphragm, which eventually leads to complete fusion [134, 158, 159]. Alternatively, the stalk
may directly progress to complete fusion, bypassing the hemifusion diaphragm stage. The
negative membrane curvature induced by DOPE plays a crucial role in forming the stalk

intermediate, which is a key step in the fusion process [158, 159].

The fusion efficiency measured using the two analytical methods in Paper I showed that fusion
was highest with E. coli (a gram-negative bacterium), followed by S. aureus (a gram-positive
bacterium) and finally C. albicans (a fungal species). A similar trend has been reported in the
literature where the extent of liposomal fusion with various gram-negative and gram-positive
bacteria was investigated [131, 133]. However, the work in Paper I is the first to investigate
fusion with fungal cells. The higher fusion observed with gram-negative bacteria has been
attributed in the literature to the partial structural similarity between liposomes and the outer
membrane of gram-negative bacteria, as both contain phospholipids [131, 133, 160]. It is
important to note that, while some differences in the present study were statistically significant
(P <0.05), this was not the case for all comparisons among the microbial strains and liposomes
with varying surface charges. For instance, flow cytometry was unable to detect C. albicans
cells undergoing liposomal fusion, likely due to weak fluorescence signals resulting from the
low number of fusion events per cell. Increasing the exposure time of fungal cells to liposomes
or increasing the liposomes concentration could potentially improve the detection in future

studies.

The limited ability of antimicrobial agents to penetrate biofilms is a major challenge
contributing to the tolerance of biofilm-associated infections to treatment [39]. Investigating
the ability of fusogenic liposomes to overcome this barrier (Paper I) provided valuable insights
into improving treatment strategies. The results from CLSM analysis indicate that the surface
charge of liposomes did not affect their ability to penetrate S. aureus biofilms. All liposomal
preparations, regardless of charge, were able to penetrate through all layers of the biofilm

matrix. However, cationic liposomes showed superior interaction with the EPS matrix and
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better retention within the biofilm. This aligns with previous studies on conventional cationic
liposomes, where enhanced biofilm interaction was attributed to electrostatic attraction with the
negatively charged components, which are predominant in the biofilm matrix [119]. These
findings suggest that while charge does not influence the penetration of liposomes into biofilms,
it plays a crucial role in ensuring prolonged retention and localized drug delivery within the

biofilm, which is essential for sustained antimicrobial activity.

Despite the high ability of fusogenic liposomes to interact with biological membranes,
preliminary biocompatibility testing (Paper I) demonstrated their tolerability. Haemolysis
analysis and cell viability assays on human skin fibroblasts revealed no detectable toxicity,
suggesting the potential of the liposomes for clinical applications. However, further

comprehensive evaluations are necessary to confirm their safety before clinical use.

The ability of the developed fusogenic liposomes to enhance the antimicrobial and antibiofilm
activity of AMPs was demonstrated in Paper II by incorporating MP1 into positively charged
fusogenic liposomes. Additionally, the study investigated the effect of increasing the
phospholipid acyl chain length from 16 to 20 carbons on the physicochemical properties of the
liposomes, MP1 entrapment, and antibiofilm efficacy. Increasing the phospholipid acyl chain
length negatively impacted the physical stability of the liposomes, as evidenced by size
enlargement and increased PDI in liposomes prepared with the 20-carbon acyl chain
phospholipid DAPC. These liposomes remained stable for only two weeks, whereas those
containing the 16-carbon DPPC maintained stability for two months. The stability of DAPC
liposomes further declined after MP1 incorporation. This is likely due to the ability of entrapped
peptides to destabilize the liposomes by altering the properties and curvature of the liposomal
membrane, potentially leading to liposome fusion and aggregation [158, 161]. Increasing the
DOTAP content from 25 mol% to 50 mol% while reducing DAPC from 37.5 mol% to 25 mol%
extended liposome stability to two months. However, this increase in DOTAP was not reflected
in the zeta potential measurements, as both formulations exhibited similar zeta potential values.
Additionally, the study demonstrated that extending the phospholipid acyl chain length from 16
to 20 carbons improved MP1 entrapment efficiency, from 16.4 + 6.2% to 21.0 = 5.7%. This
enhancement might be due to the stronger hydrophobic interactions between MP1 and the

longer acyl chains of DAPC.
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Incorporating MP1 into liposomes enhanced its antimicrobial activity against various S. aureus
strains, including clinical isolates, when tested without Tween 80 in the growth medium. This
suggests that the liposomes effectively mimic the recently proposed natural process whereby
MP1 is secreted into bacterial membrane vesicles, allowing the peptide to overcome its
hydrophobicity [162]. This mechanism enables MP1 to diffuse through the aqueous
environment, reach its target cells, and release the peptide upon fusion. Liposomal entrapment
of MP1 significantly reduced the minimum inhibitory concentration (MIC) against various S.
aureus strains, with reductions ranging from 4- to 16-fold. The antimicrobial activity showed a
slight enhancement when the phospholipid acyl chain length was increased. Specifically, the
MIC value decreased by 2- to 4-fold with DAPC (20C) liposomes compared to DPPC (16C)
liposomes, across the tested S. aureus strains. Additionally, when testing in the presence of
Tween 80, the MIC values for free MP1 and MP1-loaded liposomes were similar, indicating
that liposomal entrapment did not impair the antimicrobial activity of MP1. The addition of
Tween 80 likely mitigated the hydrophobic limitations of free MP1, enhancing its solubility and

activity.

The screening of antibiofilm activity for empty liposomes (Paper II) against preformed S.
aureus Xen 29 biofilms using bioluminescence measurements showed a concentration-
dependent decrease in biofilm metabolic activity. This reduction was likely due to a decrease in
biofilm mass rather than direct cellular toxicity, as empty liposomes did not show antimicrobial
activity in the MIC assay. Notably, DAPC-based liposomes caused the most significant
reduction in metabolic activity compared to other liposome types, suggesting that the
phospholipid acyl chain length influences the interaction between liposomes and the biofilm
matrix. These findings align with reports in the literature highlighting the ability of
phosphatidylcholine and various amphiphilic molecules to disrupt the biofilm matrix [163-165].

MP1-loaded DAPC liposomes demonstrated notable antibiofilm activity, with a 50% reduction
in metabolic activity at §<xMIC and up to an 80% reduction at 32xMIC against S. aureus Xen
29 biofilms preformed in 96-well plate. This was in contrast to free MP1, which showed no
antibiofilm activity at §xMIC. However, at higher concentrations (=16xMIC), the difference in
activity between free MP1 and MPl-loaded DAPC liposomes became insignificant.
Additionally, MP1-loaded liposomes prepared with shorter acyl chains, such as DPPC and

DSPC, demonstrated antibiofilm activity comparable to or inferior to that of free MP1.
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These findings highlight the promising potential of MP1-loaded DAPC liposomes for
antibiofilm applications, which was further investigated using biofilms formed on the
biomedically relevant material PTFE. In the first round of testing, MP1-loaded DAPC
liposomes reduced biofilm metabolic activity by approximately 70% at a concentration of
0.25 ng/mL, whereas free MP1 showed no effect at the same concentration. In the second round
of testing, both free MP1 and MP1-loaded liposomes exhibited antibiofilm activity at
0.5 pg/mL, reducing biofilm activity by about 70% and 85%, respectively. Overall, the
antibiofilm activity of MP1-loaded DAPC liposomes was less pronounced against biofilms
preformed on PTFE compared to the results observed in the 96-well plate. This is likely due to
the thinner biofilm formed on PTFE, as this material is known to exhibit resistance to biofilm
formation [166, 167]. Further analysis using live/dead cell staining and CLSM revealed that the
liposomal formulation was more effective than free MP1 in the eradication of S. aureus biofilm.
MP1-loaded DAPC liposomes demonstrated a significantly greater reduction in cell viability
(55%) at 0.25 pg/mL than that achieved with free MP1 (15%). Additionally, MP1-loaded DAPC

liposomes resulted in more biofilm matrix disruption, as evidenced by CLSM images.

Given the increasing threat of antimicrobial resistance and the emergence of multidrug-resistant
strains, this thesis investigated the potential antibiofilm activity of novel AMPs. Three
teixobactin analogues were evaluated for their antimicrobial and antibiofilm activity in Paper
I1I, with future plans to incorporate the most promising candidate into liposomal formulations.
The three analogues exhibited promising antimicrobial activity against the tested S. aureus and
E. faecalis, with MIC values of 1-2 pg/mL and 2-4 pg/mL, respectively, including clinical
isolates. MBC analysis confirmed a bactericidal effect against S. aureus, whereas the analogues
were only bacteriostatic against E. faecalis. The observed E. faecalis tolerance is likely

attributed to an intrinsic resistance mechanism against cell wall-targeting antibiotics [168].

Growth curve analysis provided insights beyond MIC values, revealing how teixobactin
analogues influence bacterial growth dynamics. The results supported the MIC findings,
showing no growth at concentrations >MIC and a measurable delay in the exponential phase
onset at 2xXMIC for both S. aureus and E. faecalis. The teixobactin analogue TB3 caused the
most significant delay, with more than 16 hours. The delayed onset of the exponential phase
may reflect a bacterial defense mechanism known as “tolerance by lag”, a phenomenon

observed with antibiotics that target the integrity of cell envelope [155, 169]. Doubling time

58



calculations indicated a more pronounced effect on S. aureus than E. faecalis, aligning with the
MBC/MIC results. Among the three analogues tested, TB3 exhibited greatest inhibitory effects,
likely due to the hydrophobic side chain length at position 10. This aligns with previous studies
indicating that substitution with norvaline at position 10 enhances antimicrobial activity of

teixobactin analogues [170].

The antibiofilm activity of the novel analogues was evaluated by assessing their ability to inhibit
biofilm formation and eradicate preformed biofilms. TB1 and TB2 inhibited biofilm formation
at 2xXMIC for both S. aureus (4 ng/mL) and E. faecalis (8 pg/mL), while TB3 exhibited slightly
higher activity, by reducing biofilm formation at 1-2xMIC for S. aureus (2-4 ng/mL) and
IXMIC for E. faecalis (4 ng/mL). Results were consistent across all three analytical methods:
CV staining reflected total biofilm biomass, colony counting assessed viable cell numbers, and

activity staining indicated the metabolic activity of the cells.

Furthermore, the analogues exhibited antibiofilm activity against preformed S. aureus biofilms
on clinically relevant surfaces, PVC and PTFE. TB3 showed the highest activity, followed by
TB2 and TBI1. The agreement between the results of activity staining and colony counting
suggests the potential use of the former as a reliable and rapid screening method. Additionally,
the higher hydrophobicity of teixobactin analogues may enhance their adsorption to plastic
surfaces, contributing to their antibiofilm efficacy. TB3, the most effective analogue, was
further analysed using CLSM, revealing a dose-dependent reduction in biofilm viability and
biovolume. Biofilm treatment for 24 hours with 8 pg/mL TB3 reduced viable cells by 65% and

biovolume by 75% relative to the control, confirming significant biofilm disruption.

These findings identify TB3 as a promising candidate for further pharmaceutical development
and incorporation in liposomal drug delivery systems. Moreover, the results support the
proposed SAR of teixobactin analogues, particularly the influence of hydrophobic side chain

length at position 10.
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5.2. Significance of the results and future perspectives

Biofilms present a major challenge in clinical settings due to their resistance to conventional
antimicrobial therapies [2, 5]. The EPS matrix within the biofilm, along with factors such as
antimicrobial degradation, cell dormancy, and altered metabolic activity, significantly
contribute to the enhanced tolerance of biofilms to antimicrobial agents [29, 39]. The
cholesterol-free fusogenic liposomes developed in this thesis offer a promising strategy to
address these challenges. Excluding cholesterol can enhance fusion with microbial cells, as its
presence in liposomes has previously been shown to hinder this process [131, 133]. Despite the
absence of cholesterol, these liposomes remained physically stable for over a year and were
able to penetrate preformed biofilms and fuse with various planktonic microbial cells (bacteria
and fungi), suggesting their potential as an effective approach for combating biofilm-associated

microbial infections.

Despite ongoing research into the mechanism of liposomal fusion with microbial cells, many
questions remain unanswered. Visualizing the fusion intermediates is a major challenge in
deciphering the fusion process due to their transient nature [158]. The findings reported in this
thesis may contribute to a better understanding of the parameters underpinning liposomal fusion
with various microbial cell types, particularly highlighting the role of liposomal membrane

composition and the impact of phospholipid charge.

Studies in the literature report the promising antimicrobial activity of MP1. However, its
hydrophobic nature and susceptibility to chemical degradation as a peptide, limit its potential
for pharmaceutical development [81, 171]. The work presented in this thesis marks the first
attempt to develop an MP1-loaded liposomal drug delivery system, and to investigate the effect
of MP1 liposomal entrapment on the antimicrobial and antibiofilm activity. The developed
fusogenic liposomes incorporating the 20-carbon acyl chain phospholipid (DAPC) were found
to exhibit dual functionality. They served as an effective drug delivery system for MP1 while
also exhibiting antibiofilm properties by disrupting the biofilm matrix. However, the
mechanism by which empty DAPC liposomes disrupts the biofilm matrix require further

investigation to be fully elucidated.
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As demonstrated by the results in the present work, DAPC-based fusogenic liposomes show
promise as a foundation for developing antibiofilm nanosized drug delivery systems. However,
their limited physical stability necessitates further optimization. This trade-off between stability
and antibiofilm efficacy, highlights the need for additional research to develop liposomal

formulations that effectively balance both properties for pharmaceutical applications.

The results obtained with the teixobactin analogues underscore their promising potential as
novel AMPs for biofilm treatment. The observed differences in activity among the analogues
contribute to a deeper understanding of teixobactin's SAR, aiding the rational design of more
effective analogues in the future. While efforts to bring natural teixobactin to clinical
application are ongoing [69, 70], the ease of production of TB3 and its promising antibiofilm
activity, highlight its potential for pharmaceutical development. Future studies should
investigate its efficacy against a wider range of bacteria and focus on the development of

suitable liposomal formulations.

Overall, the work presented in this thesis confirms the antibiofilm efficacy of the tested AMPs
and reports the successful incorporation of MP1 into fusogenic liposomes. The MP1-loaded
liposomes effectively eradicated biofilm forming bacteria in vitro. Interpretation and any
extrapolation of the results to the clinical setting should be approached with caution, as all
biofilm experiments were conducted in vitro and on abiotic surfaces. While this is relevant to
infections associated with medical implants, many biofilm-related infections, such as those in
cystic fibrosis and skin wounds, originate from biofilm formation on biotic host surfaces [172].
The host interaction with microbial cells plays an essential role in microbial cell adherence and
biofilm formation, which in vitro testing models lack. For instance, the interaction of the host
proteins fibrinogen and fibronectin with the S. aureus fibrinogen/fibronectin-binding proteins
plays a role in S. aureus biofilm formation in vivo [173]. Additionally, the host immune
response influences biofilm development. For example, reactive oxygen species produced by
the immune system trigger microbial stress responses, leading to increased biofilm EPS matrix
production [174]. It has also been demonstrated that certain inflammatory cytokines promote
S. aureus biofilm growth in a concentration-dependent manner [175]. Furthermore, the host
immune response may contribute to collateral host tissue damage, as has been observed in P.
aeruginosa lung infections in cystic fibrosis [176]. Future work should include in vivo animal

models, such as the foreign-body mouse model, to provide a more physiologically relevant
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approach [172]. As an alternative, ex vivo models, including explanted tissues and reconstructed
human epidermis, are emerging as viable tools for studying host-microbe interactions while

avoiding in vivo studies ethical concerns [177].

It should also be noted that the tested biofilms were developed from a single microbial species.
However, clinical biofilms are mostly polymicrobial, which adds complexity to their structure
and responses to treatment [16, 17]. Testing AMPs and liposome activity against co-cultured
biofilms would be more representative of clinical conditions. However, this requires careful
study design, as the interactions between microbial species can introduce variability, making it

challenging to maintain experimental control across testing replicates.

To sum up, future research should focus on evaluating the in vivo and ex vivo activity of the
developed fusogenic liposomes against biofilms, to assess their therapeutic potential in a
clinically relevant setting that includes biofilm-host cell interactions. Additionally, further
studies are needed to elucidate the precise mechanism by which longer acyl chain phospholipids
influence biofilm integrity, and to provide a scientific rationale for their observed antibiofilm
activity. Efforts should also continue towards the pharmaceutical development of MP1, with
the aim of achieving an optimal balance between the physical stability of DAPC-liposomes and
their antibiofilm efficacy. Lastly, an optimized liposomal formulation of TB3 should be
developed to enhance its antibiofilm activity and stability as steps towards its formulation and

clinical use.

62



6. Concluding remarks

This study highlights the potential of fusogenic liposomes as an effective delivery system for
antimicrobial peptides (AMPs) in the treatment of biofilm-associated infections. The findings
contribute to the development of AMP-based therapies and enhance the understanding of

fusogenic liposomes as a promising drug delivery approach.
Paper I:

Demonstrated the feasibility of developing physically stable, cholesterol-free fusogenic
liposomes, capable of penetrating the biofilm matrix and fusing with clinically relevant biofilm-
forming microbial cells. It also highlighted the impact of liposomal charge on fusion efficiency
and biofilm penetration, with cationic liposomes exhibiting stronger retention within the

biofilm matrix.
Paper II:

Described the development of MP1-loaded fusogenic liposomes, which enhanced the
antimicrobial and antibiofilm activity of MP1. Additionally, it investigated the influence of
phospholipid acyl chain length on biofilm interactions, demonstrating the ability of DAPC-

liposomes to effectively disrupt the biofilm matrix.
Paper III:

Evaluated novel teixobactin analogues and identified TB3 as a promising candidate for further
pharmaceutical development, emphasizing the role of structure-activity relationship in

teixobactin antibiofilm activity.
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This study focused on the development of cholesterol-free fusogenic liposomes with different surface charge with
the aim of improving biofilm penetration. In vitro assessments of the liposomes included physical stability,
biocompatibility, fusion with microbial cells, and the ability to penetrate established biofilms. Using dynamic

g;occtz:;anblhty light scattering, cholesterol-free, fusogenic liposomes were found to be < 200 nm in size with small size dis-
Fungi tribution (PDI < 0.1) and physically stable for a year when stored at 4 °C. Transmission electron microscopy
ungit . X . . . . . s .

Biofilm (TEM) images confirmed vesicular sizes for selected liposomal formulations. Liposomal ability to fuse with

microbial cells was assessed using lipid mixing and flow cytometer assays. Fusion levels were found to be higher
with Escherichia coli compared to Staphylococcus aureus and Candida albicans regardless of the liposomal charge.
Neutral liposomes exhibited highest fusion, followed by cationic and anionic liposomes, respectively. Our in-
vestigations demonstrated that fusion is a multifactorial process influenced by the chemical composition of the
liposomes, the liposomal surface charge, and components of the microbial cell envelope. Penetration and
retention within preformed S. aureus biofilms were assessed for liposomes with various surface charges. All li-
posomes, regardless of surface charge, were capable of penetrating and diffusing through the biofilm matrix.
However, cationic liposomes displayed greatest interaction and retention. Biocompatibility was confirmed
through haemolysis and cytotoxicity studies. The cholesterol-free fusogenic liposomes developed in this study
demonstrated promising potential as drug delivery systems for incorporating antimicrobial agents for biofilm
treatment.

1. Introduction (Costa et al. 2022). In clinical settings, biofilms are a polymicrobial co-

cultured environment with different microbial species, adding more

Biofilms are surface-attached microbial communities. They consist of
sessile cells embedded in a self-produced extracellular polymeric sub-
stances (EPS) (Bjarnsholt 2013). Approximately 80 % of microbial in-
fections are associated with biofilm formation, often linked to medical
devices or persistent clinical conditions such as wound infections and
cystic fibrosis (da Silva et al. 2021). Biofilm formation increases mi-
crobial tolerance to antimicrobial treatment due to limited drug diffu-
sion through the biofilm matrix, antimicrobial agent degradation and
altered metabolic activities of sessile cells (Sharma et al. 2023). Micro-
bial cells embedded in the biofilm matrix are often 100 to 1000 times
more tolerant for antibiotic treatment compared with planktonic cells
(Panthi et al. 2024). Pseudomonas aeruginosa, Escherichia coli, Staphylo-
coccus aureus and Enterococcus faecalis are among the most commonly
reported bacterial species in biofilms (Sharma et al. 2023) whereas
Candida spp. are the fungi most often isolated from biofilm infections

* Corresponding author at: Pilestredet 50, Oslo 0167, Norway.
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complexity to the biofilm structure and composition (Mountcastle et al.
2020).

In recent years, various types of nanoparticulate drug delivery sys-
tems have been developed for combating microbial biofilms. They
include lipid-based, polymeric, and metal nanoparticles. Encapsulation
of antimicrobials in nanosized drug delivery systems have demonstrated
notably improved antibiofilm activity (Malaekeh-Nikouei et al. 2020)
providing drug protection against chemical degradation in the biofilm
matrix, better biofilm penetration and targeted drug release (Al-Wrafy
et al. 2022). Liposomes have demonstrated the most promising out-
comes, and this can be attributed to some distinct advantages (Rukavina
and Vani¢ 2016, Malaekeh-Nikouei et al. 2020, Ferreira et al. 2021,
Makhlouf et al. 2023): Liposomes are versatile and can encapsulate both
hydrophilic and hydrophobic drugs within their structure, while their
surface can be easily modified to target specific sites. Additionally, they
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generally exhibit both biocompatible and biodegradable properties
when composed of biosimilar lipids (Rukavina and Vani¢ 2016).
Liposome-encapsulated antibiotics have demonstrated effectiveness in
overcoming microbial resistance mechanisms such as enzymatic
degradation, efflux mechanisms, and impermeability of the cell enve-
lope (Ghosh and De 2023). Moreover, the phospholipid bilayer structure
of liposomes, which mimics biological membranes, can promote fusion
with microbial cells (Ferreira et al. 2021). This distinctive capability can
be improved by incorporating fluid-state phospholipids, such as dio-
leoylphosphatidylethanolamine (DOPE), into the liposomal formula-
tion. This addition increases the flexibility of the liposomes, making
them more prone to membrane fusion and creating what are known as
fusogenic liposomes (Kolasinac et al. 2018).

Studies on the activity of fusogenic liposomes against microbes often
involve the inclusion of liposomal formulations incorporating choles-
terol (Furneri et al. 2000, Nicolosi et al. 2015, Patil et al. 2019, Scriboni
et al., 2019, Ibaraki et al. 2020). The presence of cholesterol in the
liposomal formulation has been shown to affect the membrane rigidity,
thickness, fluidity and stability (Kaddah et al. 2018). Multiple studies
have shown that liposomal membrane rigidity increases proportionally
with cholesterol content, limiting molecular mobility within the lipid
bilayer due to its steroid ring structure (Arriaga et al. 2009, Najafinobar
et al. 2016, Kaddah et al. 2018). Increased membrane rigidity in fuso-
genic liposomes can prevent premature leakage of entrapped drugs,
promoting in vitro stability of the delivery systems. However, reduced
membrane flexibility may negatively influence fusogenicity, making
finding a balance challenging. Based on testing with P. aeruginosa, it has
been reported that incorporating cholesterol into fusogenic liposomes
inhibits fusion with bacterial cells (Ma et al. 2013). In another study,
liposomal fusion with P. aeruginosa was significantly decreased after
adding only 10 % cholesterol to the liposome composition (Wang et al.
2016). Moreover, the physicochemical properties of the liposomes
critically affect the antibiofilm activity. The influence of liposomal size
and surface charge on delivery to biofilms has been reported in several
studies (Rukavina and Vanic 2016, Al-Wrafy et al. 2022). According to
Dong et al. (Dong et al. 2015), cationic liposomes with particle size <
200 nm showed better biofilm penetration than anionic liposomes and
larger multilamellar liposomes (> 1000 nm). In another study of
P. aeruginosa biofilms, cationic liposomes demonstrated the highest
retention in the biofilm, while anionic liposomes showed better
permeation through the biofilm matrix (Ibaraki et al. 2020).

In the present study, fusogenic liposomes with different surface
charge (cationic, anionic, and neutral) and devoid of cholesterol were
prepared, characterized, and their physicochemical properties were
evaluated. A long-term (one year) in vitro stability study was also con-
ducted. Hemocompatibility and skin fibroblast cytotoxicity tests were
performed to assess the potential applications of these liposomes for
parenteral and topical administration, respectively. The fusogenic
behaviour of the liposomes against planktonic microbial cells was
evaluated by two different methods. These were: lipid mixing assay and
flow cytometry. Finally, the ability of the liposomes to permeate and
remain within the biofilm matrix was assessed in order to determine
their potential both physically and temporally as delivery systems
against biofilms. The study was conducted on three different, clinically
important types of microbial cells: E. coli representing gram negative
bacteria, S. aureus representing gram positive bacteria, and C. albicans
representing fungi (yeast-like). To the best of our knowledge, this is the
first research work to investigate the interaction of fusogenic liposomes
with fungal cells and with established biofilm. Moreover, we report the
development of cholesterol-free fusogenic liposomes which remained
physically stable throughout a year of monitoring.
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2. Materials and methods
2.1. Materials

The lipids dipalmitoylphosphocholine (DPPC), dioleoyl-
trimethylammoniumpropane (DOTAP), 1,2-dioleoyl-sn-glycero-3-phos-
phoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (18:1 NBD-PE)
and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine
rhodamine B sulfonyl) (18:1 Liss Rhod-PE) were purchased from Avanti
Polar Lipids (Alabaster, AL, USA). Dioleoylphosphoethanolamine
(DOPE) and dioleolylphospho-rac-glycerol (DOPG) were kindly pro-
vided by Lipoid GmbH (Ludwigshafen, Germany). PKH67 green fluo-
rescent cell membrane labelling kit, 4',6-diamidino-2-phenylindole
(DAPI), Triton X-100, Polysorbate 80, sodium dihydrogen phosphate
monohydrate, disodium hydrogen phosphate dihydrate and phosphate
buffered saline (PBS) tablets were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Tryptic soy agar (TSA), tryptic soy broth (TSB) and
AlamarBlue™ Cell Viability Reagent were purchased from Thermo-
Fisher Scientific (Sunnyvale, CA, USA). High purity chloroform and
methanol were purchased from VWR BDH Chemical (Norway). Water
involved in liposomal preparation and rinsing processes was purified by
the Milli-Q® water purification system (Merck Millipore, Germany).
Escherichia coli (ATCC 25922) was purchased from American Type
Culture Collection (Rockville, MD, USA). Staphylococcus aureus (DSM
2569) and Candida albicans (DSM 1386) were purchased from Leibniz
Institute DSMZ-German Collection of Microorganisms and Cell Cultures
GmbH (Braunschweig, Germany).

2.2. Preparation of fusogenic liposomes

Fusogenic liposomes were prepared by a thin film hydra-
tion—-extrusion method according to the specified lipid composition in
Table 1. The phospholipid DOPE was included in all liposomal formu-
lations to provide fusogenic properties, while DPPC was incorporated to
enhance membrane rigidity and stabilize the liposomes. DOTAP and
DOPG were utilized to provide cationic and anionic surface charges,
respectively, to the liposomes. The preparation procedures were carried
out as described in the literature (Lombardo and Kiselev 2022), phos-
pholipids were dissolved in a chloroform:methanol mixture (2:1) and
the solutions were evaporated to dryness in a rotary evaporator. The thin
films were further dried under vacuum overnight to ensure complete
removal of organic residues. The following day, films were hydrated
with intermittent shaking for 2 h at 65 °C using 5 mM phosphate buffer
(pH 7.4). The hydration buffer was prepared by dissolving the required
amounts of sodium dihydrogen phosphate and disodium hydrogen
phosphate in Milli-Q water to achieve 5 mM buffer, pH 7.4. The buffer
was then filtered through a 0.2 um syringe filter before use. After
allowing the preparations to equilibrate overnight at 4 °C, size reduction
was then performed at 65 °C using 200 nm polycarbonate membranes
(Avanti Polar Lipids, USA) and a Mini-Extruder (Avanti Polar Lipids,
USA). Liposomal preparations were extruded 11 times to ensure the
formation of large unilamellar vesicles (LUV). Liposomal dispersions
were stored at 4 °C throughout the entire study period.

2.3. Characterization of fusogenic liposomes

The liposomal preparations were diluted 1:10 with 5 mM phosphate
buffer, pH 7.4, prior to measurements. Particle size and polydispersity
index (PDI) were determined using a dynamic light scattering (DLS)
technique (Zetasizer Ultra, Malvern Panalytical Ltd, UK). Measurements
were performed three times for each sample at 25 °C with backscattering
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at 173° angle and 1.33 as refractive index. The zeta potential was
measured based on electrophoretic light scattering (ELS) principles
using the same instrument. Measurements were performed at 25 °C with
1.33 as refractive index. Liposomal characterization was performed after
24 h of preparation and at different time intervals over one year to
evaluate the long-term stability of the preparations (n = 3 for each
formulation). The liposomal formulations were stored at 4 °C during the
stability study.

Transmission electron microscopy (TEM) micrographs of selected
liposomal preparations were obtained using a negative-staining
embedding electron microscopy technique. Samples were prepared ac-
cording to a previously published protocol (Webster and Webster 2014),
with some modifications. The samples were adsorbed onto a carbon-
coated copper grid (300 mesh). The grid was glow discharged to
create a charge opposite to that of the liposomes. From each liposomal
formulation, a 5 pl drop was applied on the grid. After 30 s contact time,
the grid was washed twice each time for one min with Milli-Q water.
Samples were placed on a 20 ul drop of 1 % (w/v) uranyl acetate for 30's,
followed by another 30 s exposure to a fresh 20 ul drop of the same
solution. For embedding, the grids were transferred to a 20 ul drop
containing a mixture of uranyl acetate 0.4 % (w/v) and 1.8 % (w/v) of
methylcellulose, directly followed by 2 min incubation on a second drop
of the same mixture. For drying, the grids were picked up in 3.5 mm
metal loops to produce a thin layer of methylcellulose by gently drag-
ging the loop’s edge across a filter paper to remove excess liquid volume.
Subsequently, the thin layer of methylcellulose solution was allowed to
air dry before imaging using a transmission electron microscope (JEM-
1400, JEOL Ltd, Japan) at 120 kV.

2.4. Determination of liposomal fusion by lipid mixing assay

Liposomal fusion with microbial cells was studied by measuring the
decrease in fluorescence resonance energy transfer (FRET) between the
two fluorescent probes (NBD-PE and Rhod-PE) incorporated in the li-
posomes as previously reported (Wang et al. 2016). Selected fusogenic
liposomal formulations (FL1, FL4, and FL7) were prepared based on the
lipid composition outlined in Table 1, with the addition of 0.2 mol% of
each fluorescent probe during the lipid film formation step. The total of
0.4 mol% contributed by the fluorescent probes was subtracted from the
DOPE content, as the probes have a similar chemical structure to DOPE.
The total phospholipid concentration was 10 mM and the liposomes
were prepared as described in section 2.2.

Inoculums of E. coli, S. aureus and C. albicans were made from
overnight cultures on TSA grown aerobically at 37 °C by suspending
well-isolated colonies in PBS until 0.5 McFarland was obtained. The
suspension was then diluted with PBS to get a final concentration of 10°
CFU/ml. Using 96-well plates (Corning® polystyrene flat bottom plates,
USA), 100 pl of each microbial inoculum was mixed with 100 pl of each
fluorescent-labelled liposomal formulation (n = 6). As controls, some
wells contained only liposomes without microorganisms while others
contained only microorganisms without liposomes. The fluorescence
intensity was measured using a VICTOR® Nivo plate reader (Perki-
nElmer, USA) with excitation at 480 nm and emission at 600 nm at time
point zero. The plate was incubated at 37 °C with orbital shaking at 80
rpm and measurements were repeated after 30 min and 3 h of incuba-
tion. After the last measurement, the final fluorescence intensity (Fpax)
was determined by adding 0.2 % v/v Triton X-100) to solubilize the li-
posomes and obtain the maximum change in FRET for each well. Per-
centage fusion at each time point for a well was then calculated using the
following equation:
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%Fusion = (F; — F,)/(Fax — Fo) x 100 (€8]

where F, is the fluorescence intensity at a certain time point and F, is the
initial fluorescence intensity measured for the same well. The experi-
ment was performed three times as independent triplicates. Analysis of
variance (ANOVA) was used to determine significant differences (P-
value < 0.05 was considered significant).

2.5. Determination of liposomal fusion by flow cytometry

The experiment was performed according to previously reported
protocols (Sachetelli et al. 2000, Mugabe et al. 2006) with slight mod-
ifications. Selected liposomal formulations were prepared as previously
described (section 2.2) except for using Milli-Q water as the hydration
medium to avoid micelle formation of PKH67 during the labelling step.
PKH67 was prepared according to the labelling kit instructions and then
mixed with the liposomes to yield a final concentration of 2.5 pM of
PKH67. The tubes were incubated under orbital shaking (Genie Temp-
Shaker 100, Scientific Industries, USA) at 80 rpm for 5 min after
which the liposomes were separated from unbound PKH67 using
Sephadex G-25 resin desalting columns (PD-10 Cytiva, USA) with 5 mM
phosphate buffer as the elution medium. The final concentration of li-
posomes after elution was 10 mM.

Inoculums of E. coli, S. aureus and C. albicans were prepared as pre-
viously described (section 2.4) with a final concentration of 10° CFU/ml.
Microbial suspensions were then mixed 1:1 with labelled liposomes (n =
4) and incubated at 37 °C for 3 h under gentle shaking using a tube
rotator (Boekel scientific, USA) at 18 rpm. Following incubation, sam-
ples were passed through 0.45 um polycarbonate membranes to trap
microbial cells and to remove unfused liposomes from the samples.
Membranes were washed first with 50 ml of a mixture of 0.9 % NaCl + 5
% Tween 80 (% w/v), followed by 200 ml of 0.9 % NaCl. Each mem-
brane was then carefully placed in a tube with 2.5 ml PBS + 1 % (w/v)
paraformaldehyde to detach the cells from the membrane under orbital
shaking at 50 rpm for 1 min. Samples were then measured using a flow
cytometer (CytoFlex, Beckman Coulter, CA, USA) to determine the
number of fluorescent cells in each sample using the fluorescein iso-
thiocyanate (FITC) filter with excitation at 488 nm and emission at 525
nm. The extent of fusion was determined by calculating the percentage
of fluorescent cells of the total number of cells detected per sample.
Analysis of variance (ANOVA) was used to determine significant dif-
ferences; a P-value < 0.05 was considered significant.

2.6. Imaging of biofilm penetration

Fluorescently labelled liposomes were prepared as described in sec-
tion 2.4 but incorporating only 0.5 mol% Rho-PE in the formulation of
20 mM phospholipids. An S. aureus inoculum was prepared by sus-
pending well-isolated colonies in 0.9 % NaCl until 0.5 McFarland was
obtained, and the suspension was then diluted with TSB + 1 % (w/v)
glucose to a final concentration of 10° CFU/ml. One ml of bacterial broth
was added to each well in a 4-well chamber slides (Nunc Lab-Tek II CCZ,
Thermo Scientific) and allowed to grow for 72 h at 37 °C with shaking at
60 rpm. The medium was gently replaced every day without disrupting
the biofilm. After incubation, medium was removed, and the biofilm was
gently washed two times with sterile water before liposomes mixed with
growth medium (1:1) were added to each well. A mixture of 5 mM
phosphate buffer and growth medium (1:1) was added to the control
wells. Liposomes were incubated with biofilms at 37 °C with shaking at
60 rpm for 24 h. After incubation, medium was removed, and wells were
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washed twice with sterile water followed by staining with 100 pul of DAPI
solution (0.1 ug/ml). DAPI stain was kept in contact with the biofilm for
30 min before removal and wells were again washed twice with sterile
water. Subsequently, samples were fixed using 1 % paraformaldehyde in
0.9 % NaCl. The solution was then removed, and wells were washed
twice with sterile water. Finally, 50 ul of antifade mounting solution was
added to each well, covered by a glass coverslip and sealed with a clear
nail polish. The slides were examined using a confocal microscope (TCS
SP8 STED, Leica Microsystems, Germany). Fluorescence intensity mea-
surements and visualisation of 3D structures of the biofilms were
generated from z-stacks by using ImageJ software (National Institutes of
Health, Maryland, USA). The experiment was performed three times as
independent triplicates.

2.7. Hemocompatibility assay

Red blood cells were isolated from freshly collected blood samples
from healthy human donors by centrifuging 1 ml blood at 4000 rpm for
5 min (5810R Centrifuge, Eppendorf, Germany). After removing the
supernatants, pellets were resuspended in 10 ml PBS and centrifugation
was repeated for a total of three cycles to ensure sample purity. In a 96-
well round-bottom polystyrene plate (Corning®, USA), 100 pl red blood
cell suspension was added to each well except for the blank wells (n =
12). Freshly prepared liposomes using PBS as hydration medium were
serially diluted with PBS. One hundred ul of each liposomal concen-
tration was added per well and mixed with red blood cell suspension to
yield final concentrations in the range of 0.625 — 15 mM. The same
volume of PBS and 1 % (w/v) Triton X-100 solutions were added to
negative and positive control wells, respectively. The plate was incu-
bated at room temperature for 3 h, then centrifuged at 4000 rpm for 5
min. Finally, 100 ul of the supernatant was transferred to a flat bottom
96-well polystyrene plate (Corning®, USA) and the haemoglobin con-
tent was determined spectrophotometrically at 405 nm (Victor Nivo,
Perkin Elmer®, USA). The experiment was performed twice as inde-
pendent duplicates (n = 8 in total for each liposomal concentration).

The degree of haemolysis was calculated as follow:

%Haemolysis = (Ab-s*test - Abs-neg.control)/(Abs-pas.cuntral - Abs-neg,canm)l)
x 100 (2)

where Abs. it is the test absorbance, ADbs. neg. control is the negative
control absorbance and Abs. ;0. control is the positive control absorbance.

2.8. Cytotoxicity study

A cytotoxicity study for selected liposomes was performed on adult
human dermal fibroblasts (C-12302, PromoCell, Heidelberg, Germany).
Cells were cultured in Fibroblast Growth Medium 2 supplemented with
serum, insulin and basic fibroblast growth factor (C-23110, PromoCell,
Heidelberg, Germany) in addition to antibiotic antimycotic solution
(100 units penicillin, 100 pg streptomycin and 0.25 pg amphotericin B
per ml, Merck, Germany). The tissue culture flasks were incubated at
37 °C and 5 % CO,. Starting medium was aspirated and fresh medium
was added every two to three days. On reaching 70-90 % confluency,
cells were detached and cultured in 96-well plates (black polystyrene
flat bottom delta treated, Corning®, USA) by adding 250 pl cell sus-
pension at a density of 3500 cells/cm?. Liposomes in PBS were diluted
with growth medium to yield different concentrations (1.25, 2.5, 5, 10
and 15 mM). Cells were allowed to reach 50-60 % confluency before
250 ul of each concentration of liposomes was added to the wells and
incubated for 20 h (n = 12). Cytotoxicity was induced in the positive
control wells by addition of 1 % Triton X-100, while only growth me-
dium was added to the negative control wells. After incubation, cyto-
toxicity was determined by the Alamar Blue assay as follows: the content
of each well was removed, washed once with PBS and then 100 pl of
Alamar Blue solution (10 % v/v in growth medium) was added to the
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wells. Plates were incubated statically for 2 h at 37 °C and 5 % CO,. Cell
viability was determined fluorometrically using a plate reader (Victor
Nivo, Perkin Elmer®, USA) at an excitation wavelength of 560 nm and
measuring the emission at 600 nm. Viability percentage was then
calculated as follow:

%Cells Viability = (Fiest/Fregconrot) X 100 ®3)

where Fieg is the test fluorescence and Fyeg, control is the negative control
fluorescence. Analysis of variance (ANOVA) was used to determine
significant differences (P-value < 0.05 was considered significant).

3. Results and discussion

3.1. Preparation, characterization and physical stability of fusogenic
liposomes

In this study, large unilamellar vesicles (LUV) were prepared by the
thin lipid film hydration - extrusion method (Lombardo and Kiselev
2022). Particle size, PDI and zeta potential measurements of all lipo-
somal formulations at time point zero are shown in Table 1. Measured
size of all liposomal preparations in the present study ranged approxi-
mately from 130 to 160 nm with PDI < 0.1 immediately after prepara-
tion. The particle size is a critical parameter for determining the ability
of the liposomes to penetrate the biofilm. It has been reported that
particle size should not exceed 500 nm for optimal biofilm penetration
through water channels within the EPS matrix (Liu et al. 2019). Thus,
based on the obtained results, the particle size of the prepared liposomes
is optimal for biofilm penetration. Generally, nanoparticles with less
than 0.2 PDI value are considered to be monodispersed (Danaei et al.
2018). Therefore, the low PDI values demonstrated by the liposomal
formulations indicate their monodispersity. Zeta potential measure-
ments were proportional to the amount of charged phospholipid added
to the formulation (Table 1). Increasing the amount of charged phos-
pholipid from 2.5 mol% to 10 mol% resulted in an increase in the ab-
solute zeta potential value from + 4.2 mV to + 25.7 mV with DOTAP and
from —18.6 mV to —46.5 mV with DOPG, respectively, which was ex-
pected based on the phospholipids charge. Zeta potential values be-
tween —10 and + 10 mV are generally considered neutral (Wang et al.
2020), which was observed with the non-charged formulation (FL1)
showing —5 mV.

Table 1

Results from particle size (presented as Z-average), PDI and zeta potential
measurements (mean + SD, n = 3) for different liposomal formulations after
preparation at time point zero.

Liposomal Phospholipid Z- Polydispersity Zeta

formulation  composition Average index (PDI) + potential
(mol %) (nm) + SD (mV) + SD

SD

FL1 DPPC:DOPE 142 +1.9  0.103 &+ 0.003 —5.01 +
(50:50) 0.8

FL2 DPPC:DOPE: 160 + 1.0 0.086 + 0.025 +4.61 +
DOTAP 0.5
(50:47.5:2.5)

FL3 DPPC:DOPE: 139+ 1.5 0.102 + 0.011 +16.4 +
DOTAP 0.4
(50:45:5)

FL4 DPPC:DOPE: 135+ 1.8 0.112 + 0.064 +25.7 +
DOTAP 1.3
(50:40:10)

FL5 DPPC:DOPE: 133 +1.5  0.099 & 0.009 —18.6 +
DOPG 0.6
(50:47.5:2.5)

FL6 DPPC:DOPE: 133 £ 0.9 0.081 + 0.019 -322+1.2
DOPG (50:45:5)

FL7 DPPC:DOPE: 131 £ 0.4  0.088 + 0.006 —46.5 +
DOPG 0.7
(50:40:10)
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Fig. 1. One-year in vitro stability of fusogenic liposomes stored at 4 °C. The particle sizes (presented as Z-average) and polydispersity indices (PDIs) are shown for (a)
neutral liposomes, (b) cationic liposomes, and (c¢) anionic liposomes. (d) shows the zeta potential for all liposomal formulations used in the study. The bars and the

data points in the graphs represent mean + SD (n = 3).

Particle size, PDI and zeta potential measurements at different time
intervals after preparation over a period of one year are shown in Fig. 1.
Despite the absence of cholesterol in the formulations, the particle size
and PDI of the liposomes remained stable over a year of monitoring
(Fig. 1a-c), except for the cationic liposomes FL2 and FL3 (Fig. 1b),
which were only stable for 1 and 6 months, respectively. Physical
instability was visually observed in these formulations at the specified
time points. In terms of the impact of liposomal surface charge on the in
vitro stability, the observed overall lower stability of cationic liposomes
compared to the anionic ones (Fig. 1b and 1¢) can probably be attrib-
uted to the valences of the counterions. According to Schulze-Hardy
rule, the stability of colloidal dispersions is inversely proportional to
counterion valency (Gambinossi et al. 2015, Murath et al. 2018). At pH
7.4, the cationic liposome counterion is divalent (HPO%‘), while the
anionic liposome counterion is monovalent (Na™). This can result in a
higher tendency for aggregation leading to decreased long term stability
of cationic liposomes as observed. A similar effect of counterion valency
has been reported with different type of colloidal dispersions (Badawy
et al. 2010, Murath et al. 2018). Although lacking cholesterol, the sta-
bility profile of the liposomes is maintained by the presence of the
relatively high amount of DPPC lipid (50 mol %) in the formulations,
which has a phase transition temperature (T, 41 °C) much higher than
the storage temperature (4 °C) (Doskocz et al. 2020). The improved
stability provided by DPPC could be explained by increased membrane
rigidity (Doskocz et al. 2020). Although the stability experiments did not
monitor drug leakage from the fusogenic liposomes, a previous study has
shown that switching from a fluid phase phospholipid bilayer, e.g.
containing egg-PC with Tc < physiological temperature, to a solid phase
bilayer, such as DPPC, can reduce drug leakage (Storm et al. 1987).
Moreover, hydrophilic drugs tend to have lower liposomal permeability
than hydrophobic drugs (Allen and Cullis 2013). Since the retention
properties of drugs in liposomes are drug-dependent, specific in-
vestigations of drug-loaded formulations are needed on a case-by-case
basis to gain more information on system stability, particularly
regarding drug leakage.

TEM imaging of the selected liposomal preparations is depicted in

Fig. 2. The TEM images confirm the presence of liposomal vesicles with a
comparable size range to the DLS measurements. The shape of some
liposomal vesicles was distorted due to the sample preparation processes
required for TEM imaging. For studies focusing on liposomal
morphology, cryo-TEM is often preferred over conventional TEM due to
its ability to preserve the original structure of liposomes. However, in
this study, TEM was not employed to examine detailed liposomal
morphology. Instead, it complemented DLS measurements by providing
visual confirmation and approximate size estimates.

Based on the initial characterization and promising long-term sta-
bility, one formulation from each liposome type (neutral F1, cationic
FL4, and anionic FL7) was selected for further investigation regarding
their interactions with microbial cells and biofilm.

3.2. Liposomal fusion with planktonic microbial cells

In this study, liposomal fusion with planktonic microbial cells was
measured using two different methods i.e., lipid mixing and flow cyto-
metric assay. After 30 min of incubating microbial cells with liposomes,
no fusion was detected with S. aureus and C. albicans, while measurable
fusion was detected with E. coli based on the lipid mixing assay (data not
shown). After 3 h of incubation, measurable fusion was observed with all
microbial cells tested with using the lipid mixing assay (Fig. 3a). For
each type of liposome tested, the fusion with microbial cells follows the
order E. coli > S. aureus > C. albicans. Although the differences were not
found to be statistically significant, a similar trend in the data was seen
with the flow cytometric assay (Fig. 3b): liposomal fusion with E. coli
was significantly higher than S. aureus for both neutral and cationic li-
posomes. No fusion was detected with C. albicans with flow cytometry
which could be due to lower sensitivity of the method compared to lipid
mixing assay. These results indicate that fusion with gram negative
bacteria is higher than with gram positive bacteria and fungi, respec-
tively, regardless of the liposomal charge and composition.

As observed in this study, a higher degree of liposomal fusion with
gram negative bacteria was also reported in literature after evaluating
the fusion of negatively charged liposomes with various gram negative
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FL1
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FL4
Cationic Liposomes

Anionic Liposomes

Fig. 2. TEM micrographs showing liposomal vesicles of neutral liposomes (DPPC:DOPE 50:50), cationic liposomes (DPPC:DOPE:DOTAP 50:40:10) and anionic li-
posomes (DPPC:DOPE:DOPG 50:40:10) after preparation.
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Fig. 3. The effect of liposomal charge on fusogenic behaviour with microbial cells measured as percentage fusion (mean + SD) by: (a) lipid mixing assay and (b) flow
cytometry on Escherichia coli, Staphylococcus aureus and Candida albicans after 3 h of incubation. (*) indicates statistically significant difference (P < 0.05).
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and gram positive bacteria (Wang et al. 2016). The differences in the
degree of liposomal fusion between the two types of bacterial cells could
arise from the presence of the outer membrane in gram-negative bac-
teria, which contains a substantial amount of phospholipids in its inner
leaflet (Silhavy et al. 2010, Ma et al. 2013, Wang et al. 2016). Studies
investigating the mechanisms of liposomal fusion with gram positive
and gram negative bacteria report that the processes occur through
distinct approaches. With respect to gram negative bacteria, liposomes
fuse with the outer membrane due to the chemical structural similarity
(Wang et al. 2016, Scheeder et al. 2023). In contrast, gram positive
bacteria and fungi lack an outer membrane. Therefore, liposomes are
thought to either be internalized by gram positive bacteria or perme-
ating through the cell wall pores followed by interaction with the
cellular membrane (Scheeder et al. 2023). Bacterial biofilms have long
been a primary focus of research in medical microbiology due to their
significance in human disease. However, fungal biofilms are increas-
ingly being recognized for their critical role in pathogenesis, particularly
as a major contributor to hospital-acquired infections associated with
medical devices (Ramage et al. 2012, Wang et al. 2024). Many clinically
relevant fungi, such as C. albicans, are known to form biofilms and
colonize prosthetic devices. C. albicans is the third most common cause
of intravascular catheter-related infections (Martinez and Fries 2010).
To our knowledge, interaction of fusogenic liposomes with fungal cells
has not been reported in the literature up until now. Fusogenic lipo-
somes may represent a promising novel delivery system for antifungals.
Unlike the gram positive bacterial cell wall, which is composed of
peptidoglycans and lipoteichoic acid, the fungal cell wall is composed of
various layers of mannoproteins, p-glucan and chitin (Brown et al.
2015). The complexity of the fungal cell wall may limit liposomal
internalization and interaction with the cell envelope, which could
explain the lower liposomal fusion with C. albicans compared to S. aureus
in this work. These findings suggest a potential tolerance of fungal cells
to liposomal internalization and emphasize the necessity for further
liposomal optimization to improve their uptake by fungal cells.

In the present work, a comparative analysis of different liposomal
surface charges on microbial fusion revealed statistically significant
difference only in the case of E. coli. Here, a significant difference was
observed in the fusion percentage among liposomes with varying surface
charges as detected by lipid mixing assay (Fig. 3a). Despite the differ-
ences observed with S. aureus and C. albicans being not statistically
significant, the trend suggests that for each type of microbial cell, the
extent of liposome fusion followed the order: neutral > cationic >
anionic. More studies would be required to see if statistical significance
emerges. However, this trend was not detectable with flow cytometry
(Fig. 3b). This is possibly due to lower sensitivity of the method, which
may be unable to discriminate between the different liposomal formu-
lations. Electrostatic interaction between microbial cells and liposomes
is thought to be the first step for fusion. Cationic liposomes are reported
to attract to the negatively charged cell surface (Scheeder et al. 2023).
While for anionic fusogenic liposomes, the interaction is believed to rely
on the presence of divalent cations (e.g., calcium ions) in the sur-
rounding environment, which neutralize the charge and facilitate the
bridging of liposomal and cell surfaces (Wang et al. 2016). However, in
our study, fusion of neutral and anionic liposomes occurred even in
standard PBS, which lacks divalent cations. A similar observation was
reported by Mugabe et al. (Mugabe et al. 2006), after measuring fusion
of non-cationic liposomes with Pseudomonas aeruginosa using a flow
cytometer assay in PBS (Mugabe et al. 2006). Fusion of negatively
charged liposomes was observed in other studies, supporting their
inherent ability to fuse with microbial cells in absence of divalent cat-
ions (Ma et al. 2013, Wang et al. 2016). The authors suggested that the
main driving parameter for liposomal fusion is the chemical composition
of the bacterial cell envelope (Wang et al. 2016). For instance, they
attributed higher liposomal fusion with E. coli, as opposed to
P. aeruginosa, to the greater abundance of phosphatidylethanolamine in
the outer membrane composition in E. coli (91 %) compared to
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P. aeruginosa (71 %) (Wang et al. 2016). The results obtained in our
study suggest that both the chemical composition of the cell envelope
and the liposomal membrane influence fusion. The increased fusion
observed with neutral liposomes is likely due to the higher DOPE con-
tent in the neutral formulation (50 mol%) compared to the cationic
formulation (40 mol%). Although both DOTAP and DOPE share iden-
tical carbon chains, their head groups differ significantly. DOPE’s
smaller head group promotes inward-curving structures that enhance
the fusion (Scheeder et al. 2023). In contrast, DOTAP has a larger head
group and positive curvature, which favours outward-curving struc-
tures. These results demonstrate that lipid composition plays a crucial
role in facilitating fusion, while charge and electrostatic interactions
primarily mediate the attraction between the liposome and microbial
cell, enabling the fusion process to occur.

Although not all differences in liposomal fusion across microbial
cells were statistically significant, consistent trends were observed in
both the lipid mixing assay and flow cytometry. The lack of statistical
significance may reflect limitations in the sensitivity of the methods and
the inherent variability of biological samples, which can introduce
additional error. Nonetheless, the observed trends are consistent with
previous reports in the literature as discussed earlier. Given this, future
work with improved methodologies and bigger sample size may likely
show the trend to be statistically significant. Finally, as previously
noted, liposomal fusion in this study was assessed by incubation in PBS,
which does not fully represent the complexity of biological environ-
ments. The inclusion of complex microbiological media, which typically
contain biological extracts with non-defined chemical compositions,
could complicate the interpretation of the results. Subsequent studies
should explore liposomal behaviour in more complex growth media, as
these environments may affect the surface properties of the liposomes
and liposome-cell interactions, for instance protein corona formation on
the nanoparticle surface (Fleischer and Payne 2014, Graca et al. 2017).

3.3. Liposomal penetration into biofilm

In clinical settings, biofilms are complex and often polymicrobial
(Yang et al. 2011). Nonetheless, S. aureus is considered to be one of the
microbes most commonly involved in biofilm-related infections associ-
ated with medical implants (Zhao et al. 2023). With this in mind,
S. aureus was chosen to evaluate the effect of liposomal charge on the
liposome ability to penetrate and persist within a preformed biofilm.
The ability of fusogenic liposomes to enhance antibiofilm activity of
antimicrobial agents has been previously documented (Scriboni et al.,
2019). However, to our knowledge this is the first study to investigate
the interaction of fusogenic liposomes with preformed biofilms. In
general, nanoparticle interactions with the biofilm matrix are mostly
based on the physicochemical properties of the different nanoparticles.
Particle size, surface charge, shape and hydrophobicity are among the
critical factors (Fulaz et al. 2019). Images obtained by confocal laser
scanning microscopy (CLSM) and 3D visualisations generated using
ImageJ software are presented in Fig. 4. All three fusogenic liposomal
formulations, each representing a different surface charge, were capable
of penetrating and diffusing inside the different biofilm layers as
demonstrated by the confocal images. However, the ability of fusogenic
liposomes to interact with the biofilm varied, with cationic liposomes
exhibiting fluorescence intensities two and three times higher than those
of anionic and neutral liposomes, respectively. Similar findings were
reported by Ibaraki et al. (Ibaraki et al. 2020) after testing non-fusogenic
cationic and anionic liposomes on P. aeruginosa biofilms. Generally,
cationic nanoparticles demonstrate higher interaction with the biofilm
matrix due to the abundance of negatively charged molecules in the EPS
composition, including extracellular DNA and negatively charged
polysaccharides (Fulaz et al. 2019). Improved interaction of cationic
liposomes with biofilms may also be attributed to the electrostatic
attraction with negatively charged microbial cell surfaces (Malaekeh-
Nikouei et al. 2020).
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3.4. Hemocompatibility and cytotoxicity of cholesterol-free fusogenic
liposomes

To evaluate cytotoxicity of the prepared liposomes, a cell viability
study was performed on human dermal fibroblasts. The cell viability
assay is based on irreversible enzymatic reduction of Alamar blue to
resazurin by viable cells, which was then quantified using a fluorometric
assay (Kamiloglu et al. 2020). The results obtained from testing various

concentrations of the liposomes indicate the tolerance of human fibro-
blast cells to liposomal exposure (Fig. 5). Cell viability was greater than
90 % even with the highest concentration (15 mM) of all three liposomal
preparations tested. Generally, cell viability greater than 80 % is taken
to indicate non-toxic effects of the tested material (Lopez-Garcia et al.
2014). Furthermore, no significant differences in cell viability were
detected when comparing treatments with the different liposomal
preparations.
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Hemocompatibility of the liposomes was assessed by conducting a
haemolysis assay. Unlike the colouration observed in control wells after
inducing haemolysis with Triton X-100, no coloration was observed
after incubation with the liposomes for 3 h. Additionally, after
measuring the haemoglobin absorbance, the extent of haemolysis was
found to be less than 1 % compared to the full haemolysis found in the
presence of Triton X-100. Liposomal formulations offer outstanding
flexibility in terms of dosage form and administration route. At this
preliminary stage of development, where no antimicrobial agent is
incorporated, potential delivery methods for treating biofilm-associated
infections were investigated. This includes topical administration, such
as direct application to infected wounds, or parenteral administration
for systemic or inaccessible infection sites (Wu et al. 2015, Ciofu et al.
2017). The results from both the cytotoxicity and haemolysis assay
demonstrate a promising biocompatibility of the fusogenic liposomes,
supporting their potential application as antimicrobial drug delivery
systems for both parenteral and topical administration.

4. Conclusions

In this work, cholesterol-free fusogenic liposomes with neutral,
cationic, and anionic surface charges were formulated and characterized
as potential platforms for biofilm treatment. The high concentration of
DPPC in the liposomal formulations compensated for the absence of
cholesterol and contributed to improved in vitro stability. Liposomal
fusion was found to be higher with gram negative bacteria, followed by
gram positive bacteria and fungi. Neutral liposomes exhibited the
greatest fusion capacity with microbial cells, followed by cationic and
anionic liposomes respectively. Our investigations demonstrate that
liposomal fusion with microbial cells is a multifactorial process influ-
enced by the chemical composition of the liposomes, the liposomal
surface charge, and probably the components and structure of the mi-
crobial cell surface. The developed cholesterol-free, fusogenic liposomes
were found to be biocompatible and capable of penetrating the S. aureus
biofilm regardless of the liposomal charge. However, cationic liposomes
showed stronger interaction with the biofilm matrix. To summarise, this
study demonstrates that the liposomes described hold promise as drug
delivery platforms in antimicrobial treatment regimens and might
enhance the efficacy of antimicrobials against biofilm-related infections.
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Abstract
This study describes the development of fusogenic liposomes as a drug delivery system for the

hydrophobic antimicrobial peptide micrococcin P1 (MP1). The liposomes were formulated
using phospholipids with varying acyl chain lengths, with the goal of improving biofilm
eradication. Entrapment of MP1 in liposomes effectively improved its stability in solution, as
demonstrated by liquid chromatography-mass spectrometry monitoring over a two-month
period. Liposomal entrapment lowered the minimum inhibitory concentration of MP1 against
several Staphylococcus aureus strains, including clinical isolates, by 4- to 16-folds. Increasing
the phospholipid acyl chain length (16-carbon to 20-carbon) in the liposomal composition,
resulted not only in an improved entrapment of MP1, but also higher antibiofilm activity.
Confocal laser scanning microscopy imaging revealed that the MP1-loaded liposomal effect
was likely due to disruption of the biofilm matrix. At a concentration of 0.25 pug/mL, MP1
loaded in 1,2-diarachidoyl-sn-glycero-3-phosphocholine (DAPC)-based fusogenic liposomes
reduced biofilm cell viability by approximately 55%, compared to only 15% with free MP1
equivalents. However, the increased liposomal bilayer hydrophobicity via the longer acyl
chains compromised the physical stability of the fusogenic liposomes. While MP1-loaded
liposomes based on the shorter 16-carbon acyl chain 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC) remained stable for two months, the DAPC liposomes were only stable
for two weeks. The physical stability was improved by increasing the concentration of the
cationic phospholipid, 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP), from 25 mol%
to 50 mol% in the liposomal composition. Overall, these findings highlight the potential of
liposomal systems for delivering hydrophobic peptides like MP1 to Staphylococcus aureus

biofilms, offering promise for improving the treatment of biofilm-associated infections.

Keywords

Fusogenic liposomes; Micrococcin P1; Staphylococcus aureus; Biofilm; Hydrophobic peptide



1. Introduction

The development of new antibiotics is struggling to keep pace with the alarming rise of
antimicrobial resistance (1). In the last four decades, most of the antibiotics developed have
been based on existing antimicrobial agents already in clinical use (2, 3). Strenuous efforts are
being made to explore and develop new antibiotics for clinical application. Bacteriocins are
ribosomally synthesized antimicrobial peptides produced mainly by gram positive bacteria
and typically exhibit antimicrobial activity on closely-related bacterial species (4). Despite
being discovered nearly a century ago, bacteriocins have primarily been explored in the food
industry, resulting in the established used of nisin as a food preservative, rather than being
investigated in pharmaceuticals (5, 6). This limited application is mainly due to inadequate
toxicity data available for drug development, as well as the susceptibility of bacteriocins to
enzymatic degradation, which reduces their stability and bioavailability (5, 7). Micrococcin P1
(MP1) is a 26-membered ring-based thiopeptide that is produced by bacterial strains from
various genera, including Micrococcus and Staphylococcus (8). It exerts its antibacterial effect
by targeting the 50S ribosomal subunit and disrupting protein synthesis (8-10). It has
demonstrated antimicrobial activity against various infectious bacterial strains, including
methicillin-resistant Staphylococcus aureus (MRSA) strains, which is designated as a high-
priority global health threat by the World Health Organization (WHO) (11, 12). It has also been
shown to work synergistically with other antimicrobial agents, reducing S. aureus cell viability
within established biofilms (12, 13). MP1 has been found to be non-cytotoxic to human
hepatic, monocytic, embryonic kidney and skin keratinocyte cell lines (14, 15). Given this
background, MP1 holds promise as a safe and effective antimicrobial agent for use against
antibiotic-resistant bacteria, and as such would be a valuable addition to current antibiotic

treatments.

Being peptides, bacteriocins are highly prone to chemical degradation, which often leads to a
substantial reduction in their antimicrobial efficacy (7). Despite its reported remarkable
antibacterial activity, the hydrophobicity and poor water solubility of MP1 have restricted its
development into a pharmaceutical product (14, 16). The use of nanoparticulate drug delivery
systems offers a potential solution to overcome the limitations associated with bacteriocins
as pharmaceutical therapeutics (7, 17). Most of the studies reported in the literature involve

nanoparticle loading with the bacteriocin nisin, which resulted in enhanced antimicrobial



activity, reduced enzymatic degradation and improved bioavailability (7). Loading MP1 in
polymeric polycaprolactone nanoparticles has been reported to enhance its antibacterial
activity after in vitro and in vivo testing (14). Liposomes, as vesicles composed of phospholipid
bilayers, are a versatile drug delivery system capable of entrapping hydrophobic drugs. They
stand out as a promising nanoparticle platform due to their exceptional biocompatibility,
ability to prevent drug degradation and enhanced biofilm penetration (18, 19). Several studies
have reported the advantageous effects of nisin entrapment in liposomes (6, 7); however, the

liposomal entrapment of MP1 has yet to be explored.

A recent study revealed that naturally secreted MP1 integrates into bacterial membrane
vesicles, enhancing its ability to diffuse through aqueous environments despite MP1’s
hydrophobic nature (20). On reaching its target bacterial cell, the membrane vesicles carrying
MP1 fuse with the cell, enabling MP1 to exhibit its antimicrobial effect (20). As such, using
liposomes as drug delivery systems closely mimics this natural process (18). Additionally, the
resemblance of liposomal structure to biological membranes, facilitates liposomal fusion with
microbial cells (19). This fusion capability can be enhanced by integrating fusogenic
phospholipids like 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) into the liposome
formulation, increasing their flexibility and forming fusogenic liposomes (21). The ability of
fusogenic liposomes to enhance the antimicrobial and antibiofilm activity of various
antimicrobial agents has been previously reported in the literature (22-24). Additionally,
liposomal entrapment is beneficial to shield sensitive molecules, such as peptides, from
inactivation and degradation (25). Incorporating MP1 in fusogenic liposomes may protect it
from degradation, facilitate its diffusion in aqueous environments and promotes fusion with
target cells, thus mimicking the behaviour of naturally secreted bacterial MP1 integrated into

membrane vesicles.

In the present study, fusogenic liposomes based on phospholipids with various acyl chain
lengths (C16, C18 and C20) were prepared for entrapping MP1. The liposomes were
characterized and evaluated in terms of physicochemical properties, drug entrapment
efficiency, and antimicrobial and antibiofilm activity on S. aureus, including a number of
clinical isolates. To our knowledge, this study is the first to successfully develop a liposomal
formulation of MP1 and investigate the effects of MP1 liposomal entrapment on its

antimicrobial and antibiofilm activities.



2. Materials and methods

2.1. Materials

The lipids 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-distearoyl-sn-glycero-3-
phosphocholine (DSPC), 1,2-diarachidoyl-sn-glycero-3-phosphocholine (DAPC), 1,2-dioleoyl-
3-trimethylammonium-propane (DOTAP), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
(DOPE) and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B
sulfonyl) (18:1 Liss Rhod-PE) were purchased from Avanti Polar Lipids (Alabaster, AL, USA).
Cation-adjusted Mueller Hinton broth (MHB), tryptic soy agar (TSA) and tryptic soy broth (TSB)
were purchased from Oxoid/Thermo Fischer (MA, USA). Triton X-100, 4',6-diamidino-2-
phenylindole (DAPI), dimethyl sulfoxide (DMSO), Tween 80, vancomycin hydrochloride
(Product No. 94747) and phosphate buffered saline (PBS) tablets were purchased from Merck
(Darmstadt, Germany). D-luciferin sodium salt was purchased from Gold Biotechnology (St
Louis, MO, USA). Acetonitrile and formic acid, both HPLC/MS grade, and high purity
chloroform and methanol were purchased from VWR BDH Chemicals (Oslo, Norway). PD-10
prepacked columns (Sephadex G-25M) were purchased from Cytiva/Merck (Darmstadt,
Germany). Ultrapure water (Milli-Q, Merck Millipore, Germany) was used in the preparation
of liposomes and high-performance liquid chromatography-mass spectrometry (HPLC-MS)
analyses. Staphylococcus aureus (ATCC 29213) was purchased from American Type Culture
Collection (Rockville, MD, USA). S. aureus Xen 29 bioluminescent bacteria derived from ATCC
12600 was purchased from Revvity (MA, USA). S. aureus clinical isolates P14 and P20 were
obtained from the eyes of patients diagnosed with severe dry eye disease in a study conducted
by our research group, as previously described (26). MP1 from S. equorum was purified and

provided by AgriBiotix AS, Norway, as previously published (27).

2.2. Preparation of fusogenic liposomes
Fusogenic liposomes were prepared by a standard thin film hydration—extrusion method (28),
incorporating 0.5 mg/mL MP1 and 75 mM total lipid concentration. Different combination of
phospholipids and MP1 were dissolved in chloroform and the solutions evaporated to dryness
in a rotary evaporator. To ensure complete removal of organic residues, lipid films were
further dried under vacuum overnight. The lipid films were subsequently hydrated above the

phase transition temperatures (Tm) of the main saturated phospholipid incorporated in the
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liposome: 41°C for DPPC, 55°C for DSPC, and 66°C for DAPC, as indicated by the phospholipids
supplier (29). Hydration was performed using 5 mM phosphate buffer, pH 9. After preparation,
samples were stored at 4°C to equilibrate overnight. Size reduction was performed by
extrusion above the phase transition temperature first through 400 nm followed by 200 nm
polycarbonate membranes (Avanti Polar Lipids, USA) using a Mini-Extruder (Avanti Polar
Lipids, USA). Each extrusion step included 11 passes through the polycarbonate membrane.
As controls, empty liposomes without MP1 were also prepared using the same method.

Liposomal dispersions were stored under nitrogen at 4°C throughout the entire study.

2.3. Characterization of fusogenic liposomes
Before particle size and zeta potential measurements, liposomal preparations were diluted
1:40 with 5 mM phosphate buffer, pH 9. Particle size and polydispersity index (PDI) were
measured by dynamic light scattering (DLS) using a Zetasizer Ultra (Malvern Panalytical Ltd,
UK). Each sample was measured three times at 25°C with backscattering angle at 173° and a
refractive index of 1.33. The zeta potential was determined based on electrophoretic light
scattering (ELS) principles using the same instrument. Each sample was measured three times
at 25°C with refractive index of 1.33. Liposomal characterization was carried out 24 h after
preparation (i.e., time point zero) and at various time intervals over three months to evaluate

the in vitro stability of the formulations (n = 3 for each formulation).

Transmission electron microscopy (TEM) micrographs of empty liposomal preparations were
obtained using a negative-staining embedding technique. Samples were prepared following a
previously published protocol (30), with some modifications. A 5 uL drop of each liposomal
formulation was adsorbed onto a carbon-coated copper grid (300 mesh), which was glow
discharged to create a charge opposite to that of the liposomes. After a 30-second contact
time, the grid was washed twice with Milli-Q water for one minute each time. The samples
were then exposed to a 20 pL drop of 1% (w/v) uranyl acetate for 30 seconds, followed by a
second treatment of 30 seconds duration with a fresh drop of the same solution. For
embedding, the grids were transferred to a 20 uL drop of a mixture of 0.4% (w/v) uranyl
acetate and 1.8% (w/v) methylcellulose, followed by 2 minutes of incubation on a second drop
of the same mixture. For drying, the grids were picked up with 3.5 mm metal loops, creating

a thin layer of methylcellulose by gently dragging the loop's edge across filter paper to remove
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excess liquid. The thin layer of methylcellulose was then allowed to air dry before imaging by

TEM (JEM-1400, JEOL Ltd, Japan) at 120 kV.

2.4. Quantification of MP1 in liposomes
After extrusion and equilibration over night at 4°C, unbound MP1 was separated from the
liposomes using PD-10 prepacked columns and eluted with 5 mM phosphate buffer, pH 9.
Eluted liposomes were then mixed with 1% Triton X-100 (1:1) and sonicated (Elmasonic S30,
Elma Ultrasonic Technology, Germany) for 5 minutes to break the liposomal membrane and
release the entrapped MP1. Subsequently, samples were diluted with a mixture of
acetonitrile: water (1:1) + 0.1% formic acid and then analysed by HPLC (1290 Infinity Il, Agilent
Technologies, Germany). MP1 was quantified using a UV detector at 280 nm and a quadrupole
mass spectrometry (MS) detector employing a C18 column (Gemini-NX - 3um - 110A - 150 x
4.6 mm, Phenomenex, USA) and a gradient mobile phase method as described in the
supplementary materials (Supplementary Table S1). Entrapment efficiency in percentage

(EE%) was calculated using the following equation:

Amount of MP1 in liposomes (mg)
Total amount of MP1 added (mg)

EE% = x 100 (i)

The chemical stability of MP1 entrapped into liposomes, following the removal of free MP1,
was monitored across different formulations at specified intervals over two months of storage
at 4°C. The same sample preparation and quantification method described above was used.
The chemical stability of liposomal-MP1 was compared with that of free MP1 prepared by
dissolving MP1 in methanol, and diluting it with 5 mM phosphate buffer (pH 9) to a final
concentration of 25 mg/mL. The free and liposomal-MP1 preparations were stored under

identical conditions prior to analysis.

2.5. Determination of minimum inhibitory concentration (MIC)
The minimum inhibitory concentration (MIC) was determined by the broth microdilution
method. Stock solutions of MP1 and vancomycin (1600 pug/mL) were prepared in DMSO. Serial
dilutions in DMSO were performed according to CLSI guidelines (31), yielding concentrations

from 800 to 1.56 pug/mL. Each concentration was further diluted 1:100 in either MHB with or



without 0.002% Tween 80, resulting in final concentrations ranging from 8 to 0.0156 pg/mL.
A 100 pL aliquot of each dilution was added to round-bottom polystyrene 96-well microtiter
plates (Corning®, USA). For MP1-loaded liposomes, dilutions were prepared to obtain MP1
concentration of 8 pg/mL, based on the actual entrapment efficiency (EE%) quantified by
HPLC-MS. Serial dilutions were then performed in MHB with or without 0.002% Tween 80 to
achieve concentrations ranging from 8 to 0.0156 pg/mL. A 100 uL aliquot of each dilution was
added to the microtiter plates. Equivalent amounts of empty liposomes were diluted with
growth medium in separate wells as controls. Bacterial inoculums of S. aureus (DSM 2569, Xen
29, clinical isolates P14 and P20) were prepared from overnight TSA cultures incubated at 37
°C. Bacterial colonies were suspended in 0.9% NaCl to reach a 0.5 McFarland turbidity
measured spectrophotometrically (=102 CFU/mL), then diluted in cation-adjusted MHB with
or without 0.002% Tween 80 to achieve =10° CFU/mL in each well. Uninoculated wells served
as negative controls, and inoculated wells without antibiotics as positive controls. Plates were
incubated at 37 °C for 18 h, and MICs were determined visually by two researchers according

to CLSI guidelines (31).

2.6. Screening of antibiofilm activity of MP1-loaded liposomes
The S. aureus Xen 29 strain was cultured to form biofilms in 96-well, flat-bottom, white
polystyrene plates (Corning®, USA) as previously described (32). S. aureus (Xen 29) bacterial
broth was prepared by suspending bacterial colonies from overnight TSA culturesin 0.9% NaCl
to achieve a 0.5 McFarland standard. This was followed by dilution in tryptic soy broth (TSB)
supplemented with 1% (w/v) glucose to a final concentration of 10°> CFU/mL. Two hundred pL
were then transferred to each well and incubated at 37°C for 72 h before treatment. Growth
medium was carefully replaced every day with fresh medium taking care not to disrupt the
biofilm. At the end of the incubation period, growth medium was gently removed, and wells
were washed once with PBS. Then wells were treated by addition of vancomycin, free MP1 or
MP1-loaded liposomes diluted with the growth medium to yield concentrations equivalent to
%xMIC, MIC, 2xMIC, 4xMIC, 8xMIC, 16xMIC and 32xMIC (n = 5). Other wells were treated
with empty liposomes, while only growth medium was added to the control wells. After 24 h
incubation, wells were carefully washed twice with PBS. Subsequently, 150 uL of growth

medium containing luciferin (150 pg/mL) was added to the wells and biofilm material was



dispersed in this by scrapping each well with a sterile dental micro applicator brush
(Guangzhou Jaan Medical, China) to allow a uniform contact of cells with luciferin. Plates were
then incubated for 1 h at 37°C followed by bioluminescence measurement using a multimode
plate reader (Victor Nivo, Perkin EImer®, USA). The experiment was independently repeated
three times. The percentage change in biofilm metabolic activity after treatment was
calculated based on the reduction in bioluminescence, which serves as an indication of biofilm

viability as follows:

Biolum. ¢est

% Change in Biofilm Metabolic Activity = x 100 (i)

Biolum. control

where Biolum.test and Biolum.control are the measured test and control bioluminescence,

respectively.

2.7. Treatment of established biofilm on polytetrafluoroethylene (PTFE)
PTFE, commonly used as a biomedical material for catheter production, was selected as the
surface for biofilm formation. S. aureus (Xen 29) bacterial broth was prepared in TSB with 1%
glucose, as detailed in section 2.6. Before inoculation, 1 cm PTFE rods were disinfected by
immersion in sterile water at 70°C for 30 minutes, followed by a rinse with 70% ethanol and
three washes with sterile water. Subsequently, rods were placed in a sterile Eppendorf tube
(two rods per tube) and 0.5 mL of bacterial suspension was added. Biofilms were allowed to
form on the PTFE rods over 72 h at 37°C, with orbital shaking at 60 rpm; fresh medium was

supplied every 24 h.

After the incubation period, rods were rinsed once in PBS and transferred to new tubes.
Treatment was performed by adding 0.5 mL of either free MP1 or MP1-loaded DAPC
liposomes in growth medium at concentrations of %xMIC, MIC, 2xMIC, 4xMIC, 8xMIC,
16xMIC, and 32xMIC (n = 3). Other rods were incubated without antimicrobial agents as
positive controls, while others were incubated without cells as negative controls. Rods were
incubated for 24 h at 37°C, then washed twice in PBS and transferred to tubes prefilled with
0.2 mL of growth medium containing luciferin (150 pug/mL) and sterile 0.1 mm glass beads.
Biofilms were dispersed by vortex mixing for 20 seconds, sonication for 5 minutes, and
another 20 seconds vortex mixing. Tubes were then incubated statically for 1 h at 37°C. After

incubation, tubes were vortex mixed again for 20 seconds, and 150 pL biofilm suspension was

9



transferred to 96-well, flat-bottom, white polystyrene plates (Corning® USA) for
bioluminescence measurement. The percentage change in cellular metabolic activity after
treatment was calculated as described in equation (ii), section 2.6. The experiment was
independently repeated two times with newly prepared liposomal formulation and freshly

cultured bacteria.

2.8. Biofilm analysis with confocal laser scanning microscopy (CLSM)

2.8.1. Biofilm preparation
Biofilms were prepared using S. aureus Xen 29 broth in TSB with 1% glucose, as detailed in
section 2.6. One millilitre of the bacterial suspension was added to each well of 4-well
chamber slides (Nunc Lab-Tek Il CC2, Thermo Scientific) and incubated at 37°C with shaking at
60 rpm for 72 h to allow biofilm formation. The medium was carefully replaced daily without
disrupting the biofilms. After incubation, biofilms were washed twice with sterile water before

treatment.

2.8.2. Imaging of biofilm penetration by empty liposomes
To assess liposomal penetration, fluorescently labelled DPPC, DSPC, and DAPC liposomes were
prepared as outlined in Section 2.2, with 0.5 mol% Rho-PE. Liposomes were diluted 1:1 in
growth medium and added to biofilms. Slides were incubated at 37°C with shaking at 60 rpm
for 24 h. Following incubation, biofilms were washed twice with sterile water and stained with
100 pL of DAPI solution (0.1 pg/mL) for 30 minutes. The stain was then removed, and wells
were washed twice with sterile water before fixing the biofilms with 1% paraformaldehyde in
0.9% NaCl. After fixation, wells were washed twice with sterile water, and 50 pL of antifade
mounting solution (AFR3, Citifluor Ltd, UK) was added. Confocal microscopy (TCS SP8 STED,
Leica Microsystems, Germany) was used to examine the samples, and z-stacks were acquired
for 3D visualisation of the biofilms using Image) software (National Institutes of Health,

Maryland, USA).

2.8.3. Imaging of biofilm after treatment with MP1 and MP1-loaded DAPC liposomes
The antibiofilm effects were evaluated using CLSM as previously described (32, 33). Briefly,
established biofilms were treated with free MP1 and MP1-loaded DAPC liposomes at
concentrations equivalent to »%xMIC, MIC, 2xMIC, 4xMIC, 8xMIC, 16xMIC, and 32xMIC.
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Control wells contained only fresh medium. Wells were incubated at 37°C with orbital shaking
at 60 rpm for 24 h. After incubation, biofilms were washed twice with sterile water, followed
by the addition of 200 uL of the FilmTracer™ LIVE/DEAD® Biofilm Viability Kit staining solution
to each well. The staining solution was prepared by adding 3 pL of SYTO 9 stain and 3 L of
propidium iodide stain to 1 mL of sterile water. Slides were incubated at room temperature
for 30 minutes, protected from light. The staining solution was then removed, and wells were
rinsed twice with sterile water. Finally, 50 pL of antifade mounting solution (AFR3, Citifluor

Ltd, UK) was added, and the slides were sealed with a coverslip.

Biofilms were imaged using the confocal microscope as previously mentioned (section 2.8.2),
and image processing and 3D visualisation were performed using Imagel) software. The
experiment was repeated twice with freshly prepared liposomal formulations and cultured
bacteria. Cell viability was determined by counting SYTO 9-stained live (green) and propidium
iodide-stained dead (red) cells in five randomly selected areas per well. The percentage of

viable cells was calculated as follows:

Number of live cellS green celis)

% Cell Viability = x 100 (i)

Total number of cellS(green & red cells)

2.9. Statistical analysis
Results are expressed as the mean * standard deviation (SD). Significant differences between
treatments were evaluated using analysis of variance (ANOVA), with the Bonferroni correction
applied to adjust the significance level for multiple comparisons. For experiments involving
only two treatments (section 3.6), significance was assessed using a t-test. A significance level

of P-value = 0.05 was used to determine statistical significance.
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3. Results and Discussion

3.1. Characterization of fusogenic liposomes
Particle size, PDI, zeta potential and entrapment efficiency of empty and MP1-loaded
liposomes after preparation are presented in Table 1. All liposomal formulations exhibited
particle sizes less than 500 nm and narrow size distributions (PDI < 0.2), which are considered
favourable for biofilm penetration (34). The particle size increased slightly with increasing
phospholipid carbon chain length from C16 in DPPC to C20 in DAPC for both empty and MP1-
loaded liposomes. Incorporating MP1 within liposomes, however, led to a decrease in
liposomal size. Similar findings have been reported by Jaradat et al. for liposomal formulation
of the hydrophobic drug paclitaxel (35). The authors attributed this reduction in size to tighter
packing of the drug within the liposomal bilayer (35). This explanation may also apply to the
obtained results in our study, as hydrophobic interactions between MP1 and phospholipid
molecules likely contribute to tight liposomal membrane packing effect. TEM imaging of
empty liposomal vesicles is shown in Fig. 1. The vesicle sizes observed using TEM are
comparable to the results obtained using the DLS method. The TEM image of DAPC liposomes
shows larger particle size and broader size distribution compared to the images with the other

liposomal formulations.

DPPC - Liposomes £

DSPC - Liposomes

DAPC - Liposomes &

Fig. 1. TEM micrographs of empty liposomes containing different acyl chain length phospholipids: 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) and 1,2-
diarachidoyl-sn-glycero-3-phosphocholine (DAPC).
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Table 1. Particle size (presented as Z-average), PDI, zeta potential and percentage entrapment efficiency (EE%)
presented as mean * SD (n = 3) for empty and drug-loaded liposomal formulations characterized at time point

zero, following preparation.

Zeta Entrapment
Liposomal Phospholipid Z-Average Polydispersity
potential Efficiency
formulation  composition (mol %) (nm) £ SD index (PDI) £ SD
(mV) £SD (EE%)
DPPC:DOPE:DOTAP
MP1-DPPC 105.0+ 3.9 0.08+0.016 +25.2+0.8 16.36 £ 6.2
(37.5:37.5:25)
T
o g DSPC:DOPE:DOTAP
S ° MP1-DSPC 116.4+5.4 0.06£0.015 +249t1.6 18.77 £6.0
: 8 (37.5:37.5:25)
Q.
Q. —
s - DAPC:DOPE:DOTAP
MP1-DAPC 159.7+4.4 0.04+0.016 +25.3%1.7 21.03 5.7
(37.5:37.5:25)
DPPC:DOPE:DOTAP
DPPC 1354+12.3 0.08+0.014 +239%4.2 -
(37.5:37.5:25)
(7]
- g DSPC:DOPE:DOTAP
2 o DSPC 148.3+12.5 0.07+0.032 +23.8+3.2 -
E 3 (37.5:37.5:25)
w o
= DAPC:DOPE:DOTAP
DAPC 219.7 £ 56.8 0.15+0.067 +235*14 -

(37.5:37.5:25)

The measured positive zeta potentials (Table 1) reflect the presence of the positively charged
lipid DOTAP in the liposomal formulation. DOTAP was incorporated into liposomes to facilitate
electrostatic attraction between the liposomes and anionic MP1 at pH 9, thus enhancing MP1
entrapment during preparation. Moreover, the entrapment of MP1, did not alter the zeta
potential, suggesting that MP1 is predominantly entrapped within the liposomal membrane
rather than adsorbed onto the surface. The EE% values indicate a trend, where increasing the
phospholipid acyl chain length leads to a slight increase in EE%. The highest EE% was observed
with 20-carbon DAPC liposomes (21%), followed by 18-carbon DSPC (19%) and 16-carbon
DPPC liposomes (16%) (Table 1). Since the DOPE and DOTAP contents were consistent across
all liposomal formulations, the observed differences in EE% can be attributed to the acyl chain
length of phosphatidylcholine. Lipid composition is known to influence EE% of hydrophobic
drugs based on their partitioning in the liposomal bilayer (36). In this case, stronger

hydrophobic interactions between the longer DAPC chains and the hydrophobic peptide MP1

13



enhanced drug entrapment within the membrane. Additionally, the lipid composition is also
known to influence liposomal properties such as membrane thickness and fluidity, which may

also have consequences for the EE% and overall physical stability of the liposomal vesicles (36).

3.2. In vitro stability of MP1 and MP1-loaded liposomes
The physical stability of the liposomal formulations, both with and without MP1, over a two-
month period is presented in Fig. 2a-c. Both empty and MP1-loaded DPPC liposomes exhibited
robust physical stability, maintaining a consistent particle size with only a slight increase in
PDI, which remained well below 0.2. However, the stability decreased with longer acyl chain
lipids in the liposomal formulation. The particle size of empty DSPC liposomes gradually
increased from 148 nm on day one to 196 nm after two months. MP1-loaded DSPC liposomes
were even more unstable, with particle size doubling within four days and reaching on average
407 nm by the end of two months (Fig. 2a-b). The observed increase in PDI values corresponds
with the particle size data, indicating reduced size uniformity across the liposomal
formulations. Both empty and MP1-loaded DAPC liposomes exhibited a similar trend to DSPC
but with a more rapid decline in stability. Their average particle size exceeded 800 nm, with a
PDI approaching 0.4 after just 14 days. The appearance of visible particulates after 21 days

prevented further monitoring (Fig. 2a—b).

Previous studies suggest that liposomes composed of saturated lipids with high transition
temperatures (Tm) generally exhibit greater stability than those with lower Tr, (37, 38). Since
Tm increases with acyl chain length, the poor stability of DAPC liposomes (Tm = 66°C) was
unexpected. However, the liposomes in our study differ from previous formulations as they
contain the fusogenic phospholipid DOPE. The high proportion (37.5 mol%) of this unsaturated
and flexible lipid appears to impact the membrane stability. Based on the current data, it
remains unclear whether the observed increase in particle size is due to aggregation, fusion,
or a combination of both. Additionally, all formulations contained 25 mol% DOTAP, which
should be sufficient to prevent aggregation via electrostatic repulsion. The stable zeta
potential values throughout the study indicate no significant surface charge alterations,
despite the observed changes in liposomes size and PDI (Fig. 2c). MP1-loaded liposomes
exhibited even lower stability than their empty counterparts, likely due to MP1 incorporation

into the liposomal bilayer, further destabilizing the membrane. This aligns with previous
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reports linking peptide entrapment to liposomal instability, which can result in liposome

aggregation, fusion or leakage (39).
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Fig. 2. In vitro stability of DPPC, DSPC, and DAPC phospholipids stored at 4°C over a period of two months. Empty
lipids (dashed line) and MP1-loaded liposomes (solid line) were investigated in terms of (a) liposomal sizes
presented as Z-average, (b) polydispersity indices (PDIs), (c) zeta potentials and (d) chemical stability of liposomal

entrapped MP1 versus free MP1. The bars and the data points in the graphs represent mean £ SD (n = 3).

The stability of MP1 in aqueous solution was compared to its stability when incorporated into
various liposomal formulations after the removal of unbound MP1 (Fig. 2d). The MP1 content
measured by HPLC-MS gradually decreased over time across all samples. However, this
decrease was significantly smaller for MP1-liposomal formulation. The peptide loss could
result from the adsorption of the hydrophobic MP1 onto the container surface (40, 41) and/or
chemical hydrolysis of MP1 over time. However, liposomal entrapment effectively minimized
this effect, as MP1-loaded formulations retained significantly higher peptide content than free
MP1 in solution throughout the study (Fig. 2d). No significant differences (P < 0.05) in MP1
content were observed among the liposomal formulations during the first two weeks of the

study. Monitoring of MP1-loaded DAPC liposomes was discontinued at this point due to their
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previously described physical instability. By day 28, MP1-loaded DPPC liposomes showed a
greater reduction in MP1 content than DSPC liposomes. This may be due to the shorter acyl
chain of DPPC, which provides weaker hydrophobic interactions with MP1, leading to leakage
and a faster decline in peptide content over time. Collectively, these findings demonstrate
that liposomal entrapment effectively shields and protects MP1 during storage, with the

degree of protection depending on the specific liposomal composition.

3.3. Minimum inhibitory concentration (MIC) of MP1 and MP1-loaded liposomes
In this study, fusogenic liposomes were prepared by the inclusion of DOPE at a uniform
concentration of 37.5 mol% in all liposomal preparations. Fusogenic liposomes are expected
to exhibit a higher tendency for liposomal fusion with microbial cells compared to
conventional liposomes, potentially enhancing the delivery and antimicrobial activity of MP1
(22-24). The MIC assay was used to assess the effectiveness of MP1-liposomal entrapment
against planktonic bacteria. MIC values for free MP1, MP1-loaded liposomes, and vancomycin,
with and without 0.002% Tween 80, were measured across various S. agureus strains and
presented in Table 2. The MIC for vancomycin against the quality control strain S. aureus ATCC
29213 fell within the CLSI guideline range (0.5-2 pg/mL) (31), confirming the validity of the
experimental procedure. Empty liposomal formulations showed no antimicrobial activity, with

bacterial growth similar to the positive control.

In a previous study using chemically synthesized MP1, the MIC against S. aureus ATCC 29213
was reported as 4 ug/mL (9), consistent with our findings for MP1 in the absence of Tween 80
(Table 2). Adding small amounts of surfactants like Tween 80 to MIC assays is a common
approach to prevent antimicrobial adsorption to the plastic microplate surface (42), which is
particularly relevant for the hydrophobic compounds as MP1. Our results showed that MIC
values for the hydrophilic vancomycin remained unchanged in the presence of Tween 80

(Table 2), whereas those for hydrophobic MP1 and MP1-loaded liposomes varied.

Without Tween 80, MP1-loaded liposomes exhibited lower MIC values than free MP1 across
all tested S. aureus strains, highlighting the role of liposomal entrapment in maintaining MP1's

antimicrobial activity. This aligns with findings by Liu et al. (14), who reported that
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incorporating MP1 into polycaprolactone nanoparticles reduced MIC values from 0.5 to 0.125

ug/mL against S. aureus in the absence of Tween 80.

The acyl chain length of the liposomal composition also influenced MIC values. Upon removal
of Tween 80, MIC values increased. DSPC- and DAPC-based MP1 liposomes showed a 0- to 4-
fold rise, while DPPC-based liposomes exhibited an increase of up to 8-fold (Table 2). The
larger MIC increase observed with DPPC liposomes may be due to weaker hydrophobic
interactions between MP1 and the shorter DPPC acyl chains, leading to greater MP1 leakage.
In contrast, free MP1 was rapidly depleted due to adsorption onto the microplate surface in
the absence of Tween 80, contributing to the observed MIC increase. These findings align with
the conclusion by Liu et al. (20), that MP1’s hydrophobicity limits its antimicrobial efficacy and

that an effective drug delivery system is critical to overcoming this limitation (20).

Table 2. MIC (pg/mL) for different S. aureus strains tested with free MP1, MP1-loaded liposomes and

vancomycin, both with and without addition of 0.002% Tween 80 to the growth medium (n = 3).

S. aureus strain

ATCC 29213 Xen 29 P14 P20
MP1 0.25-0.5 0.03-0.125 0.06-0.125 0.25-0.5
L
F=
3 S MP1 - DPPC 0.25-0.5 0.03-0.06 0.03-0.06 0.125-0.25
E &
E 'qé MP1 - DSPC 0.25-0.5 0.03-0.06 0.03-0.06 0.125-0.25
E X
§ g MP1 - DAPC 0.25-0.5 0.03-0.06 0.03-0.06 0.125-0.25
o S
o Vancomycin 1 1 1 05-1
- MP1 2-4 1-2 1-2 2-4
3
p= MP1 - DPPC 1 0.25 0.25 1
; o
g 0
3 c MP1 - DSPC 0.5 0.125 0.125 0.25
]
£ 32
_E - MP1 - DAPC 0.5 0.125 0.125 0.25
S
g Vancomycin 1 1 1 1

In the presence of Tween 80, a marked decrease in MIC was observed for all tested S. aureus

strains with free MP1. This reduction suggests that Tween 80 minimized MP1 loss by
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adsorption, thereby enhancing its antimicrobial activity. Moreover, free MP1 and MP1-loaded
liposomes demonstrated similar MIC values, indicating that liposomal entrapment did not

compromise the antimicrobial activity of MP1.

3.4. Microscopic evaluation of biofilm penetration by empty liposomes
The ability of empty fusogenic liposomes (based on DPPC, DSPC, and DAPC) to penetrate a
mature S. aureus biofilm was evaluated using CLSM imaging. These liposomes also included
the cationic lipid DOTAP in their composition. Generally, nanoparticle interactions with the
biofilm matrix depend on their physicochemical properties, such as particle size, surface
charge and hydrophobicity (43). CLSM 2D images and 3D visualizations generated with Image)
software showed that all three liposomal formulations penetrated and diffused within the
biofilm layers (Fig. 3). These results are in line with the importance of nanoparticulate size and
positive surface charge for biofilm interaction. The positive surface charge of nanoparticles
has been reported to facilitate strong electrostatic interactions with negatively charged
biofilm components, such as extracellular DNA, and enhances binding to negatively charged
microbial cell surfaces within the biofilm (43, 44). These findings indicate that the liposomal
preparations described in this study have potential as effective drug delivery systems for

antimicrobial agents targeting biofilm-associated infections.

Liss Rhodamine PE Merged - 2D Merged - 3D

DPPC -Liposomes

DSPC -Liposomes

DAPC -Liposomes

Fig. 3. Biofilm penetration of empty liposomes prepared using phospholipids with various acyl chain length
(DPPC, DSPC and DAPC) shown as 2D images representing biofilm cells (DAPI) and liposomes (Liss Rhodamine)

and as 3D visualizations obtained from CLSM z-stacks.
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3.5. Screening of antibiofilm activity of MP1 and MP1-loaded liposomes
S. aureus is among the pathogens most commonly associated with implant-related biofilm
infections (45). Screening the antibiofilm activity of free MP1, MP1-loaded liposomes and
vancomycin was performed using bioluminescent S. aureus Xen 29. The results from three
independent experimental rounds of testing are shown in Fig. 4a-c. For purposes of
comparison, the effect of the empty liposomes on the biofilm is presented in Fig. 4d. The
concentration of empty liposomes used as a control matches the amount of liposomal
material present in MP1-loaded liposomes, ranging from 4xMIC to 32xMIC. As the
concentration of empty liposomes increased, a gradual decrease in the measured metabolic
activity of biofilm cells was seen (Fig. 4d). Since empty liposomes demonstrated no
antimicrobial effect in MIC testing (Section 3.3), the observed reduction in metabolic activity
is likely due to a decrease in biofilm mass rather than direct effects on cellular viability.
Liposomal penetration into the biofilm may cause slight structural disruption, leading to cell
detachment from the matrix, which in turn could reduce the measured metabolic activity of
the biofilm. Mu et al. (46) reported the ability of gold nanoparticles to disrupt established
biofilms after coating the particles with phosphatidylcholine. The ability of amphiphilic
molecules, such as phospholipids, to disrupt biofilms is frequently reported in the literature
(47-49). In another study involving cationic liposomes (50), scanning electron microscopy
confirmed a significant reduction in biofilm mass following treatment with empty liposomes.
In our work, the effect of empty, cationic liposomes on biofilm was more pronounced with
DAPC-based liposomes. Here, a 0.6 mM lipid concentration (equivalent to 16xMIC) resulted in
an approximately 40% decrease in the metabolic activity, whereas the corresponding values
for both DPPC and DSPC liposomes were less than 10% (Fig. 4d). Moreover, by comparing the
activity of various MP1-loaded liposomes (Fig. 4a-c), the antibiofilm activity was generally
found to follow the order: MP1-DAPC > MP1-DSPC > MP1-DPPC. The greater effect of MP1-
loaded DAPC liposomes is in agreement with the observed effect of the corresponding empty
liposomes and suggests the influence of the phospholipid acyl chain length on the liposomal-
biofilm matrix interaction. However, further research work is needed to clarify the reason for

this effect.
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biofilm in 96-well plates measured as percentage changes in biofilm metabolic activity in three independent
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presented as mean = SD (n = 5).

MP1-loaded DAPC liposomes showed a significant reduction (P < 0.05) in biofilm metabolic
activity at 8xMIC concentration, decreasing by about 50% in two rounds of testing (Fig. 4a, c)
and 20% in one round (Fig. 4b), while free MP1 showed no antibiofilm activity at this
concentration. The difference in the effects of free MP1 and MP1-loaded DAPC liposomes
became insignificant at and beyond 16xMIC. At a concentration of 1 pg/mL (equivalent to
32xMIC), MP1-loaded DAPC liposomes reduced the biofilm metabolic activity by
approximately 80% in all three rounds of testing. These findings suggest a promising
antibiofilm application for MP1-loaded DAPC liposomes at low concentrations. Additionally,
vancomycin showed antibiofilm activity at concentrations of 16 and 32 pg/mL, which is

equivalent to 16xMIC and 32xMIC, respectively (Fig 4a-c). Based on the screening results of
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various MP1-loaded liposomes, the DAPC-based liposomes were selected for further

investigations on established biofilms formed on a biomedical material (PTFE).

Despite the enhanced antimicrobial activity of MP1-loaded liposomes compared to free MP1
in MIC tests without Tween 80 (Table 2), the antibiofilm activity of free MP1 was comparable
to or even superior to that of MP1-loaded DPPC and MP1-loaded DSPC liposomal formulations
(Fig. 4a-c). This could be explained by the hydrophobic nature of MP1, which promotes its
adsorption to hydrophobic surfaces such as the plastic microtiter wells. This adsorption may
increase the concentration of MP1 in close proximity to the surface-attached biofilm, thereby
enhancing its antibiofilm activity. In contrast, during MIC testing, free MP1 is more likely to
adhere to the container surface rather than interact with planktonic cells freely suspended in
the medium. Similar hydrophobic interactions influencing various antibiotics have been
previously suggested in the literature (32, 42, 51). For instance, a previous study reported that
higher concentrations of the hydrophilic vancomycin were required to treat S. aureus biofilm

on PTFE surfaces compared to the more hydrophobic teixobactin analogues (32).

3.6. Effect of MP1 and MP1-loaded DAPC liposomes on established biofilm
The ability of MP1-loaded liposomes to eradicate biofilm was further investigated against a
preformed S. aureus Xen 29 biofilm on PTFE, which is a biocompatible and inert material. PTFE
is commonly used for production of biomedical devices and implants such as catheters and
prosthetic joint implants (52). DAPC-based liposomes were selected due to their promising
results in MIC testing and antibiofilm activity screening. The measured change in the biofilm
metabolic activity after two independent rounds of testing is shown in Fig. 5. No changes were
detected in the metabolic activity at concentrations below 0.25 pg/mL with either free MP1
or MP1-loaded DAPC liposomes. In the first round of testing, MP1-loaded DAPC liposomes
demonstrated a significant (P < 0.05) reduction in the biofilm metabolic activity by
approximately 70% at 0.25 pg/mL, while free MP1 did not show an effect at the same
concentration (Fig. 5a). In the second round of testing, both free MP1 and MP1-loaded DAPC
demonstrated antibiofilm effect at 0.5 pg/mL with a decrease of approximately 70% and 85%
in metabolic activity, respectively (Fig. 5b). Unlike the larger difference in antibiofilm activity
between MP1-loaded DAPC liposomes and free MP1 observed in the 96-well plate screening

(section 3.5), the difference on preformed biofilm on PTFE was smaller. This could be due to
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the thinner biofilm formed on the PTFE rods, as evidenced by the lower level of
bioluminescence measured in both experimental controls. This observation was expected
given the inherent resistance of PTFE to biofilm formation compared to other surfaces (53,

54).
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Fig. 5. The effect of free MP1 and MP1-DAPC liposomes on S. aureus preformed biofilm on a biomedical surface
(PTFE) measured as percentage changes in cellular metabolic activity in two independent rounds of testing (a)

and (b). Data are presented as mean £ SD (n = 3).

Live/dead cell staining with CLSM enabled direct evaluation of the effect of MP1-loaded DAPC
liposomes on established biofilms, visualising biomass eradication and complementing the
metabolic activity assessments (section 3.5). CLSM analysis of cellular viability following
treatment with varying concentrations of free MP1 and MP1-loaded DAPC liposomes on
preformed S. aureus biofilm is presented in Fig. 6a. Cell viability decreased with increasing
concentrations of both free MP1 and MP1-loaded DAPC liposomes. However, the liposomal
preparation exhibited a significantly greater reduction (P < 0.05) at 0.25 pg/mL (45.8 + 8.2%)
compared to free MP1 (84.7 + 6.7%). A higher concentration (1 pug/mL) of free MP1 was
required to reduce the cell viability below 50%. Additionally, MP1-loaded DAPC liposomes
caused notably greater biofilm disruption compared to free MP1, as evident from CLSM
images at 1 ug/mL (Fig. 6b). These findings demonstrate that liposomal entrapment enhances
MP1 efficacy against biofilm at lower concentrations. The combined cationic and fusogenic
properties of the liposomes probably play a key role in promoting biofilm disruption and
facilitating MP1 uptake into the biofilm-embedded cells, thereby enhancing antimicrobial and

antibiofilm activity.
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where live and dead cells are depicted in green and red, respectively. The control contains only growth medium.

3.7. Liposomal formulation optimization
Although MP1-loaded DAPC liposomes demonstrated superior drug delivery to biofilms
compared to other MP1-liposomal formulations, they were physically unstable (Fig. 2). To
enhance the in vitro stability of the formulation without compromising its antibiofilm activity,
minor adjustments to the lipid composition were made and subsequently tested. This
alteration in the composition also offered insights into the mechanisms underlying liposomal
behaviour in agueous media and their interaction with biofilms. In the modified formulation,
denoted as “MP1-DAPC II”, the amount of cationic DOTAP was increased from 25 to 50 mol%,
while both the fusogenic DOPE and DAPC components were reduced from 37.5 to 25 mol%.

These modifications were intended to minimize potential aggregation by increasing
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electrostatic repulsion between the liposomes, and to enhance membrane stability by
decreasing the amount of flexible lipid (DOPE). The results of testing showed that the initial
characteristics of both MP1-loaded DAPC liposomes were comparable (Table 3), but the
physical stability of formulation Il was significantly improved, with the modified liposomes
remaining stable over two months of monitoring, confirming our hypothesis (Fig. 7).
Additionally, the EE% of MP1 increased from 21 £ 5.7% in MP1-loaded DAPC to 27 + 2.6% in

the optimized formulation.

Table 3. Particle size (presented as Z-average), PDI, zeta potential and percentage entrapment efficiency (EE%)

presented as mean + SD (n = 3) of MP1-DAPC and MP1-DAPC Il liposomes characterized after preparation.

Zeta Entrapment
Liposomal Phospholipid Z-Average Polydispersity
potential Efficiency
formulation composition (mol %) (nm) £ SD index (PDI) £ SD
(mV) £ SD (EE%)

DAPC:DOPE:DOTAP
MP1-DAPC 159.7+4.4  0.04+0.016 +253+1.7  21.03+5.7
(37.5:37.5:25)

DAPC:DOPE:DOTAP

MP1-DAPC I 132.7+7.6 0.08+0.013 +234+1.1 27.04+2.6
(25:25:50)
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Fig. 7. In vitro stability of MP1-DAPC and MP1-DAPC Il (modified composition) liposomes stored at 4°C over a
period of two months. Physical stability was monitored by measuring liposome size as Z-average (solid line) and

polydispersity index (PDI) (dashed line). Data points represent the mean + SD (n = 3).
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Additionally, the modified liposomal formulation demonstrated improved chemical stability
of MP1, with 89 £ 4.7% of MP1 remaining stable after 14 days, compared to 69.7 + 2.8% in
MP1-DAPC. Even after two months, the MP1 content of the optimized formulation remained
relatively high at 83 + 5.7%. The enhanced chemical stability and entrapment efficiency of the
optimized liposomal formulation may be attributed to the increased cationic DOTAP content
(50 mol%), which strengthens electrostatic interactions with the negatively charged MP1

molecule, providing better entrapment and protection against loss of MP1.

Although the modified liposomes exhibited improved physicochemical properties, their
antimicrobial activity, as determined by MIC assays, remained unchanged. The MIC values for
the optimized liposomal composition (MP1-DAPC Il) were identical to those of the original
MP1-DAPC liposomes, both in the presence and absence of Tween 80, for all tested S. aureus
strains. These findings are promising, as they indicate that the liposomal composition
optimisation did not negatively impact the antimicrobial activity. However, the optimized
liposomal preparation exhibited reduced antibiofilm activity compared to MP1-DAPC but
remained comparable to free MP1 as documented in the supplementary material (figure S1).
This decrease in antibiofilm activity may be attributed to the lower DAPC content (reduced
from 37.5 to 25 mol%), emphasizing the influence of acyl chain length of phospholipids on
liposomal-biofilm interactions, as discussed earlier in this study (section 3.5). Overall, while
the modified MP1-DAPC liposomes enhanced physical stability, further optimization is

required to fine-tune their antibiofilm activity for optimal performance.

25



4. Conclusions

In this work, fusogenic liposomes were developed as drug delivery systems for the bacteriocin
MP1 targeting S. aureus biofilm. The effect of the fusogenic liposomes prepared with
phospholipids of different acyl chain length on the antimicrobial and antibiofilm activity was
investigated. Our study demonstrates that liposomal entrapment of MP1 improves its stability
in aqueous solution and enhances the antimicrobial and antibiofilm activity. The latter effect
was dependent on the acyl chain length of the phospholipid incorporated in the fusogenic
liposomal composition. Increasing the acyl chain length from C16 to C20 (in DAPC-based
liposomes) was found to further enhance MP1 entrapment efficiency. The MP1-loaded DAPC
liposomes were superior in disrupting the S. aureus biofilm matrix. However, they were less
stable in vitro compared to the liposomes containing shorter acyl chain phospholipids (DPPC
and DSPC). The physical stability of DAPC-based liposomes was improved by increasing the
concentration of the cationic phospholipid DOTAP while reducing DAPC. However, this
adjustment led to a reduction in antibiofilm activity, highlighting the influence of the
phospholipid acyl chain length on the liposome-biofilm interaction. In summary, the findings
in this study highlight the potential of fusogenic liposomes as effective drug delivery systems
for hydrophobic peptides, such as MP1, and may lead to improved treatment strategies for

biofilm-associated infections.
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Supplementary material

HPLC-MS method for quantification of micrococcin P1 (MP1):

MP1 was quantified using UV detector at 280 nm and quadrupole mass spectrometry (MS)
detector at positive polarity using single ion monitoring (SIM) mode at 572.7 (m/z) mass.
Separation was done using a C18 column (Gemini-NX - 3um - 110A - 150 x 4.6 mm, Phenomenex,
USA), with a flow rate at 0.7 mL/min using a gradient method with mobile phase A (water + 0.1%
formic acid) and mobile phase B (acetonitrile + 0.1% formic acid) as demonstrated in the
following table.

Table S1. Chromatographic gradient mobile phase composition for MP1 analysis.

Time (min) Mobile Phase A (%) Mobile Phase B (%)
0 60 40
20 0 100
22 20 80
25 20 80
26 60 40
30 60 40
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Fig. S1. The effect of MP1-loaded DAPC liposomes before and after liposomal composition optimization on S.
aureus preformed biofilm in 96-well plates measured as percentage change in biofilm metabolic activity in three
independent rounds of testing (a), (b) and (c). Data presented as mean + SD (n = 5).
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Abstract

The treatment of infections caused by biofilm-forming organisms is challenging. The newly discovered antibiotic teixobactin
shows activity against a wide range of biofilm-forming bacteria. However, the laborious and low-yield chemical synthesis
of teixobactin complicates its further development for clinical application. The use of more easily synthesized teixobactin
analogues may offer promise in this regard. In this article, three newly developed analogues were tested for efficacy against
Staphylococcus aureus and Enterococcus faecalis. Minimum inhibitory and -bactericidal concentrations were investigated.
MIC values for S. aureus and E. faecalis ranged from 0.5-2 and 2-4 pg/mL, respectively. Moreover, the ability of the
analogues to prevent biofilm formation and to inactivate bacterial cells in already established S. aureus biofilm on medical
grade materials (PVC and PTFE) used in the production of infusion tubing and catheters were also tested. The analogues
showed an ability to prevent biofilm formation and inactivate bacterial cells in established biofilms at concentrations as low
as 1-2 pg/mL. Confocal laser scanning microscopy showed that the most promising analogue (TB3) inactivated S. aureus
cells in a preformed biofilm and gave a reduction in biovolume. The relative ease of synthesis of the analogues and their
in vitro efficacy, makes them promising candidates for pharmaceutical development.
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Introduction

Biofilms are the main cause of approximately 80% of recur-
rent and chronic microbial infections [1]. They can be either
>4 Ahmed M. Amer associated with the use of medical devices or can be formed
ahmedame@oslomet.no on tissues resulting in various types of chronic infections [2].
Department of Life Sciences and Health, Oslo Metropolitan The tolerance of biofilms for antibiotics can be attributed
University (OsloMet), Pilestredet 50, 0167 Oslo, Norway to among other factors, limited drug diffusion through the
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extracellular polymeric substances (EPS) and to cell con-
version from the planktonic to dormant state with altered
metabolic activities [2, 3]. The release of EPS and formation
of the biofilm matrix is a fundamental step in the process of
biofilm development. It protects the cells from the surround-
ing environment (e.g. components of the immune system
and antibiotics) and provides mechanical and structural sup-
port. The EPS mostly consists of proteins, polysaccharides,
extracellular DNA and lipids, all of which have a wide range
of functions including adhesion, water retention, structural
integrity and enzymatic activity [4]. In addition to being a
physical barrier to antibiotic penetration, the biofilm matrix
also plays a role in antibiotic degradation [5]. Bacterial cells
inside the biofilm have in some cases been shown to be 1000
times more tolerant to antibiotics than planktonic cells [5].

Biofilm infections notably contribute to the emergence
of antimicrobial resistance (AMR) through the transfer of
resistance genes on mobile genetic elements, such as plas-
mids, inside the biofilm matrix [6]. Furthermore, biofilm
formation is often associated with the development of
hypermutator phenotypes of bacteria, which can show up to
1000-fold increases in mutation rates [1]. Mortality relat-
ing to AMR in 2019 was estimated at 1.27 million deaths
based on data gathered from 204 countries [7]. Numbers are
estimated to reach 10 million annually by 2050 if no firm
actions are taken to resolve the problem [8, 9]. Unfortu-
nately, the development of new antibiotics is being outpaced
by the rapid increase of AMR. Over the past 40 years, most
of the developed antibiotics were derived from antimicro-
bial agents already in clinical use. No antibiotics with novel
modes of action have made it to the market since lipopeptide
antibiotics emerged in the 1980s [10, 11].

In 2015, a novel class of antibiotics represented by the
agent teixobactin was discovered. Teixobactin is produced
by a newly discovered species provisionally named Elefthe-
ria terrae [12]. Teixobactin is believed to exert its antimicro-
bial activity primarily by targeting lipid II and lipid III which
are precursors for cell wall peptidoglycan and teichoic acid,
respectively. The effect is generally limited to inhibition of
cell wall synthesis in gram-positive bacteria, as the outer
membrane of gram-negative bacteria prevents teixobactin
penetration. Teixobactin demonstrated in vitro antimicrobial
activity against multidrug resistant (MDR) bacteria, includ-
ing methicillin-resistant Staphylococcus aureus (MRSA) and
vancomycin-resistant Enterococci (VRE) [12]. Despite its
potential as a new drug candidate, the chemical synthesis
of teixobactin is challenging due to the presence of L-allo-
enduracididine amino acid in the macrocyclic depsipeptide
structure of teixobactin [13]. Methods for L-allo-endura-
cididine synthesis are multistep, laborious and with a rela-
tively low yield. Therefore, new teixobactin analogues have
been synthesised mainly by replacing L-allo-enduracididine
with common and commercially available amino acids [14].
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Structure—activity relationships (SAR) studies revealed that
L-allo-enduracididine substitution by non-polar leucine at
position 10 maintained significant antibacterial activity [13].
However, the substitution resulted in increased structural
hydrophobicity, which is a common barrier to drug formula-
tion and pharmaceutical development [13, 15]. To restore the
hydrophilic/hydrophobic profile of the natural teixobactin
molecule, a teixobactin analogue (D-Arg4-Leul0-teixobac-
tin) was synthesised by replacing glutamine at position 4
with the cationic amino acid arginine [15]. This new, syn-
thetic analogue demonstrated promising antimicrobial activ-
ity against both MRSA and VRE strains [15].

In the present study, the antimicrobial and antibiofilm
activity of D-Arg4-Leul0-teixobactin along with two struc-
turally related novel analogues, D-Arg4-Nlel0-teixobactin
and D-Arg4-NvalO-teixobactin (Fig. 1), on the clinically
important species S. aureus and Enterococcus faecalis were
investigated. To our knowledge, this is the first study looking
at the effect of teixobactin analogues on biofilm formation
and treatment of mature biofilms on biomedical polymers
used for production of medical devices and implants.

Materials and Methods
Materials

S. aureus (ATCC 29213) and E. faecalis (ATCC 29212)
were purchased from American Type Culture Collection
(Rockville, MD, USA). S. aureus clinical isolates P14 and
P20 and E. faecalis clinical isolate P40 were isolated in
our laboratory from the eyes of patients diagnosed with
severe dry eye disease [16]. As previously described [16],
the isolates were collected from the lower conjunctival
sac and grown on a range of selective and non-selective
agars. E. faecalis was identified after growing the isolate
on Enterococcus selective agar and by partial sequencing
of 16S rRNA. S. aureus was identified based on DNase
production and latex slide agglutination (detecting clump-
ing factor and protein A) in addition to 16S rRNA gene
sequencing [16]. Additionally, the identity of the isolates
was confirmed by whole genome sequencing. Protocols
for 16S RNA and whole-genome sequencing are avail-
able in the supplementary data (Supplementary file 2).
Cation-adjusted Mueller Hinton broth (MHB), tryptic
soy broth (TSB), tryptic soy agar (TSA) and maximum
recovery diluent (MRD) were purchased from Oxoid/
Thermo Fischer (MA, USA). Vancomycin HCI (Product
No. 94747), triphenyl tetrazolium chloride (TTC), crystal
violet (CV) (ACS reagent C6158), Tween 80, dimethyl sul-
foxide (DMSO) and phosphate buffered saline (PBS) tab-
lets were purchased from Merck (Germany). FilmTracer™
LIVE/DEAD® Biofilm Viability Kit was purchased from
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Invitrogen (USA). Natural teixobactin was provided by
Novobiotic Pharmaceuticals (Cambridge, MA, USA).
Teixobactin analogues were synthesized and provided by
Dr. Ishwar Singh at Institute of Translational Medicine,
University of Liverpool, as previously described [15]. All
analogues were > 90% pure as determined by HPLC-MS.
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Chemical Formula: CsgHggN14014
Exact Mass: 1214.74

Determination of Minimum Inhibitory
Concentration (MIC) and Minimum Bactericidal
Concentration (MBC)

MIC was determined using the broth microdilution
method. Briefly, a stock solution 1600 pg/mL in DMSO
of each antimicrobial compound was prepared. Vanco-
mycin and natural teixobactin were used as quality con-
trols. Serial dilutions were done in DMSO according to
Clinical and Laboratory Standards Institute (CLSI) guide-
lines [17] to yield concentrations ranging from 1600 to
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3.125 pg/mL. Each concentration was further diluted with
MHB + 0.002% Tween 80 (1:100) to obtain final concen-
trations ranging from 16 to 0.03 pg/mL. One hundred
pL of each final concentration was added to each well
to round-bottom polystyrene and polypropylene 96-well
microtiter plates (Corning®, USA) to investigate if plas-
tic type affects the MIC results. Bacterial inoculums of
S. aureus and E. faecalis were made from overnight cul-
tures on TSA grown aerobically at 37 °C by suspending
well-isolated colonies in 0.9% NaCl until 0.5 McFarland
(approximately 10% CFU/mL) was obtained spectropho-
tometrically. Suspensions were then diluted with cation-
adjusted MHB + 0.002% Tween 80 such that a final con-
centration of 10° CFU/mL was achieved in wells after
inoculation [17]. As a negative control, some wells with
growth medium were not inoculated with bacteria, while
other wells were inoculated with bacteria and without any
antibiotic as a positive control. Plates were incubated over-
night at 37 °C and the MICs were determined visually
by two researchers following the CLSI guidelines. After
MIC determination, 100 pL from all wells containing
TB analogues without visual bacterial growth (S. aureus
ATCC 29213 and E. faecalis ATCC 29212) was spread
out on TSA plates and incubated overnight at 37 °C. The
number of colonies was counted to determine MBC,
which is defined as the lowest antimicrobial concentra-
tion that kills > 99.9% of the microorganism in the inocu-
lum according to CLSI guidelines [18]. Experiments were
repeated three times on separate occasions as independent
experimental replicates.

Effect of Teixobactin Analogues on Planktonic
Growth

Inoculums of S. aureus (ATCC 29213) and E. faecalis
(ATCC 29212) were prepared by suspending well-isolated
colonies in 0.9% NaCl until 0.5 McFarland was obtained,
followed by dilution with growth medium TSB + 1% glu-
cose to a final concentration of 10> CFU/mL. Teixobactin
analogues or vancomycin were added in concentrations
equal to 2x MIC, MIC and 2 X MIC, and 2 mL of each
mix was pipetted in into 24-well plates with a clear flat
bottom (VisiPlates-24, PerkinElmer®, USA). Broth cul-
tures without teixobactin or without cells were used as
positive and negative growth controls, respectively. The
optical density (OD) of the growth curves was measured
with a multimode plate reader (Victor®, Perkin Elmer®,
USA) at 590 nm every 15 min for 16 h at 37 °C. The
curves were also plotted on a semi-logarithmic scale to
determine the onset of the exponential growth phase and
to calculate the culture doubling time (DT) as previously
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described [19]. The experiment was performed twice on
separate occasions as independent experimental replicates.

Inhibition of Biofilm Formation

Inoculums of S. aureus (ATCC 29213) and E. faecalis
(ATCC 29212) were prepared as described in “Effect of
Teixobactin Analogues on Planktonic Growth” section.
Teixobactin analogues or vancomycin were added to bacte-
rial suspensions in concentrations equal to ¥2x MIC, MIC,
2 xMIC and 4 x MIC. Two hundred pl from each concen-
tration for each mixture was transferred to wells (n=9)
in a 96-well polypropylene plate and incubated statically
overnight at 37 °C to allow biofilm formation. Ten wells
were incubated without antibiotic as positive controls.
After incubation, wells were examined visually for bacte-
rial growth and scored from O to + 4, where 0 presents no
growth and + 4 is the maximum growth obtained with the
positive control. Wells containing teixobactin analogues
with significant visible growth reduction compared to the
control were further assessed using three different meth-
ods i.e., colony counting, crystal violet (CV) assay and
activity staining. The biofilm inhibitory concentration
(BIC,), which is the lowest teixobactin analogue concen-
tration inhibiting biofilm formation by >90%, was deter-
mined using the results obtained by the different analysis
methods. Prior to testing, planktonic cells were carefully
removed by pipetting out the contents of each well and
gently washed three times with PBS. The experiment was
performed twice on separate occasions as independent
experimental replicates.

Colony Counting

The biofilm was suspended into 0.1 mL MRD +0.01%
Tween 80 by scraping the wells’ inner wall using a sterile
dental micro applicator brush (Guangzhou Jaan Medical,
China). The contents were transferred to a microtube con-
taining sterile 0.1 mm glass beads. To ensure maximal
biofilm recovery, the same procedure was repeated twice
for each well to obtain a final volume of 0.3 mL using the
same brush and pipette tip. Following this, the tubes were
sonicated (Elmasonic S30, Elma Ultrasonic Technology,
Germany) for 5 min and vortexed for 3 cycles of 30 s with
intermittent cooling to homogenize biofilms and release
cells prior to plating. The suspensions were then serially
diluted in MRD, plated on TSA, and incubated overnight
at 37 °C. After incubation, the number of colonies was
recorded and the percentage reduction in cell viability was
calculated compared to the control.
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Crystal Violet Assay

The assay was performed as previously described [20-22],
with slight modifications: 0.1% w/v CV in purified water
was prepared and filtered (0.22 um) to remove any particles.
Two hundred pl of the CV solution was added carefully to
each well without disrupting the biofilm and the plate was
incubated statically at 37 °C for 2.5 h. After incubation, the
CV solution was removed, wells were washed carefully three
times with PBS and 250 pl of 33% acetic acid was added
to extract the colour from the biofilm by orbital shaking
(Genie Temp-Shaker 100, Scientific Industries, USA) at 80
rpm for 15 min. Following extraction, 180 ul from each well
was transferred to a flat-bottomed polystyrene 96-well plate
and colour intensity was measured spectrophotometrically at
595 nm using the same plate reader (“Effect of Teixobactin
Analogues on Planktonic Growth” section). The percentage
reduction in biofilm formation was calculated compared to
control wells using the following equation:

shaking at 80 rpm. Fresh medium was replaced every day
without disrupting the biofilm. After three days, the plastic
pieces were washed three times with fresh PBS to remove
planktonic cells and transferred to 6-well polystyrene flat
bottom plates (Corning®, USA). To each well, 5 mL of
cation-adjusted MHB containing ¥2 X MIC, MIC, 2 x MIC,
4 xMIC and 16 X MIC of teixobactin analogues or vanco-
mycin were added to cover the rods. Plates were incubated
for 24 h at 37 °C with orbital shaking at 80 rpm. Three
plastic rods of each material were incubated without anti-
microbial agents as positive controls, while another three of
each material were incubated without cells as negative con-
trols. After incubation, rods were washed three times with
PBS. The experiment was performed twice on separate occa-
sions as independent experimental replicates. The extent of
inactivation of biofilm bacteria was assessed quantitatively
by colony counting and qualitatively by activity staining as
described below:

% Reduction = [(control absorbance — test absorbance)/control absorbance] x 100 (D

Activity Staining

The test was performed as previously described [23, 24],
with slight modifications: 200 pL of 0.05% w/v triphenyl
tetrazolium chloride (TTC) in TSB + 1% glucose was pipet-
ted carefully into each well and incubated statically at 37 °C
for 2.5 h. After incubation, the solution was removed, wells
were washed three times with PBS and 250 puL of metha-
nol was added to extract triphenyl formazan (TPF) colour
from the biofilm by orbital shaking at 80 rpm for 15 min.
Finally, 180 pL from each well was transferred to a new
flat-bottomed polystyrene 96-well plate and colour intensity
was measured spectrophotometrically at 490 nm. Percentage
reduction in biofilm formation was calculated according to

Eq. ().
Inactivation of Bacteria in Established Biofilms

Two structurally different materials used in biomedical
applications were tested in this study i.e., polytetrafluoro-
ethylene (PTFE for catheters production, Zeus Company,
USA) and polyvinyl chloride (PVC for intravenous infusion
tubing production, B. Braun, Germany). One cm rods of
each type of plastic were disinfected by incubation at 70 °C
in sterile water for 30 min followed by washing one time
with 70% ethanol and three times with sterile water. An
inoculum of S. aureus was prepared in TSB + 1% glucose
as previously described (“Effect of Teixobactin Analogues
on Planktonic Growth” section). Biofilm was allowed to
grow on the rods for three days at 37 °C with gentle orbital

Colony Counting

Each rod was placed in a tube containing 1 mL MRD-
broth+0.01% Tween 80 and sterile 0.1 mm glass beads.
The biofilm was then dispersed to free cells and plated on
TSA using the same procedure described in “Colony Count-
ing” section. After incubation, the number of colonies were
recorded, and biofilm eradication concentration (BEC) was
calculated as percentage reduction in CFU/mL relative to
the control.

Activity Staining

Plastic rods were placed individually in wells of 6-well
plates and covered with 5 mL of 0.05% w/v TTC solution in
TSB + 1% glucose and incubated at 37 °C with orbital shak-
ing at 80 rpm for 2.5 h. After incubation, rods were trans-
ferred to clean wells and colour intensity was graded visually
using a scoring system, where (—) represents no growth and
(+++) is the maximum growth. The colour intensity scor-
ing was performed separately by two researchers to ensure
fidelity in the interpretation.

Confocal Laser Scanning Microscopy (CLSM) Analysis
of Biofilms

An inoculum of S. aureus (ATCC 29213) was prepared
by suspending well-isolated colonies in 0.9% NaCl until
0.5 McFarland was obtained, and the suspension was then
diluted with TSB + 1% glucose to a final concentration of
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10° CFU/mL. Using 4-well chamber slides (Nunc Lab-Tek II
CC2, Thermo Scientific), 1 mL of bacterial suspension was
added to each chamber and allowed to grow for 72 h at 37 °C
with shaking at 60 rpm. The medium was replaced care-
fully each day without disrupting the biofilm. After incuba-
tion, spent medium was replaced with 1 mL fresh medium
containing 1, 2, 4 or 8 ug/mL of teixobactin analogue TB3
(n=3). Other wells were incubated with only medium as
control. TB3 was incubated with biofilms at 37 °C using low
speed agitation (shaking at 60 rpm) for 24 h. After incuba-
tion, medium was again removed, and wells were washed
twice with sterile water followed by addition of 200 pL of
FilmTracer™ LIVE/DEAD® Biofilm Viability Kit working
solution in each well. The working solution was prepared
by adding 3 pL of SYTO 9 stain and 3 pL of propidium
iodide stain to 1 ml of sterile water. Slides were incubated
for 30 min at room temperature protected from light. After-
wards, staining solution was removed, and chambers were
washed twice with sterile water. Finally, 50 pL of antifading
mounting solution (AFR3, Citifluor Ltd, UK) was added to
each well and sealed beneath a coverslip. The slides were
examined using a confocal microscope (TCS SP8 STED,
Leica Microsystems, Germany). Fluorescence intensity
measurements and 3D structures visualisation of the bio-
films were generated from z-stacks by using ImagelJ software
(National Institutes of Health, Maryland, USA). Percent-
age cell viability was calculated after counting the number
of live (green) and dead (red) cells in 5 randomly picked
spots from each well. Biovolume for each biofilm was deter-
mined by firstly measuring the area covered by cells (live
and dead) in all stacks after changing the images to binary
(black/white) and determining the pixels which corresponds
with bacterial cells using ImagelJ software [25]. Afterwards,
biovolume was calculated as reported by Heydorn et al. [26],
which is defined as the pixels corresponding to biomass mul-
tiplied by voxel size and divided by substratum area of the
image [26].

Statistical Analysis

Results are presented as the mean + standard deviation
(SD). SD was calculated across all runs and replicates as
the square root of the variance. The variance represents
the data point’s deviation from the mean and calculated by
taking the average of the squared differences between each
data point and the mean. Significant difference between vari-
ous treatments was determined using analysis of variance
(ANOVA) and Bonferroni correction is used to adjust the
significance level as multiple sets of results were involved
in the comparisons. This was done by dividing the signifi-
cance level (P value=0.05) by the number of comparisons
made. Whenever the SD value is not reported in the tables,
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it signifies that the experimental replicates yielded identical
results with no observed variability.

Accession Numbers of Clinical Isolates

The sequences of the clinical isolates used in this work
have been deposited at the National Centre for Biotechnol-
ogy Information (NCBI) repository under accession num-
ber SAMN40573642 for E. faecalis isolate P40 and acces-
sion numbers SAMN40573970 and SAMN40573973 for S.
aureus isolates P14 and P20, respectively.

Results

Determination of MIC and MBC

The MIC values reported are the average obtained with
polystyrene and polypropylene plates as no effect from the
plate material on MIC was observed (Table 1). The meas-
ured MIC for natural teixobactin was similar to that previ-
ously reported by Ling et al. [12] for S. aureus ATCC 29213
(0.25 pg/mL). Furthermore, MIC values for vancomycin
fell in the reported MIC range given in the CLSI guidelines
for both S. aureus and E. faecalis [17], thus confirming the
validity of the experimental approach. The newly developed
teixobactin analogues MIC values were 1-2 and 2—4 pg/mL
for S. aureus (ATCC 29213) and E. faecalis (ATCC 29212),
respectively. The analogues demonstrated comparable
microbiological activity on the clinical isolates of both bac-
terial strains as the MIC value for S. aureus clinical isolates
ranged from 0.5 to 2 pg/mL and was found to be 2 pg/mL
for the E. faecalis clinical isolate included in this study. The
MIC of TB1 has previously been reported as <0.0625 pg/mL
against the same S. aureus strain (ATCC 29213) by Parmar
et al. [15]. This disagreement might be due to the adoption
of different test procedures. The MIC values reported by
Parmar et al. were generally lower than those reported in
the literature [27, 28].

Table1 MIC (ug/mL) for S. aureus and E. faecalis with teixobactin
analogues (TB1-3), natural teixobactin and vancomycin

S. aureus E. faecalis

ATCC 29213 P14 P20 ATCC 29212 P40

TBI 1-2 1 05-1 4

TB2 1)-2° 1-2 1-2 2-(4)?

TB3 1-2 1 05-1 2-@)? 2
Teixobactin 0.25-(1) 1 0.25 2-4 1-2
Vancomycin 1 ND ND 2 ND

ND not determined

*The non-bracketed number occurred most often
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To determine whether an antimicrobial compound
is likely to be bactericidal or bacteriostatic, the MBC/
MIC ratio is usually calculated. Generally, an MBC/MIC
ratio <4 indicates bactericidal action [29]. MBC results for
S. aureus ATCC 29213 and E. faecalis ATCC 29212 with
all three analogues was found to be 8 pg/mL and > 16 pg/
mL, respectively. No MBC values were determined for
E. faecalis (ATCC 29212) at the concentrations investi-
gated. However, since the MBC was > 16 pg/mL and the
MIC was 2—4 pg/mL, the teixobactin analogues are bacte-
riostatic against the E. faecalis strain used in the present
study as MBC/MIC ratio will be > 4.

Effect of Teixobactin Analogues on Planktonic
Growth

As MIC values are endpoint measurements, growth curves
were generated to gain information on the activity of the
analogues during different phases of culture development.
The same medium was used to study both growth curves and
grow biofilms. The obtained growth curves (Fig. 2) were in
accordance with the MIC results as no growth was observed
in concentrations > MIC. At 2xX MIC, a measurable delay
in the onset of the exponential phase was observed for both
S. aureus and E. faecalis for all three teixobactin analogues
(Table 2). The doubling time (DT) is a variable that can
be used as a measurement of bacterial fitness. The ratio

0.9
--&-- Control - EXP1
0.8
—e—Control - EXP 2
0.7
i «aTB 1 - EXP1
£ ——TB1-EXP2
a £ os
o
> I R R il B ) D A Ry 474 A R R g T8 2- EXP1
w 04
©
(a]
O o3 ——TB2-EXP2
0.2 TB 3 - EXP1
0.1 TB3-EXP2
0 o ——Van
0
-0.1
0.7
--4-- Control - EXP 1
0.6
—e—Control - EXP 2
0.5
4 TB1-EXP1
b o ——TB1-EXP2

OD at 590 nm
(=]
w

Time (hours)

TB2-EXP1

——TB2-EXP2

TB3-EXP1

TB3-EXP2

10 12 14 16
——Van
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Table2 Time to onset of the exponential growth (log phase) and doubling times of S. aureus and E. faecalis without addition of any antibiotic

(control) and after treatment with teixobactin analogues or vancomycin

S. aureus ATCC 29213

E. faecalis ATCC 29212

Onset of exponential ~ Doubling time (h)

Onset of exponential ~ Doubling time (h)

growth (h) growth (h)
Exp 1 Exp 2 Exp 1 Exp 2 Exp 1 Exp 2 Exp 1 Exp 2
Control 3+0.2 25+03  0.42+0.027 0.41+0.017 325402 325+0.1 0.56+0.045 0.49+0.029
TB1 8.25+0.3 11.75+0.1 0.60+0.038 0.69+0.042 825+0.1 9+0.5 0.62+0.033 0.61+0.052 (1.09)*
(1.43) (1.68)* (1.12)*
TB2 8.25+0.1 8+0.2 0.74+0.035 0.85+0.061 12.25+£0.3 9.75+£0.4 0.91+0.063 0.67+0.049 (1.20)*
(1.76)* (2.07)* (1.63)*
TB3 ND ND ND ND 11.75+0.5 ND 0.84+0.048 ND
(1.50)*
Vancomycin 10+0.5 0.58+0.016 55+02 0.54+£0.027
(1.41)* (1.10)*

Exp 1 and Exp 2 denote the two separate experiments performed. Results shown as mean +SD and significant difference was determined using

analysis of variance (ANOVA) with Bonferroni correction (P value <0.05)

*Bracketed numbers are the fold increase in doubling time compared to the control

ND not determined

of increase in DT for each analogue compared to the con-
trol is given in Table 2. The period before the onset of the
exponential phase was greatest with TB3 for both S. aureus
and E. faecalis. In all but one experiment (experiment 1
with E. faecalis, Fig. 2), the onset of the exponential phase
exceeded 16 h. By comparison, the time to onset of exponen-
tial growth ranged from 8 to 12 h with TB1 and TB2. From
the calculated values for the doubling time (DT) presented
in Table 2, the DT for E. faecalis had an average increase of
11% and 42% with TB1 and TB2, respectively, while with
S. aureus the increase was notably higher at 56% and 92%,
respectively for the same analogues. Statistical analysis of
the results demonstrated significant delay in the exponential
phase onset with teixobactin analogues compared to the con-
trol with both bacterial species. No significant differences
were detected between the analogues tested. Moreover, the
changes observed in the doubling time with the analogues
were insignificant compared to the control. The results show
that the analogues affect bacterial ability to adapt and grow

even at ¥2X MIC. The less profound effect of the teixobactin
analogues on E. faecalis compared to S. aureus is in agree-
ment with the MBC/MIC results.

Inhibition of Biofilm Formation

The administration of prophylactic antibiotics and the use
of antibiotic coated medical devices to prevent biofilm for-
mation are among the currently implemented strategies for
combating biofilms in the clinical setting [30, 31]. There-
fore, testing the ability of antibiotics to prevent biofilm for-
mation is pertinent. Biofilm experiments were performed
in TSB + 1% glucose which is a commonly used growth
medium for studies involving both S. aureus and E. faecalis
biofilms [20-22, 32-35]. BIC,, was determined by three dif-
ferent methods which are among the most common measures
of biofilm quantification [36]. Results are summarized in

Table 3 Summary of biofilm
inhibitory concentration (BICy)

S. aureus ATCC 29213

E. faecalis ATCC 29212

values in pg/mL (mean +SD) Colony counting  Crystal violet ~ Activity staining Colony  Crystal violet Activity

for teixobactin analogues and counting staining

vancomycin determined with

three different methods TBI 4 4 4 8 8 ND
TB2 4 4 4 8 8 ND
TB3 3+141 3+141 3+141 4 4 ND
Vancomycin 1 1 1 2 >8 ND

@ Springer

The absence of SD value signifies that the experimental replicates yielded identical results with no

observed variability

ND not determined as no colour change was observed (see “Activity Staining” section)
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Table 3 as biofilm inhibitory concentration (BIC90) values
in pg/mL and presented for each method in detail below.

Visual Scoring and Colony Counting

Regarding S. aureus, all analogues achieved greater than
90% reduction in the number of viable cells relative to the
control at concentrations equal to 2 X MIC in both rounds of
testing. TB3 even showed slightly higher activity by inhib-
iting biofilm formation at 1 X MIC in one round of testing.
With respect to E. faecalis, similar results were obtained for
TB1 and TB2. For TB3, no visual growth was observed at
1 X MIC equivalent concentration in two independent rounds
of testing indicating higher antibiofilm activity than TB1 and
TB2 (Supplementary file 1—Table S1). These results are
in line with the growth curves observed for the teixobactin
analogues (“Effect of Teixobactin Analogues on Planktonic
Growth” section) suggesting the SAR effect of Nva substitu-
tion at position 10, which results in higher antimicrobial and
antibiofilm effect with TB3.

Crystal Violet Assay

CV staining is relatively easy to perform, less expensive
and less laborious than colony counting [36]. However, CV
is non-selective for cells and it stains negatively charged
biofilm matrix molecules (e.g. nucleic acids, polysaccha-
rides and proteins) [37]. Thus, the results represent the
whole biofilm mass including both cells and extracellular
components. In the present study, the calculated percentage
reduction in biofilm formation by CV staining was similar
to that obtained with colony counting (Supplementary file
1—Table S2). However, E. faecalis results with vancomy-
cin did not reflect the actual biofilm reduction observed by
colony counting. The deviation could be attributed to van-
comycin-induced production of one or more biofilm matrix
components which can possibly bind to crystal violet. Such
deviations can occur especially after stressful treatment of
bacteria with antibiotics [37]. These findings support the
importance of also including colony counting or similar
direct measures of cell viability when analysing biofilms.

Activity Staining

The calculated reduction in TPF production compared to the
control wells supports the colony counting and CV results
for S. aureus (Supplementary file 1—Table S3). Results
obtained with E. faecalis were inconclusive as no red colour
development was observed even in the control wells without
antibiotic treatment. The reason for this is not known but
suggests a limitation of using TTC as a measure of biofilm
production for this species. Biofilm formation may affect
the cells metabolic activity, and this may have affected the
assay outcomes.

Inactivation of Bacteria in Established Biofilms

All three teixobactin analogues demonstrated a concentra-
tion-dependent effect on S. aureus biofilm eradication on
both PVC and PTFE surfaces. Antibiotic concentrations
resulting in 50% and 90% eradication of the biofilm, BECy,
and BEC,, respectively, are presented in Table 4. All ana-
logues showed effective inactivation of bacterial cells in
the biofilm at concentrations as low as the MIC (1 pg/mL).
The activity of the analogues increased slightly in the fol-
lowing order TB3 >TB2 > TB1. Results from the activity
staining method (Table 5) showed similar patterns to colony
counting, where the activity slightly increased in the same
order (TB3>TB2>TB1). Despite the low MIC value for
vancomycin against S. aureus (1 pg/mL), BEC,, values of
vancomycin were 4- and 16-folds higher than the MIC with
PVC and PTFE, respectively.

Confocal Laser Scanning Microscopy (CLSM) Analysis
of Biofilms

The results obtained from CLSM images analysis after
testing different concentrations of TB3 on a preformed S.
aureus biofilm on glass chamber are presented in Fig. 3.
With respect to biofilm formation and inactivation, bacte-
rial cell viability is the most critical operational parameter,
as it directly influences biofilm production. Bacterial cell
viability was investigated using a combination of dyes where
actively metabolizing cells stain green and dead cells stain

Table 4 BECs, and BECy of S.

. PVC PTFE

aureus in pg/mL (mean + SD)

after treatment of PVC BECs; (ug/mL) BECy, (ug/mL) BECs; (ug/mL) BECy, (ug/mL)

and PTFE with teixobactin

analogues and vancomycin TBI1 1.5+0.71 5+4.24 4 4
TB2 1.5+£0.71 2 2 4
TB3 1.5+£0.71 1 1.5+0.71 3+1.41
Vancomycin 4 4 4 16

The absence of SD value signifies that the experimental replicates yielded identical results with no

observed variability

@ Springer
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Table 5 Qualitative scoring of S. aureus biofilm based on triphenyl formazan colour intensity on PVC and PTFE after treatment with teixobactin

analogues
Plastic type PVC PTFE
Scoring scale - -+ -+
-~ - -~
Concentration in pg/mL (MIC equivalent)’  Recorded colour scores
Exp 1 Exp 2 Exp 1 Exp 2
Control +++ +++ + ++
TB1
1 (2xMIC) + + + ++
2 (1xMIC) ++ + + +
4 (2xMIC) ++ + - +
TB2
1 (2xMIC) + + + ++
2 (1xMIC) ++ + - ++
4 (2xMIC) + + _ _
TB3
1 (2xMIC) + + + +
2 (1xMIC) + + - +
4 (2xMIC) + + - -

2At and above 8 pg/mL (4 X MIC) no colouration was observed

red. Increasing the concentration of TB3 resulted in propor-
tional significant decrease (P <0.05) in S. aureus viability
which was 34.2 +5.3% with the highest TB3 concentration
tested (8 pg/mL). Additionally, biovolume was calculated
to demonstrate the ability of TB3 to induce biofilm thinning
and removal. Biovolume represents the overall volume occu-
pied by the biofilm and is commonly used as a parameter in
biofilm studies as it provides valuable information regarding
the biofilm size and biomass [26, 38]. TB3 demonstrated the
ability to significantly disrupt preformed biofilm after treat-
ment for only 24 h. TB3 at 8 ug/mL concentration resulted
in decreased biovolume by approximately 75% compared
to the control.

Discussion

Antibiotic resistance is a global health threat, prompting
research aimed at the discovery and development of new
agents with clinical potential. Here we show that three eas-
ily synthesized analogues of the natural antibiotic teixobac-
tin, retain promising activity in vitro against the important
pathogens S. aureus and E. faecalis. All three teixobactin

@ Springer

analogues gave similar MIC values of 1-2 and 2—4 pg/mL
for S. aureus (ATCC 29213) and E. faecalis (ATCC 29212),
respectively. The activity also extended to the clinical iso-
lates of both species. Although the MIC values for the teixo-
bactin analogues were slightly higher compared to the ones
reported for natural teixobactin (this study and [12]), the
advantage of the analogues for future drug development, lies
in their relative ease of production compared with the natu-
ral product. Despite structural differences, the teixobactin
analogues seem to retain most of the bactericidal activity of
the natural teixobactin against S. aureus [12]. For S. aureus
strain tested in this work, the teixobactin analogues were
bactericidal, which is likely due to the inhibition of pepti-
doglycan and teichoic acid synthesis leading to disruption
of cell wall formation and cell lysis [39]. However, no bac-
tericidal effect was detected against E. faecalis, which can
probably be attributed to an E. faecalis intrinsic tolerance
mechanism against antibiotics targeting cell wall [40]. This
suggests a potentially restricted application of teixobactin
and its analogues in treating infections caused by this spe-
cies. To our knowledge, Gebhard et al. study [41] is the only
report on MBC values of teixobactin or its analogues for
E. faecalis. They reported MIC and MBC of teixobactin as
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Fig.3 Effect of different concentrations of TB3 on a percentage bac-
terial cell viability presented as mean+SD and b percentage change
in biovolume compared to control presented as mean+SD. ¢ shows

2 ug/mL and 16-32 ug/mL, respectively, which supports the
findings of the current work. The same study also reported
that vancomycin MBC for the same bacteria species was
higher than 128 pg/mL. The authors attributed E. faecalis
tolerance to teixobactin to a change in the CroRS two-com-
ponent regulatory system. This change resulted in upregula-
tion of the expression of major genes involved in cell wall
biogenesis [41]. The same tolerance mechanism was also
reported with vancomycin and bacitracin, indicating that
it can be an intrinsic tolerance mechanism in E. faecalis
against antibiotics targeting cell wall [40].

To our knowledge, details of the effect of sub-lethal con-
centrations of teixobactin on the development of bacterial

% Change in Biofilm Biovolume

2pg/mL
TB 3 Concentration (ug/mL)

8pg/ml

1pg/mL 4pg/mL

Merged 3D

2D images for live cells (SYTO 9), dead cells (propidium iodide) and
3D visualizations obtained from CLSM z-stacks for the control and
8 ug/mL of TB3. (*) indicates significant difference (P <0.05)

populations in liquid culture (growth curves) has not previ-
ously been investigated. The observed prolongation of the
lag phase in the presence of teixobactin analogues might be
attributed to a defence mechanism that allows the bacteria
to tolerate cellular stress induced by the antimicrobial agent.
This effect has been described as the “tolerance by lag” phe-
nomenon [42]. Bacterial growth responses are agent-specific
as they are affected by the antimicrobial’s mechanism of
action. Theophel et al. [43] reported that antibiotics affecting
cell wall or membrane integrity (e.g. vancomycin and dapto-
mycin) delay the onset of bacterial growth. Conversely, anti-
biotics affecting DNA replication or protein synthesis (e.g.
moxifloxacin and gentamicin) show initial normal growth
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followed by induced alteration [43]. The observed delay in
the onset of the exponential phase with both S. aureus and
E. faecalis agrees with previously reported growth responses
for antibiotics affecting cell envelope integrity [43, 44].
Additionally, it is noteworthy that even after the onset of the
exponential growth, the maximum ODsg, reached was sub-
stantially lower for wells containing antibiotics compared to
the antibiotic-free control for both types of bacteria (Fig. 2).
The reason for this observation is not yet clear, but it has
been reported by others [43]. It is possible that the prolonged
lag phase consumes energy or generates products inhibitory
for later growth, but these remain speculations. Although the
MIC values for the three teixobactin analogues (Leu in TB1,
Nle in TB2 and Nva in TB3) were equal (Table 1), bacterial
growth in the presence of TB3 was more severely restricted
than in the presence of the other analogues. This suggests
that the length of the hydrophobic side chain at position 10
critically affects the structure—activity relationship (SAR).
Although requiring further investigation, the finding receives
support from Jin et al. [28], where a onefold decrease in MIC
for S. aureus was reported when norvaline (Nva) was intro-
duced in position 10 of the teixobactin structure compared
to norleucine (Nle) and isoleucine (Ile) substitutions [28].
The authors proposed that the higher microbiological activ-
ity is associated with the presence of a linear three-carbon
side chain in Nva [28]. This substitution is also present in
TB3 (Fig. 1).

Three approaches (colony counting, CV and activity
staining) were employed to test the ability of the analogues
to inhibit biofilm formation. Results of the three analysis
methods were consistent and generated the same BIC,, val-
ues. BICy, for S. aureus with TB1 and TB2 was found to be
4 ng/mL (2 xMIC). While TB3 demonstrated slightly higher
activity with an average BICy, of 3 ug/mL (Table 3). BIC,,
values for E. faecalis were 2 X MIC (8 pg/mL) for both TB1
and TB2, while for TB3 the BICy, was 1 X MIC (4 pug/mL).
Although mutually supportive in analysis of biofilm forma-
tion, the three analytical approaches have individual weak-
nesses and strengths. The CV assay provides a measurement
of total biofilm components (including cells and extracel-
lular material). In contrast, colony counting and metabolic
assays offer more selective measurements as they are not
directly affected by extracellular material and essentially
reflect the presence of viable cells. A particular advantage
of activity staining is that viable cells may not form colonies
on agar. Metabolically active cells will reduce the TTC sub-
strate to TPF resulting in red colour development [23]. The
consistent findings across all three methodologies strengthen
the claim that teixobactin analogues possess the capability to
prevent biofilm formation. Moreover, the increased efficacy
observed with TB3 supports the proposed SAR.

The process of biofilm development on surfaces is multi-
factorial, depending on the bacterial strain, the surrounding
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environment and physicochemical properties of the material
surface [45]. Given this background, we decided to investi-
gate two structurally different materials used in the produc-
tion of medical devices, PVC and PTFE, for biofilm forma-
tion. Antibiofilm activity on both materials varied between
the different teixobactin analogues. Activity increased in
the following order TB3>TB2>TBI1. This is also in line
with previously discussed SAR. Moreover, the agreement of
activity staining results with colony counting, suggests the
possibility of using activity staining as an easy and time-
saving qualitative method for preliminary screening of
antibiotic activity against biofilms. The difference between
MIC and BEC,,, with teixobactin analogues was much lower
than that seen with vancomycin (e.g. only 2-folds with TB3
compared with 16-folds for vancomycin). This would sug-
gest a better ability of teixobactin analogues to penetrate
the biofilm matrix. This is highly interesting in terms of
drug development, as insufficient antibiotic penetration is a
main cause of treatment failure of biofilm based infections
[2, 3]. Moreover, the higher hydrophobicity of teixobactin
analogues compared to the water-soluble vancomycin may
result in greater tendency of the analogues to adsorb onto
plastic surfaces than vancomycin resulting in lower BEC,,
values. In a published study investigating peptide interaction
with hydrophobic fluorocarbon surfaces, peptide adsorption
on the surface occurred within a few minutes of incubation
through hydrophobic attractions between leucine residues
and the material surface [46].

Teixobactin analogue (TB3), which exhibited the most
promising effect against established biofilm, was chosen for
further analysis using CLSM. Biofilm cell viability and bio-
volume demonstrated a proportional decrease correspond-
ing to an increase in TB3 concentration from 1 to 8 ug/mL
(Y2x MIC to 4 x MIC). Three dimensional visualisations for
the collected image stacks show a considerable change in the
biofilm population after treatment for 24 h with 8 ug/mL of
TB3, as the count of viable cells (depicted in green in Fig. 3)
decreased significantly (P <0.05) by 65% compared to the
control wells, while the biovolume exhibited a reduction of
approximately 75% relative to the control.

Conclusion

All three novel teixobactin analogues proved to be effective
at clinically relevant concentrations against the medically
important, biofilm-forming species S. aureus and E. faecalis,
including both culture-collection strains and some clinical
isolates. The analogues were able to inhibit biofilm forma-
tion and demonstrated higher activity on pre-established S.
aureus biofilms than vancomycin. This together with the
relative ease of production of the analogues compared to the
natural teixobactin makes them interesting candidates for
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further pharmaceutical development. The impact of position
10 substitution on SAR of teixobactin analogues was also
confirmed: substitution with norvaline resulted in a notable
reduction in the agent concentration needed to eradicate bio-
films. Future work could include investigations on a wider
range of bacteria including more clinical isolates and the
development of appropriate pharmaceutical formulations.
We are currently working on incorporating teixobactin ana-
logues in liposomal carriers to see if antibacterial efficacy
and drug stability can be improved.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00284-024-03857-9.
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Supplementay material (file 2)

Identification of the clinical isolates

1. 16S rDNA amplification:

The PCR reaction mixture (50 pL) contained 3 pL of 25 mM MgCl2 (Promega), 1 uL dNTPS 10
mM (Promega), 10 uL HotStart DNA polymerase buffer, 0.2 uL HotStart DNA polymerase 5
U/uL (Promega), 0.25 pL of each of primers 27f (AGA GTT TGA TCA TGG CTC A) and 1492r (TAC
GGT TAC CTT GTT ACG ACT T) [100 uM stock of standard a la carte sequencing primers from
MWG Eurofins] and PCR-grade water to 50 uL. To provide the template, a flame-sterilized steel
pin was touched onto a bacterial colony and the pinpoint of material was transferred to the
reaction mix. PCR conditions were: one cycle at 95 °C (10 min) followed by 32 cycles of 95
°C/45s, 52 °C/45 s and 72 °C/1 min. This was followed by a final elongation of 72 °C/12 min.
PCR products were checked for purity by agarose electrophoresis and DNA concentrations
were measured using Qubit™ dsDNA BR Assay Kit (Thermo Fisher Scientific, Waltham, MA,
USA). PCR products were sequenced with Sanger sequencing on both strands at a commercial
laboratory (Eurofins Genomics, Germany) using the PCR primers. Sequences were aligned
using Clustal Omega [3], and the consensus region of overlap was used for purposes of
identification. Sequences were compared to reposited sequences in the GenBank sequence
database using BLAST (Basic Tool Alignment Search Tool)
(https://blast.ncbi.nlm.nih.gov/Blast.cgi). The curated ‘Reference RNA sequence’ setting in

BLAST was used to assign the 16S sequences to a named taxon.



2. Whole genome sequencing

Whole genome sequences of the clinical isolates are available under accession number
SAMN40573642 for E. faecalis isolate P40 and accession numbers SAMN40573970 and
SAMN40573973 for S. aureus isolates P14 and P20, respectively. The two isolates form part of
a larger study involving WGS of multiple dry eye isolates which is currently being prepared for
publication. More details of the methodology can be made available on request. In brief,
genomic DNA was extracted from the bacterial isolates after inoculation on brain heart
infusion agar (ThermoFisher Scientific, CM1136B) using the GenElute Bacterial Genomic DNA
kit (NA2120, Sigma-Aldrich-Merck) according to the manufacturer’s instructions. DNA library
preparation and sequencing were done by Eurofins Genomics (Germany). Briefly, DNA libraries
with 150 base pair paired-end reads were generated through fragmentation, end-repair, A-
tailing, adapter ligation, size selection and library amplification. Afterwards, sequencing was
done by lllumina technology (NovaSeq6000, PE150 mode) and genome assembly and
identification was performed by mapping the reads to reference genomes S. aureus NCTC 8532

and E. faecalis NCTC 775.
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