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Strength does not come from physical capacity.
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Abstract

Chronic wounds are currently a major burden for health care providers and patients; their
management is becoming increasingly challenging especially because of the rise of resistant
bacteria. The prevalence of chronic wounds in the general population is approximately 2%,
however, due to an aging population and heightened disease burden, an upsurge of cases is
expected. To overcome the currently limited wound management, eradication of wound
bacteria and bacterial biofilms is crucial. There are many innovative wound therapy strategies
in preclinical stages today, however, the clinical pipeline is still rather unsuccessful. We posed
the question: “Could we learn from nature and the human body’s own toolbox to improve the
therapeutic outcomes?” Many of nature’s habitants utilize antimicrobial compounds with fast
onset of action and independence from metabolic activity as protection from intruders.
Membrane-active antimicrobials (MAAs), such as antimicrobial peptides (AMPs), synthetic
mimics of antimicrobial peptides (SMAMPs), and other compounds targeting bacterial
membranes, could epitomize attractive alternatives to conventional strategies. However,
these compounds bear limitations, such as toxicity and instability. We proposed that these
drawbacks could be circumvented or limited by utilizing pharmaceutical innovations

represented by drug delivery systems and scaffolds.

In the current project, we aimed to develop delivery systems based on liposomes and chitosan
for SMAMPs to improve treatment of infected chronic skin wounds with focus on
antimicrobial and anti-inflammatory activities. To find the optimal combination of liposomes
and chitosan, we tailored chitosomes, chitosan-containing liposomes, chitosan-coated

liposomes, and liposomes-in-chitosan hydrogel using chlorhexidine (CHX) as a model MAA.

The CHX-containing lipid-based vesicles and liposomes-in-hydrogel were optimized for topical
skin therapy. Furthermore, in vitro release, anti-inflammatory properties, cell compatibility,
and antimicrobial and anti-biofilm activities were assessed. We found that liposomes and
chitosan inserted within the liposomal bilayers, as a coating, and as a hydrogel exhibited
promising biological properties and antimicrobial activities. However, liposomes-in-chitosan
hydrogel was deemed the most suitable system, and therefore selected for further

development of delivery systems for two novel SMAMPs, namely 7e-SMAMP or 7a-SMAMP.



The 7e-SMAMP is the most potent membrane-active SMAMP and is therefore expected to
interact strongly with liposomal bilayers. To confirm that liposomes were stable upon their
association with 7e-SMAMP, and that we could maintain or improve the biological and
antimicrobial properties of 7e-SMAMP incorporated in liposomes, we performed a thorough
investigation of 7e-SMAMP-liposomes without chitosan hydrogels. From this study we
confirmed that novel liposomes were stable, able to imprint anti-inflammatory properties,
and were highly biocompatible. Furthermore, the anti-biofilm activities of 7e-SMAMP against
Staphylococcus aureus, Escherichia coli, and Pseudomonas aeruginosa improved upon its

incorporation in liposomes.

To approach more multitargeted wound management, 7a-SMAMP was co-entrapped with
chlorogenic acid (CGA) in the dual liposomes-in-chitosan hydrogel system. The 7a-SMAMP is
not as highly membrane-active as 7e-SMAMP, however, it is substantially more
biocompatible. Therefore, we investigated the ability of SMAMP and delivery systems to
improve other aspects of wound treatment such as cell migration. A more rigorous evaluation
of cell compatibility was performed as well as an evaluation of the effect of CGA/7a-SMAMP-
liposomes on cell migration. The CGA was also evaluated and compared to vitamin C and E for
its anti-oxidative properties, highly relevant in wound therapy. We confirmed that the novel
dual system had strong anti-inflammatory activity, good cell compatibility, and could

potentially improve cell migration and anti-oxidative effects.

Overall, the MAA-comprising liposomes-in-hydrogel systems were proven to be suitable
formulations with good biocompatibility and enhanced anti-inflammatory, antimicrobial, and
anti-biofilm properties. The novel delivery system comprising SMAMPs bears great potential

as a platform in the therapeutic management of infected chronic skin wounds.
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Introduction

1. Introduction

1.1 Antimicrobial resistance, persistence, and rising prevalence of chronic wounds

Currently, antimicrobial resistance (AMR) is emerging as the leading cause of death
worldwide and jeopardizing our health care systems both directly and indirectly (Murray et
al., 2022). The principal drivers for this crisis are the overuse of antibiotics in agriculture,
inappropriate prescription practices along with a decelerated pipeline of antimicrobial
compounds with new targets limiting novel treatment strategies reaching the patients
(Hemmingsen et al., 2021a; Murugaiyan et al., 2022). The resistivity in bacteria to
antimicrobial treatment could derive from both the resistance and persistence, even though
these terms are, correctly, separated in literature. Resistance refers to the ability of bacteria
to resist antibiotic treatment through e.g., antibiotic degradation or modification of antibiotic
targets. The bacteria are able to grow during antibiotic exposure, and the resistivity is
heritable. While persisters are usually susceptible to the antibiotic treatment, however,
subpopulations of these bacteria are able to sustain during the antibiotic treatment. These
bacteria are not actively growing and often exist in a state of dormancy (Jung et al., 2019;
Levin-Reisman et al., 2019). In this thesis, persistence is generally subsumed into the term
resistance since both are the factors influencing bacterial survival (Reygaert, 2018). It is
imperative that novel antimicrobial compounds or smart strategies for microbial and biofilm
eradication are established and optimized to mitigate the challenges of resistant pathogens
and alleviate both direct and indirect impacts of AMR (Erdem Biiytkkiraz and Kesmen, 2022;
Murugaiyan et al., 2022). Currently, the development of antimicrobial compounds is slower
than both the emerge of resistant microorganisms and the increase in infection rates. The lack
of antimicrobial compounds with new targets points to the need for multidisciplinary efforts,
that can utilize full arsenal to improve the current situation and address the issues limiting the

success of compounds approaching the clinical pipeline (Rubey and Brenner, 2021).

In parallel, treatment of wounds become a growing challenge due to these resistant
pathogens along with the limited treatment options, leading to chronic or non-healing
wounds. The prevalence of chronic wounds in the general population is about 2% with a 5-

year mortality rate of approximately 50% (Sharifi et al., 2021). Furthermore, it is expected to
1



Introduction

rise because of an aging population with appended conditions, such as diabetes, and obesity.
These numbers call for attention and underline the importance of advancements in the
current strategies for prevention and treatment of infected skin and skin wounds (Sen, 2021).
Nature has clever ways to survive and resist pathogens; all its habitants have evolved in
fascinating manners to overcome the challenges and ensure survival in their respective
environment. The habitants exist in harsh environments, from the deep, cold oceans to the
scorching deserts, that could be a threat to their existence. Moreover, even human cells have
developed remarkable mechanisms to survive. The natural question is then: “Could we learn
from nature and our own bodies to improve our arsenal against the pathogens including the

therapy of infected skin wounds?”

The inherent defence and barrier function of the skin are highly effective in both
protecting the host from commensal organisms and fighting off intruding bacteria. In
exploring and learning from nature, and the human body, antimicrobial peptides (AMPs)
emerge as promising candidates in the battle against resistant bacteria and management of
chronic wounds. These compounds possess several attractive biological properties, ranging
from broad antimicrobial to immunomodulating activities (Divyashree et al., 2020).
Interestingly, the AMPs were first discovered in skin wounds (Yamasaki and Gallo, 2008). To
exploit this potential solution, | structured the thesis by introducing our brilliant natural
defence, explaining the ways the healing cascade operates and fails, leading to the path
utilizing synthetic mimics of antimicrobial peptides (SMAMPs) and other membrane-active
antimicrobials (MAAs) and their promise in treatment of chronic wounds. However, |
attempted to highlight both the potential and challenges, as well as a need for more

innovative strategies to fully utilize these compounds as valid therapeutic options.

1.2 Skin and its defence

To understand and address the challenges and complexity of skin therapy, we should
gain a deeper insight on both its function and structure. The skin is our primary barrier to the
surrounding environment and the first line of defence against pathogens and toxic substances
(Benson et al., 2019; Lin et al., 2021). Additionally, the skin is maintaining important functions

2
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such as thermoregulation, sensation, water balance, absorption, and synthesis of vitamin D
(McKnight et al., 2022). Structurally, the skin is composed of three layers, namely epidermis,
dermis, and hypodermis (Figure 1.1). Epidermis, including stratum corneum, is the outermost
layer and the closest to outside environment, serving as the first barrier of defence. In addition
to skin’s role as a physical barrier, the skin protection mechanisms also arise from an
immunological aspect, where skin and immune cells work together to provide protection
(McKnight et al., 2022). This additional immunological aspect of defence is crucial to protect
the body from both cutaneous and systemic infections. Once the skin barrier is damaged or
breached, the immune system initiates a whole cascade to protect the body and fight off

intruders (Coates et al., 2018).

Pore P Hair

—— :I— Stratum corneum
Epidermis — E Langerhans
3 ]
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— Basement
membrane
Neurophil Fibroblast
. . ————————
Eosinophil | * Maaoptipge
- o — Teell
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Dendritic cell
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: e W . =
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Figure 1.1. Structure of the skin with three main layers; epidermis, dermis, and hypodermis. Selected
important skin and immune cells are also included. The presentation is based on the work of Kwiecien

et al. (Kwiecien et al. 2019). Created with BioRender.com.

The skin’s immune response involves various processes that occur within the different
skin layers, involving numerous cells (Figure 1.1). The epidermis mainly consists of

keratinocytes in different differentiation levels, from the basal keratinocytes to the
3



Introduction

corneocytes at the surface (Chessa et al., 2020). Together with the Langerhans cells, T-cells,
and other immune cells, these cells contribute to a vast immune response upon injuries. In
the dermis, fibroblasts are the principal cell type and highly important for the closure of
wound gaps. In this section of the skin, the dermal dendritic cells, dermal macrophages,
natural killer cells, eosinophils, mast cells, neutrophils, and T-cells partake in the immune
response (Nguyen and Soulika, 2019). The deeper skin layers contain nearly all immune cells
and are considered more immunologically active than previously anticipated (Chen et al.,
2019). Upon a skin injury, the cells recognise the tissue damage through the damage-
associated molecular patterns (DAMPs), and pathogen-derived molecules, referred as
pathogen-associated molecular patterns (PAMPs). Subsequently, the inflammatory mediators
and chemokines are released for recruitment of the neutrophiles, macrophages, and activated
T-cells. Langerhans cells are also triggered to migrate to the lymph nodes to activate more T-
cells (Piipponen et al., 2020). Furthermore, compounds that directly kill pathogens, modulate
immune responses, and support the wound healing are also released. The AMPs are among
these compounds; the human keratinocytes produce at least nine different types of AMPs
(Chessa et al., 2020). Neutrophiles that infiltrate wounds are also expressing AMPs (Yamasaki
and Gallo, 2008). Contrary to earlier belief that the skin barrier function was its only or main

protection mechanism, the responses to skin injuries are both vast and complex.

1.2.1 Wounds and wound healing — when the skin is breached

For most people, the skin’s defence and healing cascade operate in a normal and well-
regulated manner; the skin will return to its normal functional and anatomical integrity within
a relatively short time after an injury. The wound healing process is a tightly regulated and
temporal process divided into four phases as depicted in Figure 1.2A: the haemostasis,
inflammation, proliferation, and remodelling phase (Ohnstedt et al., 2019). As derived from
its Greek name, haemostasis, haima = blood and stasis = halting or stopping, the main purpose
of this phase is the prevention of extensive blood loss and formation of a clot to close the
injured area (Pourshahrestani et al., 2020). The blood vessels contract due to neuronal
reflexes, and for a period, this is a most often sufficient to partly or completely stop blood loss
until the formation of the clot. However, after a few minutes, hypoxia, and acidosis in the wall

cause overturing of constriction. If the clot is not properly formed by then, bleeding will
4
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resume (Velnar et al., 2009). In the formation of the clot, platelets are exposed to vascular
subendothelial matrix and activated, leading to the formation of a platelet plug. Next,
fibrinogen is converted to a fibrin mesh that interacts with the platelet plug and forms the
clot. This clot is vital for the initial stop of blood loss, but it also serves as a scaffold for

infiltrating cells and a seal from the surroundings (Rodrigues et al., 2018).
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Figure 1.2. A) Four stages of wound healing: 1) haemostasis, 2) inflammation, 3) proliferation, and 4)
remodelling. B) Timeline of normal wound healing, based on Las Heras et al. and Velnar et al. (Las
Heras et al., 2020; Velnar et al., 2009). Adapted from “Wound Healing”, by BioRender.com (2021).
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Introduction

The second stage of the wound healing cascade is the inflammatory phase, where the
skin’s defence plays the major role (Figure 1.2 A2). First, the DAMPs and PAMPs lead to
infiltration of the resident Langerhans cells, mast cells, macrophages, and T-cells and
subsequent release of cytokines and chemokines (Las Heras et al., 2020). Furthermore, release
of growth factors and chemokines from the activated platelets in the clot leads to recruitment
of neutrophiles to the wound bed. In the wound bed, these cells kill bacteria through different
means, such as production of reactive oxygen species (ROS) and antimicrobial substances, and
release of lytic enzymes and matrix metalloproteinases (MMPs). Additionally, the
neutrophiles activate the resident hematopoietic cells, macrophages, dendritic cells, B-cells,
T-cells, and natural killer cells through crosstalk involving cytokines, chemokines, and
angiogenic factors (Cafiedo-Dorantes and Cafiedo-Ayala, 2019). After the infiltration of
neutrophiles, monocytes enter the wound bed, and predominantly transform into M1-type
macrophages to intensify the inflammation response. The macrophages remove debris, kill
bacteria, and produce nitric oxide (NO), ROS, interleukin-1 (IL-1), IL-6, IL-8, IL-12, tumour
necrosis factor-alpha (TNF-a) and MMPs (Arango Duque and Descoteaux, 2014; Las Heras et
al., 2020). Later in the inflammatory response, the M2-type macrophages become
predominant. These cells release vascular endothelial growth factor, platelet-derived growth
factor, insulin growth factor 1, fibroblast growth factors, transforming growth factor, and IL-
10 to promote migration, proliferation, and matrix formation (Arango Duque and Descoteaux,
2014; Las Heras et al., 2020). Furthermore, both T-cells and mast cells play important roles in
the healing cascade; the T-cells in the initial response and resolving the inflammatory cascade
and mast cells in the initial recruitment of neutrophiles through release of histamine

(Wilkinson and Hardman, 2020).

The third stage of the wound healing cascade is the proliferation phase characterized
by formation of granulation tissue (Figure 1.2 A3). Fibroblasts are the cells responsible for the
formation of the new extracellular matrix. Moreover, formation of new blood vessels,
angiogenesis, and re-epithelialization occur in this stage (Rodrigues et al., 2018). Upon re-
epithelialization, the resurfacing of wounds, keratinocytes migrate and proliferate in the
wound bed to cover and strengthen the barrier (Las Heras et al., 2020; Rousselle et al., 2019).

The last stage of the wound healing cascade, remodelling phase (Figure 1.2 A4), is initiated



Introduction

about three weeks after the skin breach and could last for over a year (Tottoli et al., 2020).
This stage revolves around the strengthening of the wounded area where the granulation
tissue is remodelled to scar tissue. Fibroblasts differentiate into myofibroblasts that
strengthen the scar due to contraction of the area. Collagen type Il is degraded, while levels
of collagen type | are increased due to its increased tensile strength (Li et al., 2022). In addition
to collagen type |, the clot is also replaced with hyaluronan, fibronectin, and proteoglycans.
The remodelling phase is ended when macrophages, endothelial cells, and fibroblasts leave

the area or undergo apoptosis (Wilkinson and Hardman, 2020).

The wound healing cascade is a complex process that stretches over a significant time
(Figure 1.2B); however, in most cases this cascade is finely tuned and transpire without any
considerable interruptions resulting in a timely healing. Nevertheless, if the process is

disrupted or haltered, the non-healed wound turns chronic.

1.2.2 Chronic wounds

Wounds are often defined as chronic or non-healing if the breach has not closed within
a period of 4-6 weeks or 3 months, depending on literature as well as aetiology (Drago et al.,
2019; Teot and Ohura, 2021). In contrast to wounds following the normal healing cascade, the
chronic wounds are characterized by prolonged inflammation and extended presence of
inflammatory cells, such as M1-type macrophages, as well as increased levels of ROS and
inflammatory cytokines (Matar et al., 2022). These wounds are haltered in the inflammation
phase and the healing cascade is hampered. Among chronic wounds, the most common
wound types are the diabetic, pressure, and vascular ulcers that often occur in patient with
neuropathy, venous insufficiencies, and limited movement. However, the common
denominator for all these wounds is that they are arrested in the inflammatory phase (Firlar
et al.,, 2022). The situation is yet more complex and involves the typical immune cells,
keratinocytes, and fibroblasts (Darwin and Tomic-Canic, 2018). Nevertheless, one of the major
burdens in these wounds is the microbial load, especially the biofilm-embedded bacteria, the

most common reason for treatment failure (Wu et al., 2019).
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1.2.3 Bacterial biofilms in wounds

It is estimated that the prevalence rate of biofilms in chronic wounds is approximately
78%; increasing the complexity of treating those wounds (Malone et al.,, 2017). Biofilm-
embedded bacteria are up to 1000-fold more resistant than planktonic cells; together with
the general resistance patterns in bacteria and polymicrobial nature of biofilms, their

eradication remains challenging (Ciofu et al., 2022; Hemmingsen et al., 2021a).

The Staphylococcus aureus and Pseudomonas aeruginosa are recognized as strong
contributors to biofilm formation, especially in wounds (Gajula et al., 2020). This biofilm
formation is often divided into four stages, namely the attachment, formation of
microcolonies, biofilm maturation, and detachment (Wu et al., 2019). A brief summary is
offered in Figure 1.3 A. In the first stage, bacteria either reach the surface passively, as S.
aureus, or actively through pili or flagella, as P. aeruginosa (Joo and Otto, 2012). Upon
reaching the surface, bacteria non-covalently attach to human proteins through bacterial
binding proteins. Utilizing bacterial signalling, the biofilm formation is initiated, followed by
maturation of the extracellular polymeric substances (EPS) or the biofilm matrix (Wu et al.,
2019). During detachment, the last stage of biofilm formation, bacteria detach from the main
structure of the mature biofilm and disperse into the environment (Ballén et al., 2022). The
detachment could either be through an active dispersion or a passive detachment (Rumbaugh
and Sauer, 2020). The biofilm matrix will provide structure, support, and protection of bacteria
embedded in the matrix. This protection offers a supplementary mechanism in addition to the

more classical resistance mechanisms presented in Figure 1.3 B.
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Figure 1.3. A) Four stages of biofilm formation: 1) attachment 2) formation of microcolonies, 3) biofilm
maturation, and 4) detachment. B) General resistance mechanisms: 1) decreased penetration of
antibiotics, 2) alteration or amplification of target, 3) enzymatic alteration or destruction of antibiotic,
and 4) increase in efflux pumps. C) Common factors found in biofilms leading to resistance or increased
bacterial survival in the biofilm community. Adapted from “Polymicrobial Biofilm 2”, by BioRender.com

(2021). Retrieved from https://app.biorender.com/biorender-templates.
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Increased resistance and enhanced bacterial survival in the biofilm communities are
orchestrated by several driving forces (Figure 1.3 C). As mentioned previously, biofilm matrix
serves as a physical barrier for the penetration of antimicrobial compounds. Additional
mechanisms involve i) persistent or dormant bacteria, decelerated growth rate and altered
metabolic activity, due to nutrients and oxygen gradient in the matrix leading to network
heterogenicity; ii) increased horizontal gene transfer and therefore increased resistance
mechanisms such as efflux pumps and enzymes altering the antimicrobial compounds and iii)
increased nutrient sorption allowing the matrix to harvest resources. Additionally, enhanced
communication through quorum sensing is reported (Flemming et al., 2016; Romling and

Balsalobre, 2012).

All these mechanisms lead to more resistant and resilient bacteria within the biofilm,
that further hampers normal wound healing. Additionally, the complexity of these wounds
plays a role. Moreover, the situation could turn grimmer due to the increasing resistance to
conventional antimicrobials (Mahmoudi and Gould, 2020). Among promising arsenal to tackle
resistant bacteria and bacteria in biofilm communities, MAAs with their anti-biofilm activities

(Dias and Rauter, 2019; Zhang and Ma, 2019) need to be further exploited.

1.3 Antimicrobial and anti-biofilm strategies

1.3.1 Current therapies of infected chronic wounds

The treatment of infected wounds is complex and dependent on the severity of the
wound, microbial picture, and pathogen’s susceptibility. Furthermore, the current treatment
options do not address all the issues and needs in management (Guimaraes et al., 2021b). In
addition to the bacterial burden, the pain, odour, exudate, and other factors affecting the
patients’ quality of life need to be considered (Eriksson et al., 2022). Besides, the diagnosis
and treatment plans are often inaccurate or inappropriate leading to unhealed, chronic
wounds. To address the treatment challenges, diagnostic tools like TIME (tissue,
infection/inflammation, moisture balance, and edge of the wound) principles and TIME CDST

(TIME clinical decision support tool) were developed to help clinicians to decide on the
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treatment strategy (Moore et al., 2019). Along with antimicrobial therapy, the needs for
debridement, wound bed preparation, compression, or surgery need to be discussed
(Frykberg and Banks, 2015). For milder wound infections, topical antimicrobial treatment
options are often desired because of higher local and lowered serum drug concentrations.
Mupirocin, metronidazole, and silver sulfadiazine are among the most common topical
treatment options for wounds (Ciofu et al., 2017). The evidence for using topical antimicrobial
therapies is limited and their effect is often not sufficient (Williamson et al., 2017). In more
severe cases, systemic administration is often the only viable alternative to achieve treatment
goals; however, it should not be used indiscriminately (Falcone et al., 2021). The choice of
antimicrobial for systemic treatment should be based on the evidence, microbial burden,
resistance patterns, and other clinical conditions. Furthermore, National Institute for Health
and Care Excellence (NICE) has developed guidelines for treatment of diabetic foot ulcers and

leg ulcers. The relevant treatments are summarized in Table 1.1.
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Table 1.1. Summary of NICE guidelines for antimicrobial treatment of diabetic foot ulcers and leg ulcers

in adults.
Condition Mild cases Moderate to severe cases
Antibiotic Comment Antibiotic
Flucloxacillin with/without
Flucloxacillin First choice. Gentamicin and/or
Metronidazole
. . In cases of penicillin allergies or if Amo>'<icillin y c!avulanic
Clarithromycin . acid with/without
Diabetic appropriate. Gentamicin
foot ulcers In cases of penicillin allergies or if Trimethoprim +
appropriate. sulfamethoxazole
Erythromycin In pregnancy. with/without
Gentamicin and/or
Metronidazole
. In cases of penicillin allergies or if Ceftriaxone with
Doxycycline . .
appropriate. Metronidazole
Flucloxacillin with/without
Flucloxacillin First choice. Gentamicin and/or
Metronidazole
Alternative first choice. Amoxicillin + clavulanic
Doxycycline In cases of penicillir\ allergies or if acid with/without
appropriate. Gentamicin
Trimethoprim +
Alternative first choice. sulfamethoxazole
Clarithromycin In cases of penicillin allergies or if with/without
Leg ulcers appropriate.

Gentamicin and/or
Metronidazole

Erythromycin

Alternative first choice.
In cases of penicillin allergies or if
appropriate.
In pregnancy.

Piperacillin with
tazobactam

Amoxicillin +
clavulanic acid

Second choice.

Trimethoprim +
sulfamethoxazole

Second choice.

Ceftriaxone with/without

Metronidazole

Treatment alternatives are based on NICE guidelines “Diabetic foot problems: prevention and
management” NG19 (NICE guideline, 2015) and “Leg ulcer infection: antimicrobial prescribing” NG152
(NICE guideline, 2020). The summary does not include recommendation for methicillin-resistant S.

aureus (MRSA) or P. aeruginosa infections.
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1.3.2 Novel antimicrobial strategies

In spite of extensive guidelines for treatment of wounds, the success rate remains low;
the market lacks products that improve healing, while biofilms often remain an underlying
reason for healing failure (Verma et al., 2022; Wu et al., 2019). The strategies used today in
biofilm eradication are rather ineffective, therefore prevention of biofilm formation is often
regarded the most suitable method (da Silva, et al., 2021) The US Food and Drug
Administration (FDA) has also recognized the lack of effective strategies and marketed
products for chronic wounds (Verma et al., 2022). Several novel treatment strategies are being
investigated with various degrees of promise, innovative solution, or translational potential.
To retain focus, | mention only a few of these emerging strategies briefly; the phage therapy
has received attention as a promising option in different infections, including wound
infections. Furthermore, it has also exhibited promising results against biofilms (Chang et al.,
2022). Alternatively, lysins could also be used as therapeutic agents against bacterial
infections (Ghosh et al., 2019). Another assessed strategy is treating bacteria and bacterial
biofilms with antibodies (Raafat et al., 2019). Finally, AMPs, their mimics, and other small
MAAs have garnered much attention both because of their antimicrobial activities as well as
their wound healing potential. In the era of AMR, these compounds are attractive due to their
lowered potential for evoking resistance in addition to their activity against persister cells (Bi

et al., 2021; Miao et al., 2021).

1.3.3 Membrane-active antimicrobials

The antimicrobial activity of MAAs is independent of metabolic activity, allowing their
potential to evade the bacterial resistance mechanisms. The MAAs often exhibit non-specific
action with broad activities and fast onset leading to wide applicability and, so far, lower
resistance rates (Zhou et al., 2020). The cationic elements of these compounds enable the
interaction with bacterial membranes, mainly through an interaction with teichoic acids in
gram-positive bacteria and lipopolysaccharide (LPS) in gram-negative bacteria (Figure 1.4 A),
further leading to destabilization of the membrane and subsequent bacterial death (Gera et

al., 2021).
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model, 2) toroidal pore model, and 3) carpet model. C) MAAs’ effect on bacterial membrane. Adapted
from “Structural Overview of a Bacterial Cell”, by BioRender.com (2021). Retrieved from

https://app.biorender.com/biorender-templates.

There are several antimicrobial mechanisms of action described for these AMPs or
MAAs; however, the main mechanisms are presented in Figure 1.4 B and referred to as the
barrel-stave, toroidal pore, and carpet models (Zhou et al., 2020). The cationic elements of
MAA:s induce interaction with membranes, while the hydrophobic regions induce penetration
and disruption of bacterial membranes (Figure 1.4 C). However, effects on more discrete
membrane proportions are also proposed (Rzycki et al., 2021). Therefore, it is highly important
to better understand their mechanisms and targets. Since the transport and penetration into
or through membranes are complex and dynamic, we need multiple methods to determine
their antimicrobial effects. Among others, exploiting artificial membranes, or Bacterial

Membrane-Mimic Liposomes Models (B3M-liposomes), could expand our knowledge on the
14
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relationship of MAAs and bacterial membranes, indirectly indicating the relevant mechanisms

(Pinheiro et al., 2019; Sun et al., 2015).

1.3.3.1 Antimicrobial peptides and synthetic mimics of antimicrobial peptides

MAAs comprise a wide choice of promising antimicrobials, however the AMPs and
SMAMPs seems to be particularly promising. The AMPs are found in many kingdoms on the
planet; and can be utilized as antimicrobial compounds to treat infections (Ron-Doitch et al.,
2016; Vanzolini et al., 2022). However, to address their toxicity, degradation, and instability,
development of the SMAMPs or peptidomimetics has been the popular approach (Vanzolini
et al., 2022). SMAMPs are synthetic molecules with tuneable architecture mimicking the key
structural elements of AMPs, mainly charge and hydrophobicity (Mojsoska et al., 2015;
Sgolastra et al.,, 2013). These synthetic compounds could be classified into three groups
according to their size: macromolecular, oligomeric, and small molecules. The small molecules
could be favourable due to ease of synthesis, diversity of biological activities, permeability,
and tuneability of the molecules (Ghosh and Haldar 2015; Sgolastra et al., 2013). Therefore, |
chose to focus on the smaller molecules in this project. In addition to their antimicrobial
properties, the AMPs along with SMAMPs could serve as multitargeting compounds exhibiting
anti-inflammatory and immunomodulatory properties as well as neutralizing effects on
endotoxins (Erdem Blytkkiraz and Kesmen, 2022), highly relevant to assist in chronic wound
healing. Several AMPs and SMAMPs are currently under clinical investigations or in clinical
trials (Dijksteel et al., 2021). The optimism around AMPs and their mimics also stems from
their potential activity against multidrug resistant (MDR) pathogens and biofilm-embedded
bacteria, a crucial issue in the post-antibiotic era we are facing now (Song et al., 2021).
However, a few resistance mechanisms are also revealed for the AMPs. Among these, the
alterations of the bacterial membrane surface, production of proteases or sequestering
proteins, production of anionic polysaccharide capsule as a physical barrier around the

bacterial cells, and expression of efflux pumps have been reported so far (Gan et al., 2021).
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1.3.4 Membrane-active antimicrobials and biofilms

The MAA compounds can be of natural or synthetic origin, comprising a broad
spectrum of compounds ranging from plant-originated, such as polyphenols and
cannabinoids, common antiseptics, such as chlorhexidine (CHX), and small AMPs or SMAMPs.
Regardless of their origin, all exhibit ability to destabilize and disrupt bacterial membranes. A

few MAAs are enlisted below to highlight their anti-biofilm potential.

Among plant-originated, Akhtar et al. evaluated the anti-biofilm activity of a
polyphenol, curcumin, against clinical isolates of biofilm-producing vancomycin-resistant S.
aureus. Free curcumin (non-formulated) was able to eradicate 37% of the pre-formed biofilm;
however, when applied as a photosensitizer, 68% of the biofilm was eradicated with a
decrease in EPS of 48% compared to 14% for free curcumin. Additionally, scanning electron
microscopy (SEM) confirmed bacterial cell rupture (Akhtar et al., 2021). Vipin et al.
investigated the anti-biofilm activity of quercetin against clinical isolates of P. aeruginosa.
Quercetin was able to inhibit the biofilm formation in both reference strains and clinical
isolates up to 100% at the highest tested concentration (500 pug/mL). Moreover, the authors
confirmed the effect of quercetin on quorum sensing controlled virulence factors. Quercetin
also significantly affected twitching motility in the bacteria (Vipin et al., 2019). Farha et al.
reported anti-biofilm activity of cannabinoids, especially cannabigerol, which was able to
inhibit biofilm formation and eradicate pre-formed biofilm produced by methicillin-resistant
S. aureus (MRSA). Furthermore, cannabinoids increased permeabilization of bacterial
membranes and eradicated persister cells (Farha et al., 2020). It was suggested that the
chemical modifications of quinoline structures could lead to molecules exhibiting strong anti-
biofilm potential. Frapwell et al. assessed the quinoline derivative, HT61, against S. aureus
biofilms. The anti-biofilm activity of HT61 was found to be superior to vancomycin.
Furthermore, the authors confirmed upregulation of genes responsible for both the cell wall
biosynthesis and DNA maintenance at minimal inhibitory concentration (MIC) of HT61. This
effect was seen in both planktonic and biofilm-embedded bacteria, however, was more muted

in biofilm-embedded bacteria (Frapwell et al., 2020).
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The small AMPs and SMAMPs exhibit excellent inhibition of biofilm formation,
eradication of pre-formed biofilms, and bacterial membrane rupture. For example, Konai et
al. demonstrated that mimics of AMPs significantly improved biofilm eradication in MRSA,
compared to vancomycin and fucidic acid. Additionally, the AMPs eradicated S. aureus and
Escherichia coli in both stationary phase and persister cells (Konai et al., 2020). P. aeruginosa
biofilm formation inhibition at low sub-MIC was confirmed for another small AMP, AMP 1037.
Additionally, the authors found that genes related to swarming motility were downregulated,
while genes responsible for twitching motility were upregulated in treated biofilm-embedded
bacteria. This could increase removal of bacteria from surfaces and induce fast movement on
surfaces, subsequently hampering colonisation. Other genes related to biofilm formation
were also downregulated upon treatment with this novel AMP (de la Fuente-Nufiez et al.,
2012). Recently, Wang et al. synthesised scorpion-like peptidomimetics that displayed biofilm
formation inhibition in both MRSA and E. coli in a dose-dependent manner. The authors
confirmed that the bacterial membrane integrity was indeed disrupted using both fluorescent
and transmission electron microscopy (TEM). Moreover, AMPs and SMAMPs are also known
to be less prone to resistance development. For example, MRSA and E. coli were subjected to
14 passages of treatment with a scorpion-like peptidomimetic or ciprofloxacin and the
alterations in their MIC values were assessed. The MIC values remained the same throughout
all 14 passages for the scorpion-like peptidomimetic, while the MIC values of ciprofloxacin
significantly increased (Wang et al., 2021a). Dey et al. tailored small antibacterial molecules
with structural similarities to AMPs or SMAMPs to eradicate MRSA biofilms. The most potent
molecule reduced the biofilm mass in pre-formed biofilms by 60-80%, whereas vancomycin
reduced the mass by only 10%. The authors confirmed both the membrane permeabilization
and depolarization. The small antibacterial molecules also displayed activity towards
metabolically inactive bacteria, an effect that was superior to the one of vancomycin (Dey et

al., 2019).

The mechanisms behind the anti-biofilm actions of MAAs are, as described above,
many and complex. The main mechanisms discussed above are summarized in Figure 1.5,

however, other mechanisms are also described in literature.
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bacteria and biofilm matrices. Created with BioRender.com.

Although highly promising, these novel antimicrobial strategies are not without
limitations. Some of the drawbacks linked to full utilization of MAAs could be addressed
utilizing nanotechnology and drug delivery strategies to improve their bioavailability, ability
to reach the desired site of action, and offer protection against degradation (Gera et al., 2021;
Mascarenhas-Melo et al., 2022). Furthermore, by the smart selection of nanomaterials that
also exhibit antimicrobial properties along with anti-inflammatory activity, we could further
improve the promise of utilizing nanotechnology and drug delivery technologies to improve
the therapy of infected, chronic wounds (Diez-Pascual, 2020). Moreover, the translational
journey into the clinics bears opportunities for exciting pharmaceutical innovations that can

be received as a driving force for drug development.
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1.4 Pharmaceutical innovations

The translation of MAAs, especially the AMPs or SMAMPs, into clinics, has been rather
limited up to now (Dey et al., 2019). The pharmaceutical technological innovations open up
possibilities for targeted therapy that could improve the application, retention, and release of
MAAs (Aiello et al., 2021; Hemmingsen et al., 2021a; Ong et al., 2017; Su et al., 2020). The
space does not permit enlisting all promising pharmaceutical innovations proposed or studied
forimproved delivery of MAAs. Only the representative selection is enlisted here. The delivery

systems and scaffolds are categorized based on the origin of MAAs.

Aiello et al. investigated the anti-biofilm activities of a polyphenol resveratrol,
entrapped in glycosylated liposomes, targeting clinical MRSA biofilms. The liposome-
entrapped resveratrol eradicated the biofilm at sub-MICs (Aiello et al.,, 2021). Ong et al.
encapsulated propolis in chitosan nanoparticles and challenged Acinetobacter baumannii
biofilms. The propolis-nanoparticles outperformed the extract alone in both the biofilm
inhibition and eradication; however, higher concentrations were required for biofilm
eradication. Using SEM and fluorescent microscopy, the authors confirmed biofilm disruption.
Furthermore, the genes associated with biofilm virulence factors were found to be
downregulated. In addition to providing prolonged release of propolis, the authors postulated
that the nanoparticles were able to penetrate the biofilm, contributing to stronger effects

(Ongetal., 2017).

Many different strategies for delivery of small AMPs and SMAMPs were evaluated
against biofilm-producing bacteria. Neff et al. used chitosan hydrogel as delivery system for
small AMPs, namely ASP-1 and ASP-2, against MRSA, P. aeruginosa and A. baumannii biofilms.
In the ex vivo biofilm assay, the AMPs in hydrogel were able to eradicate biofilms of all three
strains completely or almost completely. The hydrogel prolonged the release of the AMPs for
several days (Neff et al., 2020). Rozenbaum et al. utilized monolaurin lipid nanocapsules to
improve the anti-biofilm activity of the small AMP DPK-060 against MRSA and S. aureus
biofilms. The AMP was adsorbed onto lipid nanocapsules and challenged against pre-formed

biofilms. The AMP alone did not reduce the biofilm-embedded bacteria; however, the lipid
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nanocapsules-adsorbed AMP significantly reduced the number of bacteria in the biofilm
(Rozenbaum et al., 2019). Microneedles that can penetrate the biofilm could be a solution to
the biofilm penetration challenges. Su et al. utilized core-shell nanofibers on microneedles
loaded with the AMP W379 against MRSA biofilms. In the ex vivo biofilm model, the novel
delivery system significantly improved biofilm eradication in the tested strains. The ex vivo
polymicrobial biofilm, comprising MRSA and P. aeruginosa, was found to be bacteria-free after
72 hours. Moreover, the authors confirmed the ex vivo results in an in vivo murine wound
model (Su et al.,, 2020). The potential advantages of utilizing drug delivery systems and

scaffolds in MAA treatment of wounds are summarized in Figure 1.6.
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Deeper insight into MAAs’ mechanism of action as well as understanding the microbial
targets are needed to permit tailoring delivery systems for specific interventions. When
designing drug delivery systems and scaffolds, we should further explore nature regarding
active yet safe materials with beneficial inherent properties that would act in synergy leading

to efficient wound therapy. The arsenal of potential materials exhibiting such properties is
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rather broad, however, the materials should be safe and biocompatible, exhibiting additional

activities impacting wound healing.

1.4.1 Role of chitosan in infected skin wounds

Considering tailoring the delivery systems for the topical route, chitosan is frequently
used as an important building block (Parhi, 2020). Chitosan is a natural polymer composed of
(1->4)-2-amino-2-deoxy-B-D-glucan and (1->4)-2-acetamido-2-deoxy-B-D-glucan units (Figure
1.7) that is derived from deacetylated chitin found in crustaceans, insects, and fungi (Liu et al.,
2021a). As a material in pharmaceutical formulations, it is highly important that chitosan is
confirmed to be biocompatible, biodegradable, and non-toxic (Riaz Rajoka et al., 2019).
However, chitosan’s biological properties are linked to its molecular weight (My) and degree
of deacetylation and should always be considered in the development of new delivery systems
(Kou et al., 2022). Although Wiegand et al. reported the My-dependent toxicity of chitosan in
an in vitro study on keratinocytes (Wiegand et al., 2010), most studies have deemed chitosan
generally safe for topical administration (Hao et al., 2022; Hemmingsen et al., 2021c; Intini et

al., 2018; Rata et al., 2021).
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Figure 1.7. Structure of chitosan.

In addition to its safety, the optimism around this polymer stems from its numerous
biological activities. Chitosan is proposed to possess antibacterial, antifungal, antiviral, anti-
inflammatory, anti-oxidative, haemostatic, and wound healing properties (Parhi, 2020; Xia et

al., 2022). Additionally, chitosan has also bioadhesive properties, often beneficial for wound
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dressings (Hamedi et al., 2022). In this project, the focus was placed on chitosan’s inherent
antimicrobial, anti-inflammatory, and wound healing properties. There are several proposed
mechanisms for the antimicrobial action of chitosan, however, the complete antimicrobial
mechanism is not yet fully understood. The first and most commonly proposed mechanism
relies on the interaction between positively charged chitosan with negatively charged
bacterial membrane, causing the enhanced permeability and destabilization of bacterial
membrane, further leading to bacterial cell lysis (Matica et al., 2019). The second antimicrobial
mechanism involves its ability to form an envelope on the bacterial membrane leading to
reduced nutrient and oxygen uptake and bacterial growth (Matica et al., 2019). These two
mechanisms complement role of MAAs in destruction of bacterial membrane, leading to
stronger bacterial eradication. The third proposed mechanism involves chitosan complexation
with bacterial DNA affecting the mRNA and protein synthesis (Fuster et al., 2020). Finally, the
fourth mechanism, utilizes chitosan’s ability to chelate metal cations, leading to growth
inhibition and hampering of membrane integrity (Fuster et al.,, 2020). Moreover, the
mechanisms of action are also dependent on M, of chitosan, namely the higher M, chitosans
are more likely to form an envelope on the bacterial membrane, while chitosans with lower
M. are more likely to penetrate into the bacteria and interact with intracellular components

(Matica et al., 2019).

Considering the wound healing properties of chitosan, chitosan offers additional
benefits regarding the healing process, especially in the haemostasis, inflammation, and
proliferation stages (Feng et al., 2021). It is suggested that chitosan could act as a haemostatic
agent, able to promote platelet adhesion and aggregation, while prevent fibrinolysis (Feng et
al., 2021). In the inflammatory stage, chitosan participates in several processes involving both
innate and adaptive immune system. Chitosan reportedly could increase the infiltration of
polymorphonuclear neutrophils and augment functions of macrophages (Barbosa et al., 2010;
Kou et al., 2022). The anti-inflammatory properties of chitosan derive from downregulation of
different pro-inflammatory factors, like ILs and TNF-a. Additionally, it could also regulate
different immune cells leading to altered immune responses (Xia et al., 2022). Yet, the
immunomodaulating effects of chitosan are rather wide, and could include both the pro- and
anti-inflammatory responses (Fong and Hoemann, 2017). Nevertheless, the anti-inflammatory
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effects have been confirmed in rodent wound models (Chen et al., 2018; Shen et al., 2020). In
the proliferation stage, chitosan has been proven to affect the fibroblast proliferation and
migration through stimulated secretion of cytokines (Feng et al., 2021; Ribeiro et al., 2021;
Sandri et al., 2019). It has also been proven that chitosan promotes both the proliferation and

migration of keratinocytes (Romanova et al., 2015).

There are already some marketed products comprising chitosan for wound therapy,
however, most of these products are rather simple formulations including bandages, gels, or
sprays approved for haemostatic applications (Hemmingsen et al., 2021b). Even though
marketed chitosan-based wound dressings are scarce, chitosan has been extensively studied
as an active material or excipient in different formulations, drug delivery systems, or scaffolds
aimed at multitargeted wound therapy (Shariatinia, 2019). Among these, the nanoparticles,
films, sponges, hydrogels, nanofibers, and other scaffolds are the most common

(Hemmingsen et al., 2021b; Xia et al., 2022).

1.4.1.1 Chitosan as the excipient and coating material for liposomes

Chitosan has also been extensively studied as a bio- and mucoadhesive material in
formulations destined for different applications routes (Hemmingsen et al., 2021b). The main
consequence of its bio- and mucoadhesiveness is a prolonged retention at the administration
site. It is also known that the formulation type, or the mode that chitosan is incorporated in
pharmaceutical formulation, can tailor its antimicrobial properties (Jéraholmen et al., 2020).
In this project, we selected two approaches to incorporate chitosan in the delivery systems
for our MAAs. First approach was based on using chitosan as a coating material or excipient
in liposomal formulations. In the second approach, the chitosan hydrogels were utilized as a

secondary vehicle for liposomes as the primary MAAs carriers.

Chitosan-coating or chitosan-insertion within liposomes could be exploited to improve
the stability of liposomes, provide bioadhesive properties, prolong the release of the active

compound, and improve the antimicrobial activity of the formulation (Bochicchio et al., 2021;
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Jgraholmen et al.,, 2015). Several studies have proven superior antimicrobial activity of
liposomes comprising chitosan. For instance, Wang et al. reported the enhanced
bacteriostatic activity against S. aureus for the chitosan-coated liposomes with
cinnamaldehyde as compared to non-coated liposomes. Additionally, the authors
demonstrated that both the active compound and chitosan affected the bacterial membrane
(Wang et al., 2021b). In another study, Hassan et al. tailored lipid-chitosan hybrid vesicles
loaded with vancomycin against MRSA biofilms in vitro. The hybrid vesicles improved biofilm
eradication compared to control. Furthermore, the novel system lowered the bacterial burden
of planktonic MRSA by 95-fold as compared to vancomycin alone, in an intradermal MRSA
infection mice model (Hassan et al., 2020). Oligo-chitosan-coated liposomes with curcumin
significantly improved wound healing and scar repair in mice, as compared to free curcumin

(Nguyen et al., 2019).

1.4.1.2 Chitosan hydrogel

Chitosan hydrogel could exert an inherent antimicrobial effect as well as serve as a
delivery system for antimicrobial compounds entrapped within the hydrogel structure (Figure
1.8). Additionally, chitosan provides required moisture balance in the wound bed, offers
protection from external contaminants and bacteria, and allows gas exchange (Liu et al.,
2018). These are crucial requirements from ideal wound dressings (Stoica et al., 2020).
Moreover, the three-dimensional network created by the swelling of the polymer permits cell
migration and nutrient uptake or diffusion, further enhancing wound healing (Pellad et al.,

2018; Shahzadi et al., 2020).
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Figure 1.8. Representation of chitosan hydrogel. Graphical depiction of 1) empty hydrogel network, 2)

empty hydrogel, and 3) hydrogel loaded with antimicrobial compound. Created with BioRender.com.

Chitosan hydrogels have been reported able to enhance wound healing both in animals
and small-scale studies in humans. Ribeiro et al. confirmed improved fibroblast survival and
wound healing in rats treated with chitosan hydrogel (Ribeiro et al., 2009). In another study,
a novel chitosan hydrogel loaded with the AMP LL-37 significantly reduced the wound area
after 21 days, furthermore, epidermal and subepidermal layers were better defined and
organized as compared to the control group mice (Yang et al., 2020). Rodriguez-Acosta et al.
developed chitosan hydrogel loaded with silver nanoparticles and calendula extract that was
applied in two diabetic patients. The wounds of both patients healed within two to four
months (Rodriguez-Acosta et al., 2022). Guo et al. tailored a quaternized chitosan hydrogel
loaded with tannic acid and ferric iron that significantly improved healing of full-thickness
mouse wounds infected with S. aureus compared to the control. The effect was enhanced in
combination with near-infrared radiation (Guo et al., 2022). In another study, Wang et al.
prepared multifunctional hydrogels comprising chitosan quaternary ammonium salt and
polyacrylamide loaded with litmus and evaluated the formulation against S. aureus-infected
full-thickness skin wounds in mice. The hydrogel not only reduced the wound area but also
pus, redness, and swelling. Furthermore, the epidermal layer was found to be thicker as
compared to the control group (Wang et al., 2022). Fasiku et al. treated MRSA biofilm-infected
wounds in mice with a chitosan hydrogel loaded with hydrogen peroxide and an AMP. The
novel formulation significantly reduced the bacterial wound load at the same time as

decreasing the wound area (Fasiku et al., 2021).
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Examples discussed earlier confirm that chitosan hydrogels are promising delivery
system in the treatment of infected wounds, however, there are a few limitations to their
wider use that need to be considered. One of the limitations is an initial fast as well as
uncontrolled release of the active compound. Additionally, not all active compounds are
suitable for loading into hydrogel networks since it is a highly hydrophilic medium that can
destabilize sensitive compounds. Improved stability can often be achieved by using a primary
carrier to protect the sensitive active compounds; those carriers can be easily incorporated
into the hydrogel network, forming so called dual delivery systems, resulting in the liposomes-

in-hydrogels systems (Hemmingsen et al., 2021a; Peers et al., 2020).

1.4.2 Liposomes and liposomes-in-hydrogel as formulations for infected skin wounds

Since the discovery of liposomes about 60 years ago, they have been widely studied in
drug delivery and biomedical field (Bangham and Horne, 1964; Ferreira et al., 2021; Hua, 2015;
Ibaraki et al., 2020; Liu et al., 2021b; Municoy et al., 2021). Liposomes are spherical structures
comprising phospholipid bilayers (Figure 1.9). These self-assembled membrane structures
comprise one or several layers surrounding aqueous cores. The phospholipids are arranged
with their head groups either facing the cores or surrounding aqueous phase, while tails are

accommodated within the bilayers (Guimaraes et al., 2021a).

Figure 1.9. A graphical representation of liposome with highlighted phospholipid and

phosphatidylcholine structure. Created with BioRender.com.
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Liposomes are versatile delivery systems, with numerous liposome-based formulations
on the market, for various therapies that include, for example, AmBisome®, comprising an
antifungal drug, Doxil®, comprising a chemotherapeutic drug, and Arikayce®, against
Mycobacterium avium complex lung disease (Large et al., 2021). Their promise relies on their
biocompatibility, biodegradability, and generally low toxicity and immunogenicity
(Antimisiaris et al., 2021). Furthermore, the versatility of these carriers is often attractive for
formulation developers as liposomal surface can be tailored/modified for specific targets. Due
to the amphiphilic nature of liposomes, the hydrophilic, lipophilic, and amphiphilic
compounds could be entrapped or associated with liposomes. However, the clinical success
of liposomal formulation is influenced by the preparation method applied in their
manufacturing, liposomal characteristics as well as the physiochemical properties of the

incorporated active compound or compounds (Guimardes et al., 2021a).

The use of liposomes for skin delivery has increased since the first report on
entrapment of triamcinolone in liposomes that were applied to rabbit skin in 1980 (Mezei and
Gulasekharam, 1980). Due to the similarity of their and skin compositions, liposomes are an
attractive delivery system for skin administration. By allowing liposomal lipids to interact with
skin lipids, leading to accumulation of active compounds in the intended skin site or acting as
a skin reservoir for an active compound, liposomes are widely studied as skin delivery system
(Hua, 2015; Jain et al., 2017). However, in wounds, the skin structure is impaired therefore the
deposition of a compound can be altered (Hua, 2015). Liposomes could also provide prolonged
release of an active compound, leading to reduced application frequency and prolonged,
continuous exposure of an active compound to skin targets (Carita et al., 2018). Their potential
in improving the wound therapy has also gained optimism and remains to be further exploited

(Nwabuife et al., 2021; Wang et al., 2019).

There are several advantages of lipid-based systems in antimicrobial therapy.
Liposomes allow for local delivery of the antimicrobial compounds, which is often the ideal
administration mode in localized infections (Huh and Kwon, 2011). Local delivery of

antimicrobial compound could provide high local concentration at the infected site, reduce
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resistance development due to limited systemic exposure, and therefore also improve patient
safety (Hemmingsen et al., 2021b; Lam et al., 2018). The fact that liposomes could interact
with other lipid membranes could also be utilized for the eradication of bacteria. Liposomes
could interact or fuse with bacterial membranes and therefore deliver a higher payload into
the bacterial cell (Montefusco-Pereira et al., 2020; Wang et al., 2020). Moreover, liposomes
with cationic surfaces could further improve the interaction (Wang et al.,, 2020). This
interaction and higher local concentration could translate into lower total dose of the
antimicrobial compound given to the patients, reducing the probability of systemic effects and
resistance development (Gonzalez Gomez and Hosseinidoust, 2020; Rukavina and Vanic,
2016). Moreover, studies have proven better anti-biofilm effects of compounds/drugs
incorporated in liposomes. Ibaraki et al. confirmed enhanced permeation and retention of
cationic and anionic liposomes in P. aeruginosa biofilms. Liposomes comprising polyethylene
glycol (PEG) enhanced permeation, while liposomes without PEG improved retention (lbaraki
et al.,, 2020). Ferreira et al. also reported the therapeutic potential of rifabutin loaded

liposomes against S. aureus biofilms (Ferreira et al., 2021).

However, there are some limitations linked to these carriers. The disadvantages that
hamper their wider use in skin antimicrobial therapy include low stability, drug leakage, and
low viscosity and retention at administration site, especially for conventional liposomes (Maja
et al., 2020; Rukavina and Vani¢, 2016). These limitations could be addressed by using a
secondary vesicle, such as hydrogel. Moreover, to improve the antimicrobial potential of the
formulations, chitosan hydrogels could be great candidates (Rukavina and Vanié, 2016).
Employing a combination of liposomes and hydrogels, both the burst release from the
hydrogel network and leakage from liposomes could be avoided. This dual system, liposomes-
in-hydrogel (Figure 1.10), possesses promising features suitable for treatment of wounds.
Hurler et al. reported that novel mupirocin-liposomes-in-hydrogel were superior formulation
to treat burns in mice (Hurler et al., 2013). Furthermore, Degim et al. confirmed that the rats
treated with epidermal growth factor in liposomes-in chitosan hydrogel exhibited faster
wound healing and increased epidermis thickness (Degim et al., 2011). Gao et al. tailored pH-
sensitive gold nanoparticle-stabilized liposomes-in-hydrogel against S. aureus. The authors

proved pH-dependent fusion with the bacteria and therapeutic potential of the novel
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formulation (Gao et al., 2014). All these results assure the potential of liposomes-in-hydrogel
and chitosan-containing liposomes as suitable delivery systems for infected chronic wounds.
Moreover, utilizing the nature-derived MAAs as an active antimicrobial compound, we could
explore nature to boost the potential of innovative solutions and advanced topical delivery

systems.

Figure 1.10. Concept of liposomes with antimicrobial compound incorporated into the chitosan

hydrogel network (liposomes-in-hydrogel). Created with BioRender.com.

1.5 Our approach — antimicrobial compounds and delivery systems

The MAAs bear great potential in antimicrobial, topical therapy. However, the synthesis
and purification of AMPs and SMAMPs is often time-consuming and expensive, with rather
limiting yield considering a large-scale production (Erdem Buyikkiraz and Kesmen, 2022).
Therefore, to gain time and assure accessibility, in the first stage of the development of novel
drug delivery systems, we used a model MAA, namely CHX (Figure 1.11 A). CHX is a broad-
spectrum divalent cationic biguanide antiseptic, often used to treat or prevent skin infections,
with known activity against gram-positive and gram-negative bacteria (Williamson et al.,

2017). The most frequently described antimicrobial mechanism of action of CHX is reportedly
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its ability to bind to negatively charged components of the bacterial membrane, destructing
the membrane, and consequently causing leakage and bacterial death (Zheng et al., 2022). At
lower concentrations, CHX causes leakage and precipitation of proteins and nucleic acids,
while at higher concentrations the bacterial membrane is disrupted (Hoang et al., 2021).
Moreover, we chose to work with CHX base because of its lowered water solubility compared
to the salts (Farkas et al., 2001) to better mimic the lowered water solubility of MAAs
approaching the clinical pipeline. However, we were concern regarding the safety of CHX since
it is often debated. While some data indicate that CHX can cause skin irritation, and that it
exhibits toxicity against common skin cells, other reports claim that skin toxicity is not
common (Abdel-Sayed et al., 2020; Barrett et al., 2022; Chiewchalermsri et al., 2020;
Hirschman et al., 2012). However, to both assure the CHX safety and improve its antimicrobial
effects, several studies reported successful CHX incorporation in drug delivery systems; also,
the drug delivery systems comprising chitosan (Al-Obaidy et al., 2021; Kettel et al., 2017;
Kutsevol et al., 2021; Rossi et al., 2007; Song et al., 2016). Therefore, we tailored drug delivery

systems for CHX as a model MAA aiming at improving its antimicrobial effects.

After optimizing the delivery systems for CHX (papers I-Ill), we utilized the gained
knowledge to tailor drug delivery systems for model SMAMPs (papers IV-V). Paulsen et al.
synthesised novel SMAMPs mimicking eusynstyelamides isolated from the bryozoan Tegella
cf. spitzbergensis. These amphipathic guanidine barbiturates exhibited promising
antimicrobial activity against a panel of bacteria, making them promising candidates against
various infections, MDR bacteria, and biofilm-embedded bacteria. The SMAMPs caused
destruction of bacterial membranes, similar to CHX (Paulsen et al., 2021). From these
promising SMAMPs we selected two, namely 7e-SMAMP and 7a-SMAMP (Figure 1.11 B and
C, respectively). The 7e-SMAMP was selected for its strong antimicrobial activity, while 7a-
SMAMP was selected due to its safety profile against human erythrocytes (Paulsen et al.,
2021). To pursue a multitargeting approach to wound healing, we also utilized chlorogenic
acid (CGA, Figure 1.11 D) in combination with 7a-SMAMP. The CGA was mainly added to
implement anti-oxidative effects (Feng et al., 2016; Xu et al., 2012). However, CGA is also
linked to other biological effects, such as antimicrobial (Kabir et al., 2014; Li et al., 2014; Lou
et al.,, 2011), wound healing (Bagdas et al., 2015; Moghadam et al., 2017), and anti-
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inflammatory properties (Schroéter et al., 2019). Furthermore, Chen et al. proved good wound
healing and anti-oxidative properties of topically applied CGA in a rat excision wound model,

revealing encouraging actions of CGA in wound therapy (Chen et al., 2013).

NH NH cl

CFs

Figure 1.11. Molecular structures of active compounds used in this project. A) chlorhexidine (CHX), B)

7e-SMAMP, C) 7a-SMAMP, and D) chlorogenic acid (CGA).

To improve the antimicrobial activities and safety of these compounds, we tailored
liposomes and chitosan in different formulations. In the first part of the project, we developed
a primary carrier for our MAAs using CHX as a model compound. Various vesicles were
prepared, namely the conventional liposomes and chlorhexidine-liposomes (CHX-liposomes,
paper 1), chitosomes and chlorhexidine-chitosomes (CHX-chitosomes, paper Il), chitosan-
containing liposomes and chlorhexidine-chitosan-containing liposomes (CHX-chitosan-
containing liposomes), and chitosan-coated liposomes and chlorhexidine-chitosan-coated
liposomes (CHX-chitosan-coated liposomes, paper lll, Figure 1.12). Furthermore, liposomes
(papers|, 1V, and V), plain vesicles (paper Il), and lipid carriers (paper lll) corresponding to plain
liposomes were prepared, however, due to various production procedures we used different
nomenclatures to distinguish them. All vesicles were optimized regarding wound healing
potential. Additionally, we produced chitosan hydrogels as a secondary vehicle and optimized

a mode of chitosan incorporation in the novel formulations.
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Figure 1.12. Summary of delivery systems used in this project. A) 1) liposomes, 2) chitosan hydrogel,
B) 1) chitosomes, 2) chitosan hydrogel, C) chitosan-containing liposomes, and D) chitosan-coated

liposomes. Created with BioRender.com.

In the second part of the project, we tailored the delivery systems for the novel
SMAMPs based on the optimization of formulations for CHX. The conventional liposomes and
liposomes-in-chitosan hydrogel were deemed the most suitable systems for biofilm-infected
chronic wounds (Figure 1.12 A). We therefore tailored liposomes for 7e-SMAMP (7e-SMAMP-

liposomes) and liposomes-in-hydrogel for 7a-SMAMP (7a-SMAMP-liposomes-in-hydrogel).
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2. Aims of the thesis

The overall aim of the PhD project presented in this thesis was to tailor and optimize delivery
systems for MAAs, especially SMAMPs, intended for treatment of infected skin wounds. The
goal was to optimize the antimicrobial and anti-inflammatory properties of the antimicrobial
compounds and delivery systems. To achieve this, novel delivery systems comprising
combinations of liposomes and chitosan were developed and optimized to assure improved

antimicrobial and anti-inflammatory effects of incorporated active compounds.

The specific aims were as following:

= QOptimize conventional liposomes, chitosomes, chitosan-containing liposomes, and
chitosan-coated liposomes loaded with CHX, confirming their suitability as delivery
systems for improved therapy of skin wounds. Further, finding the most suitable
system to the SMAMPs.

=  Translate the optimization of CHX-liposomes into liposomal delivery systems for novel
antimicrobials, the SMAMPs.

= Tailor chitosan hydrogels and liposomes-in-hydrogels for topical skin wound
application.

= Assure that the novel systems provide the sustained release of active compounds as
well be considered the patient-friendly dressings.

= Confirm anti-inflammatory activity of the formulations.

=  Confirm the cell compatibility of the formulations in relevant cell lines, e.g.,
keratinocytes, fibroblasts, and macrophages.

= Confirm the antimicrobial and anti-biofilm effect of formulations in relevant bacteria

and biofilms, e.g., S. aureus, Staphylococcus epidermidis, P. aeruginosa, and E. coli.
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3. Summary of papers

Paper | - Liposomes-in-chitosan hydrogel boosts potential of chlorhexidine in biofilm

eradication in vitro

In the first paper, we utilized CHX as a model compound for MAAs and SMAMPs. The synthesis
of AMPs and SMAMPs is often a small-scale production and both costly and time-consuming.
On the other hand, CHX is a cheap, well-known, and widely available antimicrobial drug that
presents a pharmaceutical challenge considering its applicability in wound dressings. Novel
formulations able to improve its biological properties could be highly beneficial in
management of chronic wounds. The aim was to develop a liposomes-in-chitosan hydrogel

system to improve antimicrobial properties and assure biocompatibility of CHX.

The CHX-liposomes prepared by the thin-film hydration method and manual extrusion, were
further incorporated into a chitosan hydrogel network to create a formulation optimized for
skin delivery. The liposomes were characterized for their size, size distribution, zeta potential,
pH, and entrapment efficiency while the hydrogel and liposomes-in-hydrogel were
characterized by texture analysis. The in vitro drug release, bioadhesion, anti-inflammatory

properties, biocompatibility, and antimicrobial and anti-biofilm activities were assessed.

The optimized phosphatidylcholine liposomes bearing CHX were around 300 nm in size with
relatively narrow size distribution suitable for delivery of CHX onto/into the skin while allowing
its penetration into biofilms. Additionally, the cationic surface charge (45.5 mV) assured a
strong interaction with bacterial membranes and biofilm matrices. The novel liposomes-in-
hydrogel system provided prolonged release of CHX, produced a significant reduction in
inflammatory responses in macrophages, and exhibited proliferative effects on keratinocytes.
Since the chronic wounds are arrested in an inflammatory phase, the confirmed anti-
inflammatory properties could help further progression of the healing cascade without

inducing toxicity to the cells needed for proper healing.

Finally, we assessed the antimicrobial and anti-biofilm activities of the formulationin S. aureus
and P. aeruginosa. In the planktonic bacteria, non-formulated CHX exhibited the fastest
eradication, however, both CHX-liposomes and CHX-liposomes-in-hydrogel were able to

completely eradicate bacteria even when challenged in the simulated wound environment.
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This delayed eradication can be contributed to the prolonged CHX release. To evaluate the
anti-biofilm effects, we focused on two mechanisms, namely the inhibition of biofilm
formation and eradication of pre-formed biofilm. The free CHX had moderate effect on both
inhibition and eradication, while the novel liposomes-in-hydrogel system was able to
completely inhibit biofilm formation and eradicated 82-98% and 64% of S. aureus and P.

aeruginosa biofilms, respectively.

This study demonstrated that CHX-liposomes-in-hydrogel could serve as a novel platform in
the development of wound dressings for chronic wounds. Furthermore, we confirmed that

chitosan hydrogel boosts the effects of the liposomally-associated CHX.
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Paper Il - Chitosomes-In-Chitosan Hydrogel for Acute Skin Injuries: Prevention and

Infection Control

In the second paper, we continue to focus on intrinsic antimicrobial properties of chitosan by
investigating whether the chitosan’s activities are affected by the way chitosan was
accommodated in the formulation. We were particularly interested in the properties of CHX-
liposomes if we inserted chitosan within the liposomal bilayers. We therefore utilized the one-
pot method, a modified version of solvent injection, to prepare chitosomes. The CHX was

again used as a model MAA.

Both CHX-vesicles and CHX-chitosomes were prepared by the one-pot method followed by
probe sonication. Due to the promising results from the first paper, we also included chitosan
hydrogels in this study. After optimizing novel delivery systems for skin administration, we
additionally quantified the surface-available chitosan as well as evaluated the rheological
behaviour of the hydrogels. The antimicrobial activity of these formulations was evaluated
against S. aureus and S. epidermidis. The biocompatibility assessments were also extended to
include the hydrogel, even though the safety of chitosan hydrogels has been previously

thoroughly investigated.

We determined that both CHX and chitosan were accommodated on the surface of the CHX-
chitosomes. Considering antimicrobial therapy, this finding could clearly be an advantage
since both molecules could interact with the bacterial membrane to assert their antimicrobial
effects. The hydrogels and vesicles-in-hydrogel exhibited pseudoplastic flow with shear
thinning behaviour; the viscosity and shear stress decreased upon increasing temperature,

which is considered beneficial for formulations intended for skin applications.

All formulations were biocompatible with keratinocytes, important cells considering the
healing cascade. Furthermore, the chitosan was once again proven to enhance the
antimicrobial effects of the active compound. Chitosomes were more effective than the plain
lipid vesicles, however, the antimicrobial effects of the hydrogel formulations were the
strongest. The CHX-chitosomes-in-chitosan hydrogel could be a suitable formulation for both
the prevention and infection control of skin injuries, particularly for therapy of acute skin

injuries.
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Paper lll - Chitosan-based delivery system enhances antimicrobial potential of

chlorhexidine

Encouraged by the findings in paper Il, in the third paper, we further exploited the mode of
inserting chitosan in the liposomal bilayers, namely we challenged the chitosan-coated versus
chitosan-containing liposomes. CHX was used as a model MAA. Contrary to the second paper,
we used chitosan of lower My, since it is more often used as a coating polymer. This enabled

us to also assess the effect of its M.

Lipid carriers and chitosan-containing liposomes with and without CHX were formed through
the thin-film hydration method, followed by probe sonication and manual extrusion. Chitosan-
coated liposomes were prepared by coating the plain lipid carriers with chitosan solutions. We
evaluated three different types of vesicles, namely the lipid carriers, chitosan-containing
liposomes, and chitosan-coated liposomes. All vesicles were characterized as in papers | and
II. We particularly focused on the surface-available chitosan, cell compatibility, anti-

inflammatory activity, and antimicrobial effect.

All vesicles, except the CHX-chitosan-coated liposomes, had mean vesicle populations
between 300 and 350 nm (cumulative size <80%). The CHX-chitosan-coated liposomes were
larger, however, still with a mean cumulative size below 400 nm. The size distribution was still
deemed suitable for topical administration. The surface charge of CHX loaded chitosan-
containing-liposomes and chitosan-coated liposomes were significantly higher than for the
CHX-chitosomes in our previous paper, indicating that more CHX and/or chitosan was
available at the surface of the vesicles. We confirmed that more chitosan was surface available

to potentially interact with bacteria.

The cell compatibility of these vesicles was evaluated in three different cell lines, namely
keratinocytes, fibroblasts, and macrophages. The vesicles exhibited excellent
biocompatibility; no toxicity was observed for any of the vesicles throughout the whole
concentration range in any of the cells. Furthermore, the reduction of NO production,
indicating that the anti-inflammatory response was strong. Finally, the same trends that were
observed for the chitosomes in the previous study were confirmed in this study. The CHX

induced a strong antimicrobial effect, that was further enhanced by chitosan. The
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combinations of CHX and chitosan in CHX-chitosan-containing liposomes and CHX-chitosan-

coated liposomes exhibited strong antimicrobial activity against S. aureus.

We confirmed that both chitosan-containing and chitosan-coated liposomes could serve as
potential platforms for the delivery of MAAs exhibiting improved antimicrobial activity against

S. aureus and therefore potentially enhancing healing of chronic wounds.
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Paper IV - Tailored anti-biofilm activity — liposomal delivery for mimic of small

antimicrobial peptide

Among the MAAs, AMPs and SMAMPs have attracted more attention for their broad and fast
antimicrobial action together with other beneficial biological properties. In the fourth paper,
we focused on novel amphipathic guanidine barbiturates modelled after eusynstyelamides
isolated from Tegella cf. spitzbergensis, a marine bryozoan. The eusynstyelamides comprise
two cationic groups, either amine or guanidine groups, and two lipophilic groups coupled with
a five-membered ring. To mimic this structure, the novel SMAMPs consist of two cationic
guanidine groups and two lipophilic groups with bromine or trifluoromethyl substituents
coupled with barbiturate ring to fulfil the pharmacophore of small AMPs. These mimicked
SMAMPs have previously exhibited excellent antimicrobial activity, however, we aimed to
further enhance the antimicrobial action of the novel SMAMP as well as improve other
biological properties, as achieved for CHX in the first part of the project (paper I). The selected
SMAMP, 7e-SMAMP, was especially interesting due to its strong antimicrobial activity.
Conventional liposomes were selected as a primary carrier for 7e-SMAMP. Since 7e-SMAMP
exhibits a strong membrane activity, we focused both on improved antimicrobial effects of
liposomally-associated 7e-SMAMPas well as potential effects this novel compound may have

on liposomal properties.

At first, we needed to assure that the 7e-SMAMP was stable in relevant fluids, especially a
simulated wound fluid (SWF). The 7e-SMAMP was proven to remain stable at three different

storage temperatures, namely 4, 25, and 32 °C for up to 7 days.

We than prepared liposomes by the thin-film hydration method using manual extrusion. To
make sure that liposomes were indeed formed, stable, and in desired size range, we
determined the size, size distribution, zeta potential, phospholipid content, membrane
elasticity, morphology, and in vitro 7e-SMAMP release profile. The 7e-SMAMP-liposomes in a
size range of around 250-300 nm maintained their stability over a period of 12 weeks. The
surface charge (59 mV) suggested that 7e-SMAMP was accommodated within or onto the
surface of liposomes assuring its accessibility to interact with bacterial membranes. The 7e-
SMAMP-liposomes also exhibited prolonged release of 7e-SMAMP, indicating their potential
to prevent bacterial regrowth without need for multiple applications, thereof improving

patient compliance.
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Next, we evaluated the cell compatibility and anti-inflammatory activity of the 7e-SMAMP-
liposomes. We confirmed that 7e-SMAMP-liposomes (50 pg/mL lipid) significantly reduced
the NO production in murine macrophages, indicating strong anti-inflammatory activity.
Furthermore, we confirmed the safety of 7e-SMAMP-liposomes in both keratinocytes and
macrophages. Moreover, 7e-SMAMP-liposomes (50 pg/mL lipid) also exhibited proliferative

effects in the keratinocytes, similarly to empty liposomes.

Lastly, we evaluated the antimicrobial activity of 7e-SMAMP-liposomes. To investigate the
mechanism of their activity, we utilized an indirect approach. We tailored B3M-liposomes to
mimic the membrane of S. aureus and P. aeruginosa. First, we loaded these B3M-liposomes
with FITC-dextrans and measured their leakage upon exposure to non-formulated or
formulated 7e-SMAMP. Only the 7e-SMAMP-liposomes were able to induce leakage of high
Muw FITC-dextran from P. aeruginosa B3M-liposomes. We further investigated fusion between
the inner and outer layer of B3M-liposomes by labelling the inner leaflet and monitoring
possible lipid flip-flop induced by membrane stress. In S. aureus B3M-liposomes, 7e-SMAMP-
liposomes induced strong fusion at the highest concentration, while non-formulated 7e-
SMAMP induced fusion at all tested concentrations. In P. aeruginosa B3M-liposomes, 7e-
SMAMP-liposomes induced the strongest fusion in all concentrations. These results indicated
that both 7e-SMAMP and 7e-SMAMP-liposomes exerted their activity on mimics of bacterial

membranes.

The most abundant wound bacteria, namely S. aureus, P. aeruginosa, and E. coli were used in
the antibacterial challenges. In an environment comprising SWF, both non-formulated and
formulated 7e-SMAMP completely eradicated all bacteria, except S. aureus SO2 and P.
aeruginosa ATCC10145. The effect was delayed in 7e-SMAMP-liposomes, corresponding to

release data.

Encouraged by a strong antibacterial effect, the final challenge focused on the anti-biofilm
effects exhibited through both the inhibition of biofilm formation and eradication of pre-
formed biofilm. The 7e-SMAMP-liposomes were more effective than non-formulated 7e-
SMAMP in both inhibition and eradication of biofilm. These results suggest that 7e-SMAMP-
liposomes could be utilized both in prevention and treatment of infections, confirming their

potential in chronic wound therapy.
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Paper V - Towards multitarget approach in chronic wound healing — Synthetic mimic
of antimicrobial peptide combined with polyphenol in liposomes-in-hydrogel

dressing

After confirming that liposomes enhance antimicrobial action of highly potent SMAMP, we
evaluated another SMAMP, the 7a-SMAMP is a less potent antimicrobial but could exhibiting
several beneficial properties regarding wound healing. We developed liposomes-in-hydrogels
for 7a-SMAMP. Furthermore, we co-entrapped 7a-SMAMP with the polyphenol chlorogenic
acid (CCA), a known antioxidant and anti-inflammatory compound, to develop a dressing able
to achieve multitargeted activities in wound healing. We were particularly interested in

improved healing.

Liposomes containing 7a-SMAMP and/or CGA were produced via thin film hydration method
and their size optimized using manual extrusion. The liposomes were characterized for their
size, size distribution, surface charge, entrapment efficiency, and in vitro release, and
incorporated in chitosan hydrogels. The hydrogels were characterized for their texture
properties, rheological behaviours, and in vitro release. The radical scavenging activity of CGA

was confirmed and compared to the activities of vitamin C and E.

We performed assessments of the anti-inflammatory activity, cell toxicity, and effects on cell
migration in cells treated with the novel formulations. More specifically, we measured the NO
production in murine macrophages, and evaluated potential toxicity in the murine
macrophages, keratinocytes, and fibroblasts. Moreover, we assessed the effects of liposomes
and CGA/7a-SMAMP-liposomes on keratinocyte and fibroblast cell migration to gain insight

on wound closing potential of novel formulation.

Liposomes containing 7a-SMAMP and/or CGA were of approximately 200 nm in size with a
narrow size distribution. The surface of CGA-liposomes was neutral but increased upon
incorporation of 7a-SMAMP, indicating that 7a-SMAMP is associated with the bilayers of
liposomes. Interestingly, the entrapment efficiency increased when both compounds were
entrapped in the liposomes. The liposomes provided prolonged release of 7a-SMAMP. The
CGA exhibited similar or stronger anti-oxidative effects compared to vitamin C and E. The
hydrogels and liposomes-in-hydrogels, except the ones containing CGA, demonstrated stable

texture properties, while the hardness and cohesiveness increased for hydrogels containing
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CGA. Furthermore, the hydrogel, 7a-SMAMP-liposomes-in-hydrogel, and CGA/7a-SMAMP-
liposomes-in-hydrogel exhibited temperature-dependent pseudoplastic flow and were
therefore deemed suitable for topical skin application. Interestingly, the liposomes-in-
hydrogel had an initial faster 7a-SMAMP release rate than the liposomes, however, release

was still suitable for treatment of infected wounds.

All liposomal formulations and hydrogels, except the liposomes containing CGA, exhibited
strong dose-dependent anti-inflammatory activity. Even though that CGA is described in
literature as being an anti-inflammatory compound, the opposite effect was seen in the
macrophages treated with CGA-liposomes and CGA/7a-SMAMP-liposomes. No significant
toxicity was observed in any of the cells treated with either liposomal formulations or
hydrogels. There was a small reduction in the viability of murine macrophages treated with
hydrogel or CGA/7a-SMAMP-liposomes-in-hydrogel, however, viability remained above 70%
and therefore the formulations were deemed non-toxic. The CGA/7a-SMAMP-liposomes
improved keratinocyte migration after 24 and 30 hours. In fibroblasts, the migration was not

affected by the treatment.

The result highlighted that liposomes-in-hydrogel containing CGA and 7a-SMAMP could

address the challenges of inflammation and improve wound closure in chronic wounds.
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4. Experimental section
The methods utilized in this project are described in depth in papers I-V, however, in this

section a very brief overview of selected methods is given.

Three studies were designed to evaluate the characteristics and in vitro properties of
liposomes, chitosomes, chitosan-containing liposomes, and chitosan-coated liposomes with
CHX (Figure 4.1). The method descriptions for liposomes and secondary vehicles are found in
papers I-lll. To evaluate the characteristics of both the vesicles and secondary vehicles,

different methods were employed as described in papers I-lll.
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Based on the evaluation of the various carriers for CHX, conventional liposomes
incorporated into chitosan hydrogel were selected as the optimal dual delivery system for the
second model MAAs, the newly patented SMAMPs (Strgm et al., 2018). The selection was
based on a shorter production time, relative ease of the procedure, bilayer structure and
characteristics, biological activities, and potential for upscaling. However, prior to SMAMP-

liposomes incorporation in hydrogels, we deemed it necessary to initiate more thorough
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evaluations of the liposomes comprising novel SMAMPs synthesised for this project.
Therefore, two separate studies were designed. In the first study, we aimed to perform a
rigorous evaluation of 7e-SMAMP associated with liposomes (7e-SMAMP-liposomes, Figure
4.2 A, paper IV), whereas in the second study, we tailored 7a-SMAMP-liposomes-in-chitosan
hydrogel (Figure 4.2 B). Furthermore, CGA was co-entrapped with 7a-SMAMP to provide a
multitarget approach to wound heling, contributing with the anti-oxidative properties (paper

V).
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Figure 4.2. Overview of primary and secondary delivery systems for synthetic mimics of antimicrobial
peptides (SMAMPs). Preparation and characterization methods included in the different studies are
also specified. A) Paper IV and B) paper V. Created with BioRender.com.
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In the following subsections the methods applied to evaluate the activities of novel
delivery systems are briefly described; however, full method descriptions can also be found in

papers |-V.

4.1 Cell experiments (papers I-V)

The murine macrophages (RAW 264.7) were cultured in RPMI, while keratinocytes
(HaCaT) and fibroblasts (HDF-neo) were cultured in DMEM high glucose. In both cases, the
media was supplemented with fetal bovine serum (10%, v/v) and penicillin-streptomycin. Cell
compatibility was assessed in all three cell lines; the cell migration was evaluated for HaCaT

and HDF-neo cells, whereas the anti-inflammatory activity in RAW 264 cells.

4.1.1 Cell compatibility (papers I-V)

Potential cytotoxicity of the formulations was assessed as described previously by
Cauzzo et al. using the cell counting kit-8 (CCK-8), a colorimetric assay for determination of
cell viability (Cauzzo et al., 2020). Cells were seeded (1 x 10° cells/mL, 90 L) in 96-well plates
and incubated (37 °C, 5% CO,) overnight. To evaluate the compatibility of formulations, either
liposomes, hydrogels, or liposomes-in-hydrogel, were added to the wells (lipid concentrations
of 1, 10, and 50 pug/mL or the corresponding concentration of hydrogels). After 24 hours
incubation, 10 uL of the CCK-8 reagent was added to each well and the cells were incubated
for another 4 hours. The reduction of the CCK-8 reagent by dehydrogenases to formazan, was
evaluated on a UV-vis plate reader (Tecan Trading AG, Switzerland); the absorbance was

measured at 450 nm and referenced at 650 nm.

4.1.2 Anti-inflammatory activity (papers I-V)

The anti-inflammatory activity was determined by inducing NO production in RAW 264.7
cells with LPS as previously reported (Giordani et al., 2019). Cells were seeded (5 x 10°
cells/mL, 1 mL) in 24-well plates and incubated (37 °C, 5% CO;) overnight. Complete medium

was replaced with medium containing LPS (1 pg/mL) to induce NO production. The cells were
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treated with either liposomes, hydrogels, or liposomes-in-hydrogel (lipid concentrations of 1,
10, and 50 pg/mL or the corresponding concentration of hydrogels). Cells treated with only
LPS containing medium or complete RPMI served as controls. Afterwards, the cells were
incubated for another 24 hours. Finally, the NO production was evaluated on the UV-vis plate
reader (Tecan Trading AG, Mannedorf, Switzerland) with Griess reagent (1:1, v/v; 2.5%
phosphoric acid with 1% sulphanilamide and 0.1% N-(-1-naphthyl)ethylenediamine) at 540 or
560 nm.

4.1.3 Cell migration — in vitro scratch assay (paper V)

Prior to the experiments, 6-well plates were coated with fibronectin (2.1 pg/cm?) as
previously reported (Liang et al., 2007). Cells were seeded in the pre-coated 6-well plates and
incubated (37 °C, 5% CO,) to attain a confluent cell monolayer (Borges et al., 2017). A scratch
was created in the cell monolayer with a p200 pipette tip and debris was removed by washing
with Dulbecco’s phosphate buffered saline (pH 7.4). Fresh medium containing treatment (2
mL, liposomes or CGA/7a-SMAMP-liposomes, lipid concentrations of 1, 10, or 50 pug/mL) was
added to the wells. Complete medium served as control. The cells were incubated (37 °C, 5%
CO3) and evaluated under an Eclipse Ts2 inverted microscope (Nikon Corporation, Tokyo,
Japan) coupled to an HDMI microscope camera (DeltaPix, Smorum, Denmark) after 4, 7, 24,
and 30 hours. The images were analysed using Imagel (Schneider et al., 2012) with the
Wound_healing_size_tool plugin developed by Suarez-Arnedo et al. according to the

instructions provided by the authors (Suarez-Arnedo et al., 2020).

4.2 Bacterial Membrane-Mimic Liposome Models (paper IV)

4.2.1 Preparation of bacterial membrane-mimic liposomes

The B3M-liposomes mimicking S. aureus or P. aeruginosa were prepared by the thin
film hydration and extrusion using DOPG and cardiolipin (molar ratios of 58:42) or DOPE,
DOPG and cardiolipin (molar ratios of 65:23:12), respectively (Epand et al., 2008; Lombardi et
al.,, 2017; Sun et al., 2015). The lipid films were hydrated with FITC-dextrans of average Mys
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of 4400 or 20 400 Da in HEPES buffer (10 mM, pH 7.4) with 100 mM NaCl and 1 mM EDTA

sodium or HEPES buffer, respectively.

4.2.2 FITC-dextran leakage

The B3M-liposomes were diluted (20-fold) and treated with non-formulated or
formulated 7e-SMAMP (concentrations corresponding to 0.5, 2, and 5 pg/mL of the 7e-SMAMP).
Fluorescence intensity was measured at excitation wavelength 485 nm and emission

wavelength 530 nm. Triton X-100 served as control (Sun et al., 2015; Xiong et al., 2005).

4.2.3 Lipid flip-flop

The B3M-liposomes mimicking S. aureus or P. aeruginosa membranes for the lipid flip-
flop assay were tailored in the same manner as for the FITC-dextran leakage assay; however,
C6-NBD-PG was added at 0.5 mol% together with the other lipids. The B3M-liposomes were
treated with sodium dithionite in 1 M HEPES buffer (pH 7.4) and incubated for 15 min at 24 °C
to ensure C6-NBD-PG quenching in the outer leaflets. The B3M-liposomes were diluted (50-
fold) and treated with non-formulated or formulated 7e-SMAMP (concentrations
corresponding to 0.5, 2, and 5 ug/mL of the 7e-SMAMP). Sodium dithionite was added, and flip-
flop activity was monitored with excitation and emission wavelengths of 460 and 520 nm,
respectively, for 650 sec. Triton X-100 or buffer served as respective controls (Orioni et al.,

2009; Yamamoto and Tamura, 2010).

4.3 Antimicrobial evaluation

The antimicrobial activities of the formulations were tested against common skin-
associated bacteria, namely S. aureus, S. epidermidis, P. aeruginosa, and E. coli (Lam et al.,

2018).
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4.3.1 Broth microdilution (papers I-1V)

Broth microdilution was performed either as described in the CLSI guidelines or
according to EUCAST guidelines (Balouiri et al., 2016; EUCAST—the European Committee on
Antimicrobial Susceptibility Testing, 2020). The two guidelines are very similar (Balouiri et al.,
2016). In brief, bacterial inocula were prepared in broth (Mueller Hinton or nutrient broth).
Non-formulated or formulated MAAs were diluted two-fold in 96-well plates, bacterial inocula
added to the wells, and the 96-well plates incubated (37 °C, 24 hours). After incubation, results
were recorded either on a plate reader or spotted on agar plates (blood or nutrient agar

plates), incubated overnight, and counted (Balouiri et al., 2016; Hemmingsen et al., 2021a).

4.3.2 Time-kill assay (papers | and IV)

To investigate the antimicrobial activities of the formulations in planktonic bacteria in
the presence of simulated wound fluid (SWF, bovine serum albumin 2% w/v; CaCl, 0.02 M;
NaCl 0.4 M; Trizma base 0.05 M (Cerchiara et al., 2020)), the time-kill curves were determined.
Non-formulated or formulated MAAs were diluted in SWF and inoculated with bacterial
suspensions. Viable bacteria were counted on plates at inoculation time and after 3, 6, 8, and

12 or 24 hours of incubation (Hemmingsen et al., 2021a).

4.3.3 Anti-biofilm activities (papers | and IV)

The anti-biofilm activities were determined both as the activities against biofilm formation as
well as eradication of pre-formed biofilms. For the biofilm formation evaluation, bacterial
suspensions and non-formulated or formulated MAAs (equal volumes) were incubated in 96-
well plates for 48 hours to allow biofilm formation. In the biofilm eradication assay, bacterial
suspensions were incubated for 48 hours to form biofilms. After the initial biofilm formation,
the biofilms were treated with non-formulated or formulated MAAs for 24 hours. To quantify
the biofilms in both assays, crystal violet staining was utilized, and the absorbance recorded

at 595 nm (Hemmingsen et al., 2021a).

51



Experimental section

52



Results and discussions

5. Results and discussions

The aim of this project was to tailor drug delivery systems for MAAs, particularly SMAMPs, to
improve antimicrobial and wound healing therapy of infected chronic wounds. However, due
to SMAMP synthesis costs and production time, we utilized CHX as a model MAA in the first
part of the project. As discussed previously, due to their similarity to the skin and bacterial
membranes as well as their diversity, liposomes were chosen as the primary carrier for these
antimicrobial compounds (Wang et al., 2020). Since conventional, neutral liposomes do not
exhibit antimicrobial properties (Ternullo et al., 2019), chitosan was added to the formulations
to improve biological and antimicrobial potential (Arora and Nanda, 2019; Hamedi et al.,
2018). Further, we intended to assess the in vitro biological properties, particularly the cell
compatibility and antimicrobial efficacy, of various delivery systems in respect to the
accommodation of model MAAs, CHX, within novel delivery system. The approaches used for

papers I-lll are presented in Figure 5.1.

Chlorhexidine

Figure 5.1. Schematic representation of delivery systems in the first part of the project. A) Paper |, B)

paper ll, and C) paper Ill. Created with BioRender.com.
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5.1 Model membrane-active antimicrobial, CHX, and liposomes (papers I-11l)

Even though CHX was selected as a model compound, its potential as a drug to be
included in wound dressing is clear. In addition to its antimicrobial efficacy, it is also rather
cheap, available, and well-known compound. We aimed to further improve its efficacy by
incorporating it in delivery systems. Using delivery systems to repurpose older antimicrobials
is often considered a great strategy in overcoming some of the challenges in the AMR patterns
seen today. Many perceive the repurposing or reviving of old antibiotics as a viable strategy
to ease the challenges of AMR (Karaiskos et al., 2019; Theuretzbacher et al., 2015).
Development of novel antimicrobial compounds with new targets is both expensive and
challenging, therefore repurposing could improve both the financial and time aspects (Farha
and Brown, 2019). It is not a secret that development of novel antimicrobial compounds is a
rather low-margin venture where expenses and revenue might not harmonize (Roope, 2022).
Liposomes have previously exhibited promising features as a carrier for antimicrobial
compounds in wound therapy and could therefore represent a suitable option to improve

older antimicrobial compounds (Hajiahmadi et al., 2019; Sinsinwar and Vadivel, 2021).

5.1.1 Chlorhexidine-liposome characteristics (papers I-lll)

Since this project aimed to tailor drug delivery systems for topical skin therapy, the
target vesicle size was around 300 nm (Table 5.1, paper I) to achieve a depot effect of
formulations (du Plessis et al., 1994). Yet, the optimal size of systems depends on the
physiochemical properties of the specific system and condition intended to treat.
Nevertheless, in a study by Meers et al.,, the authors demonstrated improved biofilm
penetration of liposomes of around 300 nm (Meers et al., 2008). Unfortunately, there is little
agreement in literature regarding the optimal carrier size for biofilm penetration; moreover,
biofilm penetration also depends on other properties, like the surface change, shape, and
bacterial species (Liu et al., 2019). Additionally, we achieved a polydispersity index (PI) that is
considered suitable for lipid-based carriers intended for topical therapy (Danaei et al., 2018).
The size was confirmed with TEM, where also the morphology of liposomes was assessed, and

the successful preparation of liposomes was confirmed (Figure 5.2).
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Table 5.1. Liposome and CHX-liposome characteristics: mean diameter, polydispersity index (Pl), zeta

potential, entrapment efficacy (EE%), and pH in aqueous medium.

Mean Zeta potential
diameter PI P EE (%) pH
(mV)
(nm)
Liposomes 271+16 0.33+£0.07 -0.4+0.3 - 6.9+0.2
318 + 9% 0.24 +0.03* 455+ 1.3¥ 94.7 £ 0.7 8.0+0.1

CHX-liposomes

Results are expressed as means with their respective SD (n = 3, ¥ n = 6). The mean diameter represents

the weight-intensity distribution of the liposomes.

Adapted from Hemmingsen et al. (2021a), reproduced under Creative Commons Licence (CC BY).

Figure 5.2. TEM-image of CHX-liposomes. A) Scale bar: 200 nm, prepared uranyless. B) Scale bar: 500

nm, prepared utilizing uranyl acetate and methylcellulose.

Adapted from Hemmingsen et al. (2021a), reproduced under Creative Commons Licence (CC BY).

The liposomes were prepared from phosphatidylcholine, a zwitterionic lipid, to attain
neutral surfaces of empty liposomes (Table 5.1). Many MAAs display selectivity towards
negatively charged membranes due to the positively charged groups on the compounds.
Therefore, we aimed to avoid membrane disruption in the liposomal bilayer by selecting lipids
that formed neutral liposomes. The surface charge of the CHX-liposomes suggests that CHX,

an amphiphilic molecule, is accommodated on the bilayers or stretched with its hydrophobic

55



Results and discussions

parts from within the liposomes exposing the hydrophilic parts to the aqueous surroundings
or cores. The cationic character of the liposomes might improve interactions with the
negatively charged bacterial cells and penetration into biofilm matrices (Rukavina and Vani¢,

2016), of relevance for our aims.

Following the promising characteristics of the CHX-liposomes, we further investigated
whether inclusion of chitosan within liposomal bilayers by formation of chitosomes as primary
carrier for the membrane-active CHX, could affect liposomal properties. We selected the
method originally reported by Andersen et al. (Andersen et al., 2013) to produce chitosomes
comprising medium My, chitosan (paper Il). The medium M, chitosan was initially selected
due to the proposed antimicrobial mechanism of membrane attack and the potential to form
an envelope on the bacterial membrane (Hemmingsen et al., 2021b). Additionally, this My
was also selected for the chitosan hydrogel for the CHX-liposomes in the stage of the first part

of this project (paper I).

As seen in Table 5.2, both chitosomes and vesicles (corresponding to liposomes in
paper 1) prepared through the one-pot method and probe sonication had a multimodal
distribution of the vesicle populations, with a higher Pl as could be expected based on the
preparation methods. We had to use probe sonication for size reduction due to the enhanced
rigidity of the membranes upon insertion of chitosan in the chitosome bilayers. However, both
plain CHX-vesicles and CHX-chitosomes were in an acceptable size range, also confirmed with
TEM (Figure 5.3). Interestingly, the CHX and chitosan seemed to co-accommodate within and
on the chitosome bilayers, suggesting that both molecules exist on the chitosome surface and
are available to interact with bacteria to assert their activities. The entrapment efficiency was
slightly lower and surface charge slightly higher for the vesicles and chitosomes produced
through the one-pot method and probe sonication (paper Il) compared to the CHX-liposomes
produced with the thin film hydration and extrusion (paper I). Furthermore, the combination
of CHX and chitosan provided an even higher surface charge than the two constituents alone;

a finding that suggests improved potential of chitosomes to interact with bacterial
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membranes. The increase in surface charge could potentially also increase the cytotoxicity

(Rukavina et al., 2018).

Table 5.2. Chitosome characteristics: mean diameter, polydispersity index (Pl), zeta potential,

entrapment efficacy (EE%), and pH in aqueous medium.

Mean diameter (nm)

Zeta
Peak 1 Peak 2 Peak 3 Pl potential EE (%) pH
(mV)
% % %
: 31+9 62 169+ 18
Plain, empt 18 +0. 6+0. - 6+0.
pty 543 13 90+ 4 0.18£0.01 0.6+0.0 5.6+0.0

vesicles

+ + +
Empty 154+_44 3401_:142 (15:2(1_12 0.22 +0.01 11.5+0.3 - 4.4+0.0
chitosomes - - -

. + + +
Plain, CHX- 16+7 6615 243£13 0.32£0.03 53.6+2.0 685 7.0£0.3
vesicles 2+1 165 816

+ t *
CHX- 134+-11 2799+‘155 220;12 030£000 79.0£37 74%2 55%01
chitosomes - N -

Results are expressed as means with their respective SD (n = 3). Mean diameter denotes the mean
diameter of each peak in a multimodal representation of the liposome populations, and the intensity

(%) of each peak (weight-intensity distribution).

Adapted from Hemmingsen et al. (2021c), reproduced under Creative Commons Licence (CC BY).
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Figure 5.3. TEM images of chitosomes. A) empty chitosomes, B) CHX-chitosomes. Scale bars: 200 nm.

Adapted from Hemmingsen et al. (2021c), reproduced under Creative Commons Licence (CC BY).

In the last stage of the first part of the project involving CHX (paper lll), we aimed to
find new modes to associate chitosan with liposomes; two new protocols were implemented,
namely hydration with chitosan solution (Shukla et al., 2020) and coating with chitosan
solution (Jgraholmen et al., 2014). As liposomes need a secondary vehicle to be administered
onto skin, we chose to use chitosan of a smaller My, to be associated with liposomes, and
rather utilize medium My, chitosan hydrogel as the secondary vehicle to potentially take
advantage of the two previously described antimicrobial mechanisms of chitosan. As seen in
Table 5.3, most liposomes were of the targeted size range and maintained an acceptable PI.
The surface charge of the CHX-chitosan-containing and CHX-chitosan-coated liposomes was
higher than observed for the CHX-chitosomes (paper Il). This can be contributed to altered
CHX and chitosan accommodation within or on the liposomal bilayers. Furthermore, the

entrapment was also slightly lower, however, not to a significant level.
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Table 5.3. Chitosan-containing liposomes and chitosan-coated liposomes characteristics: mean

diameter, polydispersity index (Pl), zeta potential, entrapment efficacy (EE%), and pH in agueous

medium.
Mean diameter Zeta potential o
(80%, nm) Pl (mV) EE (%) pH
Empty lipid 308 +22 0.37 £0.04 -1.6+1.4 - 5.8+0.5
carrier
CHX-lipid carrier 305+ 14 0.38£0.03 429+5.9 63.2+4.8 8510.1
Chitosan-
containing 303+18 0.32+0.01 12.4+0.4 - 3.6+0.0
liposomes
CHX-chitosan-
containing 30024 0.34 +£0.07 94.9+2.2 65.7+4.8 3.7+0.0
liposomes
Chitosan-coated 325+23 0.35+0.01 13.0+0.4 - 3.7£0.0
liposomes
CHX-chitosan-
coated 393 +23 0.39+0.02 83.3+3.1 70.4+3.9 3.8+0.0
liposomes

Results of size measurements are expressed as means of cumulative size <80% of vesicle populations
(weight-intensity distribution) with their respective SD, while the rest of the results are expressed as

means with their respective SD (n=3).

5.1.2  CHX-liposomes-in-hydrogel characteristics (papers I-11)

To evaluate the suitability of the hydrogels and liposomes-in-hydrogels, texture
analysis was utilized to assess user-friendliness and applicability of the formulations (Hurler
et al., 2012). In this method, the formulation is described through the following parameters:
hardness, cohesiveness, and adhesiveness (Hurler et al., 2012). Hardness describes the
applicability of formulation onto the skin and ease of removing the formulation from the
container, cohesiveness expresses the force required to deform the formulation and therefore
level of deformation, while the adhesiveness describes the adhesion or retention to the
application area (Amasya et al., 2020; Hurler et al., 2012). Additionally, these instruments
could be utilized to evaluate the bioadhesive properties of the formulation, expressed either
as retained amount of the formulation on the skin or the detachment force used to remove
the formulation from the skin sample (Hurler and Skalko-Basnet, 2012).

59



Results and discussions

The texture analysis of the CHX-liposomes-in-hydrogel (paper 1) revealed little to no
variations between the texture properties of different hydrogels (Figure 5.4). The addition of
liposomes seemingly did not influence the hydrogel network. Our findings were not in direct
agreement with the analysis by Hurler et al. where all hydrogel properties increased upon
addition of liposomes (Hurler et al., 2012). However, results obtained with texture analysis

are rather difficult to directly compare, moreover the chitosan source in these studies was

different.
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Figure 5.4. The texture properties of chitosan hydrogels measured as hardness, cohesiveness, and
adhesiveness. The results are expressed as means with their respective SD (n=3). Hydrogel = plain
hydrogel, liposomes-in-hydrogel = liposomes incorporated in hydrogel, CHX-liposomes-in-hydrogel =
CHX-liposomes incorporated in hydrogel, and CHX-hydrogel = chlorhexidine (CHX) dispersed in
hydrogel. * p <0.05, ** p <0.01.

Adapted from Hemmingsen et al. (2021a), reproduced under Creative Commons Licence (CC BY).

Along with the texture properties, we evaluated the bioadhesion of the plain hydrogel,
liposomes-in-hydrogel, and CHX-liposomes-in-hydrogel (Figure 5.5). The results corresponded

to the adhesiveness determined by the texture analysis, showing similar characteristics
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between the three hydrogels. Furthermore, the detachment force was also recorded,
however this data was not shown in paper |. The detachment force indicated similar trends as

both the adhesiveness and amount of retained hydrogels.
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Figure 5.5. Bioadhesive properties, expressed as amount (%) of the plain hydrogel, and hydrogels
comprising liposomes remaining on the skin and detachment force upon withdrawal from the skin.
The results are expressed as means with their respective SD (n=3). Hydrogel = plain hydrogel,
liposomes-in-hydrogel = liposomes incorporated in hydrogel, CHX-liposomes-in-hydrogel = CHX-

liposomes incorporated in hydrogel.

Adapted from Hemmingsen et al. (2021a), reproduced under Creative Commons Licence (CC BY).

Contrary to the texture properties of CHX-liposomes-in-hydrogels reported in paper |,
incorporation of vesicles and chitosomes produced through the one-pot method (paper Il)
influenced the hydrogel network (Figure 5.6). The hardness increased upon incorporation of
vesicles or chitosomes without CHX in the hydrogel, while the hardness of hydrogels with plain
CHX-vesicles or CHX-chitosomes did not increase significantly. Furthermore, the cohesiveness
decreased for all hydrogels containing vesicles, while adhesiveness was not influenced by the

presence of vesicles.
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Figure 5.6. The texture properties of chitosan hydrogels measured as hardness, cohesiveness, and
adhesiveness. The results are expressed as means with their respective SD (n=3). Hydrogel = plain

hydrogel. * p < 0.05.

Adapted from Hemmingsen et al. (2021c), reproduced under Creative Commons Licence (CC BY).

5.1.3 CHX-liposomes and their effects on cells (papers I-ll)

One of the most important aspects of skin formulation is its safety and effects on
relevant cells. Initially, we intended to evaluate the potential toxicity of CHX-liposomes (paper
I, Figure 5.7), and therefore focused on the loaded liposomes since empty liposomes are
expected to be safe for keratinocytes (Cauzzo et al., 2020; Ternullo et al., 2018). As in the case
of empty liposomes, the CHX-liposomes were proven safe for HaCaT cells in the tested
concentrations. Furthermore, the cells seemingly proliferated when treated with CHX-
liposomes in a dose-dependent manner. At liposomal lipid concentrations of 10 and 50 pg/mL,
the proliferation was significantly improved compared to the non-treated cells. The results of
the toxicity evaluation of the CHX-liposomes were promising especially considering that CHX

reportedly exhibited cytotoxic effect in keratinocytes (Ortega-Llamas et al., 2022).
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Figure 5.7. Evaluation of cell toxicity of CHX-liposomes in HaCaT cells. Three different concentrations
were tested, namely 1, 10, and 50 pg/mL lipid, and the results are presented as cell viability of treated
cells compared to control (100%). Control cells were only supplemented with complete medium; the
cell viability was thereof considered as 100%. The results are expressed as means with their respective

SD (n=3). ** p < 0.01.

Adapted from Hemmingsen et al. (2021a), reproduced under Creative Commons Licence (CC BY).

As previously discussed, the chronic wounds are arrested in the inflammatory stage of
the wound healing cascade. Accordingly, we wanted to assess the potential anti-inflammatory
activity of our drug delivery system alone as well as CHX-containing systems. Murine
macrophages were selected as model cells, in which NO production was induced with LPS. The
reduction of NO production was used as an indicator of anti-inflammatory activity (Figure 5.8).
Both liposomes and hydrogel formulations reduced the NO production in a dose-dependent
manner; however, the strongest effects were seen for macrophages treated with hydrogels.
The NO production is measured through nitrate and nitrite, due to the unstable nature of NO.
Chitosan is known to remove nitrate from aqueous solutions (Chatterjee and Woo, 2009),
suggesting that the anti-inflammatory effects produced by the hydrogels could be
overestimated, however, this would require further investigations. Chitosan could also induce
anti-inflammatory responses in these cells, as seen in murine wound models (Chen et al.,

2018; Xia et al., 2022; Yoon et al., 2007). However, the liposomes and CHX-liposomes
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produced a significant anti-inflammatory response without the hydrogels; a potential that was

considered encouraging.
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Figure 5.8. Evaluation of anti-inflammatory activity expressed as reduction of nitric oxide (NO)
production in RAW 264.7 cells. Three different concentrations were tested, namely 1, 10, and 50 pg/mL
lipid, and the results are presented as NO production of treated cells compared to control (100%).
Control cells were non-treated lipopolysaccharide (LPS)-induced cells; their production is thereof
considered as 100%. The results are expressed as means with their respective SD (n=3). * p <0.05, **

p <0.01, ¥** p <0.001, **** p <0.0001, compared to control.

Adapted from Hemmingsen et al. (2021a), reproduced under Creative Commons Licence (CC BY).

To assure the safety also in a formulation with increased cationic properties, the same
cell toxicity evaluations were also conducted for the chitosomes (paper II). Cell viability was
assessed for vesicles, chitosomes, and hydrogels in HaCaT cells (Figure 5.9). For the vesicles
and chitosomes, no toxicity was observed; moreover, for the highest lipid concentration of
chitosomes and CHX-chitosomes the cell viability improved. The viability of cells treated with
hydrogels was similar to the viability of non-treated cells. Chitosan is considered safe and
biocompatible; however, the safety of chitosan in vitro could be linked to the cell line and
properties of chitosan and need to be assessed for chitosan formulations (Lima and Passos,
2021; Nafee et al., 2009; Wiegand et al., 2010). Our formulations were proven safe in HaCaT

cells in the tested concentration range.
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Figure 5.9. Evaluation of cell toxicity of A) vesicles and chitosomes and B) their respective hydrogels
(B) in HaCaT cells. Three different concentrations were tested, namely 1, 10, and 50 pg/mL lipid (or the
corresponding concentrations of hydrogels), and the results are presented as cell viability of treated
cells compared to control (100%). Control cells were only supplemented with complete medium; the
cell viability is thereof considered as 100%. The results are expressed as means with their respective

SD (n=3). * p < 0.05.

Adapted from Hemmingsen et al. (2021c), reproduced under Creative Commons Licence (CC BY).

In the anti-inflammatory evaluation, the same trends as in paper | were observed for
the empty and loaded vesicles and chitosomes (paper Il); however, the plain vesicles
seemingly exhibited a stronger anti-inflammatory effect than the chitosomes (Figure 5.10).
Contrary to the chitosan hydrogels (paper I), chitosan in the chitosomes did not seem to

provide additional anti-inflammatory potential in these cells, but rather decreased the
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activity. The plain CHX-vesicles at the highest lipid concentration were the only formulation
significantly reducing the NO production in the murine macrophages. However, the trend of

a dose-dependent reduction of inflammation for CHX-vesicles was confirmed as in paper I.
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Figure 5.10. Evaluation of anti-inflammatory activity of vesicles and chitosomes expressed as reduction
of nitric oxide (NO) production in RAW 264.7 cells. Three different concentrations were tested, namely
1, 10, and 50 pg/mL lipid, and the results are presented as NO production of treated cells compared
to control (100%). Control cells were non-treated lipopolysaccharide (LPS)-induced cells; their
production is thereof considered as 100%. The results are expressed as means with their respective SD

(n=2). * p £0.05, compared to control.

Adapted from Hemmingsen et al. (2021c), reproduced under Creative Commons Licence (CC BY).

Since the cell toxicity is dependent on the specific cell type and could vary significantly
between different cells (Nafee et al., 2009), we included more cells in the toxicity testing of
the chitosan-containing and chitosan-coated liposomes. The assessment of safety was
extended to include macrophages and fibroblasts in addition to the keratinocytes (paper lll).
The results were similar to the results for the vesicles and chitosomes (paper Il), namely no
toxicity was observed in any of the cells (Figure 5.11). However, the proliferative effects were
only observed in the macrophages. Interestingly, the highest cell viability was observed for

the lowest lipid concentration and gradually decreased upon increasing the concentration.
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Figure 5.11. Evaluation of cell toxicity of chitosan-containing liposomes and chitosan-coated liposomes
in A) HaCaT, B) RAW 264.7 and C) HDF-neo cells. Three different concentrations were tested, namely
1, 10, and 50 pg/mL lipid, and the results are presented as cell viability of treated cells compared to
control (100%). Control cells were only supplemented with complete medium; the cell viability is
thereof considered as 100%. The results are expressed as means with their respective SD (n=3). ** p <

0.01, **** p < 0.0001.

The anti-inflammatory activity of the chitosan-containing and chitosan-coated
liposomes was evaluated in paper lll. All formulations reduced the NO production (Figure
5.12); however, the reduction was not significant for the lipid carriers (corresponding to
liposomes, paper |) compared to the control. Compared to the chitosomes (paper Il) and
considering the apparent lack of anti-inflammatory activity found for chitosan hydrogel in
paper |, the chitosan-containing and chitosan-coated liposomes induced strong anti-

inflammatory effects. Furthermore, the CHX-lipid carriers (paper lll), exhibited stronger anti-
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inflammatory activity than the CHX-liposomes and CHX-vesicles from paper | and I,

respectively.
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Figure 5.12. Evaluation of anti-inflammatory activity of chitosan-containing and chitosan-coated
liposomes expressed as reduction of nitric oxide (NO) production in RAW 264.7 cells. Three different
concentrations were tested, namely 1, 10, and 50 pg/mL lipid, and the results are presented as NO
production of treated cells compared to control (100%). Control cells were non-treated
lipopolysaccharide (LPS)-induced cells; their production is thereof considered as 100%. The results are
expressed as means with their respective SD (n=3). * p <0.05, ** p <0.01, **** p <0.0001, compared

to control.

5.1.4 CHX-liposomes and their antimicrobial activities (papers I-1ll)

Since one of the major issues in chronic wounds are the presence of bacteria and
biofilms that lead to inflammation responses hampering the healing process, we need to
target the underlying causes (Rahim et al., 2017). We therefore evaluated the antimicrobial
properties of our delivery systems. For the antimicrobial evaluation of the CHX-liposomes and
CHX-liposomes-in-hydrogel (paper 1), we selected one antibiotic-sensitive (ATCC29213) and
one gentamicin-resistant (S088) strain of S. aureus, one of the most common bacteria found
in wounds, as well as P. aeruginosa. These species are often partners in crime within wound
biofilms. While S. aureus is mainly found in the upper layer of the wound, P. aeruginosa is

usually found in the lower layer of the wound (Serra et al., 2015). First, we evaluated the
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minimal lethal concentration (MLC) of both non-formulated and formulated CHX (Table 5.4).
The CHX exerted strong activity against all strains; importantly the activity was maintained
when CHX was incorporated in liposomes. However, when chitosan was included in the
formulation, either as a secondary vehicle for liposomes or dispersed in the hydrogel network
(CHX-hydrogel), the MLC was lowered. The antimicrobial effects from both CHX and chitosan

included in novel formulations were confirmed.

Table 5.4. MLC of non-formulated and formulated chlorhexidine (CHX) in S. aureus ATCC29213, S.
aureus SO88 and P. aeruginosa ATCC10145.

MLC (pg/mL)
S. aureus S. aureus P. aeruginosa
ATCC29213 S088 ATCC10145
CHX-liposomes 0.40 0.80 1.60
CHX-liposomes-in-hydrogel 0.16 031 0.63
CHX-hydrogel 0.16 0.31 0.63
0.40 0.80 1.60

CHX

The results are expressed as means with their respective SD (n=3). MLC = minimal lethal concentration.

CHX-hydrogel = CHX dispersed in hydrogel network (without liposomes). CHX = non-formulated CHX.

Adapted from Hemmingsen et al. (2021a), reproduced under Creative Commons Licence (CC BY).

Because of the promising results of MLC testing, we performed time-kill studies of
bacterial cultures suspended in SWF. The SWF was used to provide an environment mimicking
the wound environment since these formulations are intended for topical treatment of
wounds. As seen in Figure 5.13, non-formulated CHX and CHX-hydrogel demonstrated the
fastest antimicrobial effects; however, both the CHX-liposomes and CHX-liposomes-in-
hydrogel were able to eradicate all bacteria within 24 hours. This delay in the eradication could
be related to the CHX release profile from the different formulations. Furthermore, plain

chitosan hydrogel also displayed an improved activity compared to the control and empty
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liposomes. The inherent antimicrobial activity of chitosan (Kou et al., 2022), was confirmed in

our antimicrobial challenge.
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Figure 5.13. Viability (log CFU/mL) of microorganisms (A) S. aureus ATCC29213, B) S. aureus SO88, and
C) P. aeruginosa ATCC10145) over the time (up to 24 hours) in presence of non-formulated and
formulated chlorhexidine (CHX). The results are expressed as means with their respective SD (n=3).

CHX = non-formulated CHX.

Adapted from Hemmingsen et al. (2021a), reproduced under Creative Commons Licence (CC BY).

To address the challenges of bacteria in bacterial communities, the biofilms, we sought
to assess the anti-biofilm effects, both as the inhibition of biofilm formation and eradication
of pre-formed biofilms. The non-formulated and formulated CHX were therefore challenged
against biofilm-embedded S. aureus and P. aeruginosa. As depicted in Figure 5.14, non-
formulated CHX had a moderate effect on both biofilm inhibition and biofilm eradication in all

strains; however, the inhibition of biofilm formation reached 100% in S. aureus ATCC29213
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and P. aeruginosa ATCC10145 and 92% in the clinical, gentamicin-resistant strain of S. aureus
S088 when these were treated with CHX-liposomes-in-hydrogel. Regarding the eradication of
pre-formed biofilm, the CHX-liposomes-in-hydrogel reached 82-98% biofilm eradication in S.
aureus biofilm and 64% in P. aeruginosa biofilm, respectively. These results are promising for
further development, since we confirmed that delivery system enhanced the anti-biofilm
potential of CHX. Considering that Bonez et al. previously reported that the anti-biofilm
activities of non-formulated CHX were limited in biofilm-embedded bacteria, especially P.
aeruginosa, even when the activity in planktonic bacteria proved excellent (Bonez et al.,

2013), our findings are highly relevant.
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Figure 5.14. Anti-biofilm activity in biofilms of A) S. aureus ATCC29213, B) S. aureus SO88, and C) P.
aeruginosa ATCC10145: inhibition of biofilm formation (%) on left Y-axis (solid bars), eradication of
pre-formed biofilm (%) on right Y-axis (patterned bars). The results are expressed as means with their

respective SD (n=3). CHX = non-formulated chlorhexidine (CHX). **** p <0.0001, compared to control.

Adapted from Hemmingsen et al. (2021a), reproduced under Creative Commons Licence (CC BY).
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We also evaluated weather the activity of CHX was maintained or improved when CHX
was incorporated in vesicles and chitosomes produced through the one-pot method and their
respective hydrogels (paper Il). As expected, the plain, empty vesicles did not exhibit any
antimicrobial activity against neither S. aureus nor S. epidermidis (Table 5.5). However, the
empty chitosomes (free of CHX) exhibited antimicrobial activity; although the activity
improved when CHX was incorporated into the formulation. CHX-chitosomes exhibited the
strongest activity against both bacterial strains, suggesting that both the membrane-active

CHX and chitosan acted on the bacteria.

Table 5.5. MLC of non-formulated and formulated chlorhexidine (CHX) in in S. aureus MSSA476 (ATCC®
BAA-1721™) and S. epidermidis 13-67.

Lipid concentration (mg/mL)

S. aureus S. epidermidis
MSSA476 13-67
Plain, empty vesicles B -
Empty chitosomes 1.25 0.625
Plain CHX-vesicles 0.32 0.039
0.078 <0.005

CHX-chitosomes

All results are expressed as the liposomal lipid concentration upon reaching MLC. The results are
expressed as means with their respective SD (n=3). MLC = minimal lethal concentration, MSSA =

methicillin-sensitive S. aureus.

Adapted from Hemmingsen et al. (2021c), reproduced under Creative Commons Licence (CC BY).

The hydrogel formulations were also assessed for their antimicrobial potential (paper
Il, Table 5.6). The hydrogels, both a plain chitosan hydrogel and hydrogel incorporating
vesicles and chitosomes, displayed a strong effect in both strains. Yet, the MLC of all hydrogel
formulations were the same against S. aureus, except the MLC of hydrogel with CHX-
chitosomes that were slightly lower. The antimicrobial effects against S. epidermidis were

confirmed for chitosomes, CHX-vesicles, and CHX-chitosomes. However, the most potent
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formulation was hydrogel with CHX-chitosomes, followed by hydrogel with CHX-vesicles and

hydrogels with empty chitosomes.

Table 5.6. MLC of non-formulated and hydrogel-formulated chlorhexidine (CHX) in in S. aureus

MSSA476 (ATCC® BAA-1721™) and S. epidermidis 13—67.

Lipid concentration (mg/mL)

S. aureus S. epidermidis
MSSA476 13-67
-2 -2
Hydrogel 1.56x 10 0.10x 10
Plain, empty vesicles-in- 1.56x 1072 0.10x 1072
hydrogel
-2 -2
Empty chitosomes-in-hydrogel 1.56x10 0.03x10
-2 -2
Plain, CHX-vesicles-in-hydrogel 1.56x10 0.006x 10
0.78 x 1072 0.003 x 1072

CHX-chitosomes-in-hydrogel

All results are expressed as the liposomal lipid concentration upon reaching MLC. The results are

expressed as means with their respective SD (n=3). MLC = minimal lethal concentration.

Adapted from Hemmingsen et al. (2021c), reproduced under Creative Commons Licence (CC BY).

To improve the comparisons between the different formulations, the lipid carrier,
chitosan-containing liposomes, and chitosan-coated liposomes (paper Ill) were tested at the
same concentration (lipid concentration of 0.3125 mg/mL). The results demonstrated the
same trends as the trends observed for the vesicles and chitosomes (paper 1), namely an
increasing activity upon inclusion of CHX and chitosan (Figure 5.15). The chitosan-containing
liposomes and chitosan-coated liposomes exhibited a significant improvement of the bacterial
eradication compared to the empty lipid carriers (p < 0.0001). The antimicrobial activity
improved even more upon incorporation of CHX, in CHX-lipid carrier, compared to chitosan-
containing and chitosan-coated liposomes without CHX (p = 0.0003 and p < 0.0001,
respectively). The activity was further improved when the liposomes contained both CHX and
chitosan (p < 0.0001). The most potent formulation was CHX-chitosan-containing liposomes,

upon which treatment no bacterial growth was observed, followed by CHX-chitosan-coated-
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liposomes and CHX-lipid carrier. The enhanced antimicrobial effect could be linked to the

surface charge (Table 5.3).
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Figure 5.15. Bacterial survival (%) of S. aureus MSSA476 (ATCC® BAA-1721™) in the presence of non-
formulated and formulated chlorhexidine (CHX) at a lipid concentration of 0.3125 mg/mL. A) Full scale
graph with all formulations, B) Enlarged graph (zoomed) to depict the chitosan- and/or CHX-
containing/coated liposomes, C) Enlarged graph (zoomed) to depict the CHX-containing liposomes. The

results are expressed as means with their respective SD (n=3). **** p < 0.0001, compared to control.

Chitosan improved the antimicrobial effects both as a hydrogel vehicle and when inserted
in liposomes, however, the conventional liposomes incorporated in chitosan hydrogel were
selected as the most suitable system to be used as a general platform for formulation of other

MAA:s. This formulation required rather simple production procedure, its characteristics such

74



Results and discussions

as the textural properties, bioadhesion potential were deemed reproducible, and the
antimicrobial and anti-inflammatory activities were promising. Moreover, rather simple

liposomal membrane would enable relative control over the carrier system.

5.2 Synthetic mimics of antimicrobial peptides (SMAMPs) and liposomes

(papers IV-V)

In the second part of the project, the knowledge acquired in the studies involving CHX,
liposomes, and chitosan was utilized to tailor liposomes or liposomes-in-hydrogels for novel
7e-SMAMP (paper IV) and 7a-SMAMP (paper V), respectively. The delivery systems used in

the second stage of the project are summarized in Figure 5.16.
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Figure 5.16. Schematic representation of delivery systems in the second part of the project. A) Paper

IV and B) paper V. Created with BioRender.com.
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5.2.1 7e-SMAMP-liposomes (paper IV)

5.2.1.1 7e-SMAMP-liposome characteristics (paper IV)

As the first stage in development of novel formulations for the SMAMPs, we selected
7e-SMAMP, known for strong antimicrobial activities. This MAAs was, according to the study
by Paulsen et al., the most potent membrane-active SMAMP in their selection (Paulsen et al.,
2021). Due to its strong membrane activity, the compound was expected to interact with
liposomal bilayers; therefore, the first challenge was to develop stable 7e-SMAMP-containing
liposomes. We aimed, as for CHX-liposomes (paper 1), to prepare liposomes of around 300 nm
in size and a Pl below 0.3 (Table 5.7). Novel liposomes were characterized exhibiting cationic
surface that was highly positive, confirming that at least parts of the 7e-SMAMP molecule
were surface-available to interact with bacterial membranes, similarly as confirmed for the

CHX-liposomes (paper ).

Table 5.7. Liposome characteristics: mean diameter, polydispersity index (Pl), zeta potential,

entrapment efficacy (EE%), and pH in aqueous medium.

Mean Zeta potential
diameter PI P EE (%) pH
(mV)

(nm)
_Empty 26942  0.44+0.05 -0.4+0.2 - 6.3£0.0
liposomes

7e-SMAMP-  276+16  0.20 £ 0.01 58.7+1.6 78.1+2.2 49+0.1

liposomes

Results are expressed as means with their respective SD (n=3). The mean diameter represents the

weight-intensity distribution of the liposomes.

The TEM image (Figure 5.17 A) confirms spherical structures that were in the size range
found using dynamic light scattering (Table 5.7). The results were encouraging considering
that Omardien et al. demonstrated that amphipathic cationic AMPs could increase membrane
fluidity and therefore destabilize membranes (Omardien et al., 2018). We further evaluated

membrane elasticity to gain insight on potential destabilization of the liposomal membranes
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in presence of the 7e-SMAMP. As seen in Figure 5.17 B, the rigidity of the 7e-SMAMP-
liposomes was higher than of the empty liposomes, indicating that the integrity of the
membrane was maintained; 7e-SMAMP did not impart destabilizing effects when associated

with phosphatidylcholine liposomes.
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Figure 5.17. A) TEM image of 7e-SMAMP-liposomes. Scale bar 500 nm. B) Membrane elasticity of
liposomes and 7e-SMAMP-liposomes. The results are expressed as means with their respective SD

(n=3). **) p > 0.001.

5.2.1.2 7e-SMAMP-liposomes and their effects on cells (paper 1V)

The SMAMPs are often modified in structure to increase the antimicrobial potential,
but also to lower the potential toxicity, improving their selectivity (Gera et al., 2021). However,
their success is still limited due to toxicity issues (Jiang et al., 2021). The toxicity of AMPs and
SMAMPs is often high against erythrocytes, especially for more hydrophobic compounds, and
should therefore be monitored for a variety of cells (Gera et al., 2021). Paulsen et al. reported
haemolytic activity of both 7e-SMAMP and 7a-SMAMP, however, the effect of 7e-SMAMP was
more pronounced than 7a-SMAMP (Paulsen et al., 2021). Consequently, we aimed to evaluate
the potential toxicity of 7e-SMAMP-liposomes against important cells involved in skin wound
healing. We focused on keratinocytes and macrophages. It was evident that neither liposomes
nor 7e-SMAMP-liposomes exhibited toxic effects in the tested concentration range (Figure
5.18). On the contrary, at the highest lipid concentration, empty liposomes had a proliferative

effectin both cell lines. Furthermore, at the highest lipid concentration, 7e-SMAMP-liposomes
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also exhibited proliferative effects on keratinocytes. The findings are in agreement with
literature reporting reduced toxicity of active compounds upon their incorporation in
liposomes. However, toxicity can also depend on the properties of the compound. Ron-Doitch
et al. found that the toxicity of the AMP LL-37 was reduced in HaCaT cells when it was
incorporated in liposomes compared to free compound, whereas the opposite was observed

for indolicidin (Ron-Doitch et al., 2016).
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Figure 5.18. Evaluation of cell toxicity of liposomes and 7e-SMAMP-liposomes in A) HaCaT cells and B)
RAW 264.7 cells. Three different concentrations were tested, namely 1, 10, and 50 pg/mL lipid, and
the results are presented as cell viability of treated cells compared to control (100%). Control cells
were only supplemented with complete medium; the cell viability is thereof considered as 100%. The

results are expressed as means with their respective SD (n=3). ** p < 0.01.

As for the formulations with CHX (papers I-1ll), we also evaluated whether the 7e-
SMAMP-liposomes could alleviate the inflammatory responses in macrophages. The human
AMPs are, as discussed, known for their involvement in many cellular tasks in the body,
including in wound healing. They participate in the inflammatory, proliferative, and
remodelling phase, exhibiting pronounced effects on the immune cells (Petkovic et al., 2021).
Murugan at al. proved anti-inflammatory activity of non-formulated ultra-short
peptidomimetics in RAW 264.7 cells by measuring both NO and TNF-a. Furthermore, these

ultra-short peptidomimetics exhibited superior antimicrobial activity compared to the AMP
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LL-37 (Murugan et al., 2013). The 7e-SMAMP-liposomes were indeed able to reduce the NO

production in murine macrophages at the highest lipid concentration (Figure 5.19).
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Figure 5.19. Evaluation of anti-inflammatory activity of liposomes and 7e-SMAMP-liposomes
expressed as reduction of nitric oxide (NO) production in RAW 264.7 cells. Three different
concentrations were tested, namely 1, 10, and 50 pg/mL lipid, and the results are presented as NO
production of treated cells compared to control (100%). Control refers to non-treated
lipopolysaccharide (LPS)-induced cells; their production is thereof considered as 100%. The results are

expressed as means with their respective SD (n=3). * p < 0.05, **** p <0.0001, compared to control.

5.2.1.3 Insight on antimicrobial mechanisms of novel SMAMPs (paper IV)

After establishing the cell compatibility and anti-inflammatory properties of the 7e-
SMAMP-liposomes, we aimed to attain an indication of the antimicrobial mechanism of 7e-
SMAMP and 7e-SMAMP-liposomes. Artificial membranes are useful tools to gain insight on
mechanisms behind the activity of membrane-active compounds, therefore we employed two
different protocols. First, we prepared B3M-liposomes mimicking either S. aureus or P.
aeruginosa and loaded these liposomes with FITC-dextrans of two different Mys, namely 4400
and 20 400 Da. These B3M-liposomes were treated with non-formulated or formulated 7e-
SMAMP, and the potential leakage of encapsulated FITC was measured as an indicator of

membrane destabilization. Second, we prepared inner-leaflet labelled B3M-liposomes and
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challenged these with non-formulated or formulated 7e-SMAMP. Flipping of lipids could be
an indicator of membrane destabilization due to increased stress (Sreekumari and Lipowsky,

2022).

In the S. aureus-mimicking B3M-liposomes, both non-formulated and formulated 7e-
SMAMP induced leakage in a dose-dependent manner, however, the non-formulated 7e-
SMAMP seemingly induced a stronger effect (Figure 5.20 A and B). In the P. aeruginosa-
mimicking B3M-liposomes, non-formulated 7e-SMAMP induced a strong leakage in the B3M-
liposomes loaded with FITC-4400, however, the leakage was significantly reduced in B3M-
liposomes loaded with FITC-20 400, indicating that the destabilization of the mimicked P.
aeruginosa membrane was not complete, permitting leakage of smaller but not larger
molecules (Figure 5.20 C and D). The formulated 7e-SMAMP induced leakage in the P.
aeruginosa-mimicking B3M-liposomes loaded with FITC 4400, however this effect was
detected between concentration of 0.5 and 2 ug/mL. Interestingly, in the B3M-liposomes
loaded with FITC-20 400, the formulated 7e-SMAMP induced more FITC leakage than the non-
formulated 7e-SMAMP and maintained the dose-dependent effect. This suggests that
formulated 7e-SMAMP could assure stronger interaction with the P. aeruginosa B3M-
liposomes, and therefore assert stronger destabilizing effect on the membrane. The improved
interaction with 7e-SMAMP-liposomes can be contributed to the additional lipid-lipid
interactions between the B3M-liposomes and 7e-SMAMP-liposomes, in addition to the
electrostatic interactions originating from 7e-SMAMP. These results also confirmed the
luciferase-based biosensor assays results on membrane disrupting activity of SMAMPs

reported by Paulsen et al. (Paulsen et al., 2021).
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Figure 5.20. Bacterial Membrane-Mimic Liposomes Models (B3M-liposomes) loaded with FITC-dextran
4400 or 20400 (molecular weight = M,,) treated with 7e-SMAMP or 7e-SMAMP-liposomes. The
leakage is expressed as percentage compared to the control (Triton X-100). Concentrations of 7e-
SMAMP were 0.5, 2, and 5 pg/mL for both non-formulated and formulated 7e-SMAMP. Different B3M-
liposome mimics were prepared and challenged, namely A) S. aureus with FITC-4400, B) S. aureus with
FITC-20 400, C) P. aeruginosa with FITC-4400, and D) P. aeruginosa with FITC-20 400. Results are

presented as means with their respective SD (n=3). *) p < 0.05, **) p < 0.01.

The second approach to evaluate the SMAMP’s effect on membranes, involved
assessing the lipid flip-flop within bilayers of B3M-liposomes treated with non-formulated or
formulated 7e-SMAMP. The lipid flip-flop represents pore-mediated transmembrane lipid
translocation (Gurtovenko and Vattulainen, 2007). Upon treating the S. aureus-mimicking
B3M-liposomes, formulated 7e-SMAMP in the highest concentration inflicted the strongest
lipid flip-flop, initially stronger than the control (Triton X-100) and the non-formulated 7e-
SMAMP (Figure 5.21 A). However, in lower concentration the formulated 7e-SMAMP
exhibited low destabilizing activity, while the non-formulated 7e-SMAMP maintained strong

activity in all concentrations in a dose-dependent manner. Except for the strong activity
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observed for formulated 7e-SMAMP at 5 pg/mL, the results were in agreement with the
results from the FITC-dextran leakage assay (Figure 5.20 A and B). In the P. aeruginosa-
mimicking B3M-liposomes, Triton X-100 induced stronger lipid flip-flop than both non-
formulated and formulated 7e-SMAMP (Figure 5.21 B). However, in agreement with the
results for the FITC-dextran leakage assay, the stress effect inflicted by formulated 7e-SMAMP
was higher than for non-formulated 7e-SMAMP suggesting that the formulated 7e-SMAMP
exhibited much greater pore-forming and stress-inducing activity in P. aeruginosa membrane
mimics than non-formulated 7e-SMAMP in all the tested concentrations. The finding is highly

encouraging considering antibacterial potential.
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Figure 5.21. Lipid flip-flop in Bacterial Membrane-Mimic Liposomes Models (B3M-liposomes) of
bacterial membranes with C6-NBD-PG inner leaflet labelling. The B3M-liposomes were treated with
non-formulated and formulated 7e-SMAMP and monitored for 650 sec. Two different B3M-liposome
mimics were prepared and challenged, namely A) S. aureus and B) P. aeruginosa B3M-liposome
mimics. Concentrations of 7e-SMAMP were 0.5, 2, and 5 pg/mL were chosen for both non-formulated
and formulated 7e-SMAMP. Results are presented as means of the normalized fluorescence intensity
(0-1, n=3).
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5.2.14 Antimicrobial potential of non-formulated and formulated 7e-SMAMP

(paper 1V)

Several studies have proven the potential of AMPs and SMAMPs against biofilms in
infected wounds (Batoni et al., 2021). Furthermore, their potential against resistant bacterial
strains based on their broad-spectrum activity and unspecific, rapid onset of action further
leading to lowered tendencies to resistance, are key aspects of their promise as candidates in
the fight against resistant and biofilm-producing bacteria, especially in topical antimicrobial
therapy (Vanzolini et al., 2022). Due to the alarming situation regarding wound infections and
the resistance patterns seen today, we assessed the antimicrobial potential of non-formulated
and formulated 7e-SMAMP against a variety of bacteria commonly found in wounds including
both gram-positive and gram-negative bacteria as well as MDR strains. Furthermore, we
needed to assure that the antimicrobial effect of 7e-SMAMP was not hampered by its
association with liposomes. Initially, we assessed the antimicrobial activity by attaining the
MIC and MLC of both non-formulated and formulated 7e-SMAMP in seven different bacterial
cultures (Table 5.8). From these results we observed that MIC and MLC values were the same
for non-formulated and formulated 7e-SMAMP, confirming that the antimicrobial activities
were maintained upon incorporation of the SMAMP in liposomes. This was deemed highly
encouraging since 7e-SMAMP (non-formulated) reportedly exhibited strong antimicrobial
activity in a study by Paulsen et al. (Paulsen et al., 2021). The 7e-SMAMP exhibited strong
activity against both resistant and susceptible strains of S. aureus, however, the MDR S. aureus
S02 required higher concentrations for the same effects. The 7e-SMAMP activity was also
strong against gram-negative E. coli ATCC11105, though, P. aeruginosa ATCC10145 was more

challenging than all other bacteria (Table 5.8).
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Table 5.8. The MIC and MLC of non-formulated and formulated 7e-SMAMP in five strains of S. aureus,

E. coli ATCC11105, and P. aeruginosa ATCC10145. Resistance is also denoted for the different strains.

MIC (pg/mL) MLC (pg/mL)
Susceptibility . - - -
Je-sMAMPp [ €SMAMP 7esmavp S SMAMP
liposomes liposomes
S. aureus S 0.78 0.78 3.13 3.13
ATCC29213
S qureus SO2 MDR 12.50 12.50 25.00 25.00
S aqureus SO83 MDR 6.25 6.25 12.50 12.50
S qureus SOS6 MDR 3.13 3.13 6.25 6.25
S. aureus SO88 Gentamicin 1.56 1.56 6.25 6.25
E. coli S 3.13 3.13 6.25 6.25
ATCC11105
P. aeruginosa S 25.00 25.00 50.00 50.00
ATCC10145

MIC = minimal inhibitory concentration, MLC = minimal lethal concentration, MDR = multidrug

resistant, S = susceptible, 7e-SMAMP = non-formulated 7e-SMAMP (n=3).

As for the CHX-liposomes (paper |), we evaluated the activity of non-formulated and
formulated 7e-SMAMP in a wound-like environment (SWF). Consequently, we attained time-
kill curves for all bacterial cultures treated with non-formulated and formulated 7e-SMAMP
in SWF (Figure 5.22) The S. aureus ATCC29213, SO83, SO86, and SO88 were readily inhibited
by both the non-formulated and formulated 7e-SMAMP, demonstrating only slightly lower
inhibition for the resistant strains compared to the susceptible S. aureus ATCC29213.
However, viability of S. aureus SO2 and P. aeruginosa ATCC10145 was higher than for the
other bacteria; moreover, the non-formulated 7e-SMAMP needed 12 hours to eradicate these
strains. For the formulated 7e-SMAMP a delay in activity was observed, in accordance with
prolonged release from liposomes. Nevertheless, a pronounced effect was observed against
all bacteria after treatment with the formulated 7e-SMAMP, reaching at least 3 log CFU/mL
reduction within 8 hours. In in vitro conditions, AMPs and SMAMPs often exhibit fast onset of
action therefore eradicating bacteria within a short time (Dewangan et al., 2018; Tague et al.,

2019). However, Svenson et al. demonstrated that short SMAMPs can be affected by the

84



Results and discussions

presence of albumin. Their binding to albumin could lead to a slower bacterial eradication and

higher MIC values (Svenson et al., 2007) that might be reflected in our results.
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Figure 5.22. Viability (log CFU/mL) of five strains of S. aureus, E. coli ATCC11105, and P. aeruginosa
ATCC10145 over the time (up to 12 hours) in presence of non-formulated and formulated 7e-SMAMP
(50 pg/mL, 7e-SMAMP concentration). The results are expressed as means with their respective SD

(n=3). 7e-SMAMP = non-formulated 7e-SMAMP.
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After confirming a very promising bacterial eradication of planktonic bacteria in SWF,
we challenged the non-formulated and formulated 7e-SMAMP against bacterial biofilms. The
SMAMPs have in previous studies demonstrated both abilities to inhibit the formation of
biofilms and eradicate pre-formed biofilms (Kuppusamy et al., 2018; Nizalapur et al., 2017,
Zhu et al., 2022). First, we evaluated the abilities to inhibit biofilm formation (Figure 5.23). The
non-formulated and formulated 7e-SMAMP effectively inhibited biofilm formation in the
tested bacteria, especially in S. aureus ATCC29213 and SO88. The biofilm formation in all
bacteria were completely inhibited, but in concentrations higher than the MIC values, except
from P. aeruginosa ATCC10145. Encouragingly, the inhibition of biofilm formation in all
bacteria was more effective when 7e-SMAMP was associated with liposomes. This confirmed
that liposomes were suitable carriers for 7e-SMAMP that could improve the therapeutic
outcome. The effect was always stronger for the 7e-SMAMP-liposomes than the non-

formulated 7e-SMAMP in the lower concentrations.
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Figure 5.23. Inhibition of biofilm formation (%) by non-formulated and formulated 7e-SMAMP in five
strains of S. aureus, E. coli ATCC11105, and P. aeruginosa ATCC10145. Concentrations of 7e-SMAMP
were 0.78, 1.56, 3.12, 6.25, 12.5, 25.0, and 50.0 pg/mL were tested for both non-formulated and
formulated 7e-SMAMP.The results are expressed as means with their respective SD (n=3). 7e-SMAMP
= non-formulated 7e-SMAMP. #) p < 0.05 compared to control. Significant differences between non-

formulated and formulated 7e-SMAMP were also reported: * p <0.05, ** p <0.01, *** p <0.001.
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The second evaluation focused on the ability to eradicate pre-formed biofilms. The
strongest eradication of pre-formed biofilm was again observed against S. aureus ATCC29213,
with complete eradication at a concentration of 12.5 pug/mL (Figure 5.24). Even though the
non-formulated 7e-SMAMP was not able to completely eradicate all of the pre-formed
bacterial biofilm, the results are fairly promising for antimicrobial therapy. When the biofilms
were treated with formulated 7e-SMAMP, the anti-biofilm activity was significantly improved,
even if the concentrations needed to eradicate pre-formed biofilms were higher than the
concentrations needed to inhibit biofilm formation. The biofilms in all bacteria were
completely abolished at concentrations above MIC values, except for the biofilms produced
by P. aeruginosa ATCC10145. The 7e-SMAMP exhibited evidently stronger effect against
gram-positive bacteria, even against most of the resistant bacteria. Yet, the confirmed activity

against the gram-negative bacteria calls for optimism.
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Figure 5.24. Eradication of pre-formed biofilm (%) by non-formulated and formulated 7e-SMAMP in
five strains of S. aureus, E. coli ATCC11105, and P. aeruginosa ATCC10145. Concentrations of 7e-
SMAMP were 0.78, 1.56, 3.12, 6.25, 12.5, 25.0, and 50.0 pg/mL for both non-formulated and
formulated 7e-SMAMP.The results are expressed as means with their respective SD (n=3). 7e-SMAMP
= non-formulated 7e-SMAMP. #) p < 0.05 compared to control. Significant differences between non-

formulated and formulated 7e-SMAMP were also reported: * p <0.05, ** p <0.01, *** p <0.001.
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5.2.2 7a-SMAMP-liposomes (paper V)

5.2.2.1 7a-SMAMP-liposome characteristics (paper V)

After establishing that liposomes incorporating 7e-SMAMP remained stable and had
promise as efficient antimicrobials were formulated in liposomes, we focused on the potential
of SMAMPs in enhanced wound healing. Although highly relevant, bacterial eradication and
infection control are not sufficient for successful wound management (Wilkinson and
Hardman, 2020). The AMPs have previously been described to be highly promising in wound
healing (Thapa et al., 2020). The 7a-SMAMP used in this study has previously exhibited a
slightly lower antimicrobial capacity than 7e-SMAMP, but a higher cell compatibility (Paulsen
et al., 2021). To develop wound dressing with multitargeting potential, we co-entrapped 7a-
SMAMP and chlorogenic acid (CGA) in liposomes expecting to exhibit enhanced anti-
inflammatory and proliferative activities. Moreover, CGA is polar and water soluble
(Wianowska and Gil, 2019), and would therefore likely accommodate itself in the cores of the
liposomes. Thus, it would not sterically affect the liposomal membrane and therefore the
stability of bilayers. We focused on the biological properties related to wound healing rather
than the antimicrobial potential of 7a-SMAMP-liposomes. Additionally, we sought to assess
whether co-entrapped CGA could improve the wound healing properties. The novel liposomes
(Table 5.9) were slightly smaller and exhibiting lower surface charge than the 7e-SMAMP-

liposomes (Table 5.7). However, the liposomes still maintained a positive surface charge.

90



Results and discussions

Table 5.9. Liposome characteristics: mean diameter, polydispersity index (Pl), zeta potential,

entrapment efficacy (EE%), and pH in agueous medium.

EE (%)
Mean Zeta potential
diameter Pl P CGA pH
(mV)
(nm)
7a-SMAMP
_Empty 260+16  0.22+0.15 229424 6.8+0.2
liposomes )
30.2+3.8
CGA- 224 +4 0.24 £ 0.06 -6.8+7.5 3.2+0.0
liposomes -
7a-SMAMP- 216 +18 0.13+£0.05 46.0+£1.0 5,5+0.2
liposomes 54.5+3.4
CGA/7a- 208+2  0.08+002 40013 B3 3.0+0.0
SMAMP- ) ) ) 80.2+5.2 )
liposomes

Results are expressed as means with their respective SD (n=3). The mean diameter represents the

weight-intensity distribution of the liposomes.

5.2.2.2 7a-SMAMP-liposomes-in-hydrogel characteristics (paper V)

The 7a-SMAMP-liposomes where further incorporated into chitosan hydrogels as the
secondary vehicle aiming at a suitable wound dressing. The novel formulation was
characterized (Figure 5.25) following the methods applied in paper Il. The hydrogel hardness
was similar to what was reported in paper Il, namely it increased upon incorporation of
liposomes in hydrogel. On the other hand, the cohesiveness slightly increased when the
liposomes were incorporated into hydrogels. This is the opposite effect as observed for
vesicles and chitosomes in paper Il, but rather more in line with the results the conventional
liposomes in paper I. Furthermore, these results are similar to the ones obtained by Hurler et
al. that reported an increase in the cohesiveness upon incorporation of liposomes in hydrogel
(Hurler et al., 2012). The same effects were also observed in a study by Jgraholmen et al.
(Jeraholmen et al., 2019). Again, it is important to remember that the sources of chitosan as

well as its degree of deacetylation and My, need to be the same for direct comparison.
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Figure 5.25. The texture properties of chitosan hydrogels measured as hardness, cohesiveness, and
adhesiveness. The results are expressed as means with their respective SD (n=3). Hydrogel = plain

hydrogel. * p <0.05, ** p <0.01, *** p <0.001.

5.2.2.3 7a-SMAMP-liposomes and their effects on cells (paper V)

The potential cell toxicity was evaluated for the novel 7a-SMAMP-liposomes and their
corresponding hydrogels (Figure 5.26). As in paper lll, we included keratinocytes, fibroblasts,
and macrophages in this evaluation. For both the keratinocytes and fibroblasts, the viability
of treated cells was unaffected throughout the whole concentration range. For the
macrophages treated with plain hydrogel or CGA-liposomes-in-hydrogel, the viability was
reduced to 76 and 82%, respectively. However, according to ISO standard 10993-5:2009,
reduction of viability with more that 30% is considered a cytotoxic effect (ISO, 2009).
Therefore, the reduction in viability of cells was not considered a toxic effect, and the
formulations were deemed safe. Importantly, for the 7a-SMAMP-liposomes-in-hydrogel and

CGA/7a-SMAMP-liposomes-in-hydrogel, this reduced cell viability was not observed.
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Figure 5.26. Evaluation of cell toxicity of liposomes, CGA-liposomes, 7a-SMAMP-liposomes, CGA/7a-
SMAMP-liposomes and their respective hydrogels in A) HaCaT, B) RAW 264.7, and C) HDF-neo cells.
Three different concentrations were tested, namely 1, 10, and 50 pg/mL lipid (or the corresponding
concentrations of hydrogels), and the results are presented as cell viability of treated cells compared
to control (100%). Control cells were only supplemented with complete medium; the cell viability is
thereof considered as 100%. The results are expressed as means with their respective SD (n=3).

* p <0.05.

The anti-inflammatory activity (Figure 5.27) of the 7a-SMAMP-liposomes and their
corresponding hydrogels was assessed in murine macrophages as for the CHX-formulations
and 7e-SMAMP-liposomes in the papers I-IV. A dose-dependent reduction in NO production
was observed when macrophages were treated with 7a-SMAMP-liposomes. Moreover, the
hydrogels also reduced the NO production, in line with results for the CHX-liposomes-in-
hydrogel (paper 1). Interestingly, CGA is known for its anti-inflammatory activity that is thought
to originate from the reduction of ROS (Naveed et al., 2018), while looking at the NO
production the opposite effect was observed for the CGA-liposomes and CGA/7a-SMAMP-

liposomes. At the highest lipid concentration, the production of NO was significantly higher
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than for non-treated LPS-induced macrophages. This effect needs to be further assessed,

however, increased inflammation upon treatment have previously been reported by Du et al.

(Du et al., 2013). Nevertheless, the effect was not observed when the liposomes containing

CGA were incorporated into hydrogels.
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Figure 5.27 Anti-inflammation, CGA/7a-SMAMP-liposomes-in-hydrogel. Evaluation of potential anti-

inflammatory activity of liposomes, CGA-liposomes, 7a-SMAMP-liposomes, CGA/7a-SMAMP-

liposomes and their respective hydrogels expressed as reduction of nitric oxide (NO) production of

formulations in RAW 264.7 cells. Three different concentrations were tested, namely 1, 10, and 50

ug/mL lipid (or the corresponding concentrations of hydrogels), and the results are presented as NO

production of treated cells compared to control (100%). Control cells were non-treated

lipopolysaccharide (LPS)-induced cells; their production is thereof considered as 100%. The results are

expressed as means with their respective SD (n=3). * p < 0.05, *** p < 0.001, **** p < 0.0001,

compared to control.

Another important function of keratinocytes and fibroblasts in wound healing is their

migration to close off the wounded area and repair the skin (Kwiecien et al., 2019).

Consequently, we investigated if the empty liposomes and CGA/7a-SMAMP-liposomes could

have modulatory effects on cell migration in an in vitro scratch assay (Figure 5.28). In the

keratinocytes, the cell migration over the first 7 hours was similar in all treated and non-

treated cells. However, after 24 hours the gap in the cells treated with CGA/7a-SMAMPs-
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liposomes was significantly smaller than for the other groups. Furthermore, after 30 hours the
mean gap closure in the cells treated with CGA/7a-SMAMP-liposomes were smaller than the
other group, although not significantly. This reduction of the gap confirmed improved cell
migration. In the fibroblasts, the migration of all cells, both treated and non-treated, was
approximately the same over the whole test period; however, the gap closure of cells treated
with 10 pg/mL of CGA/7a-SMAMP-liposomes was smaller after 7 hours than in the control,

which would suggest that these liposomes improved wound closure.
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Figure 5.28. Evaluation of cell migration in the in vitro scratch assay upon treatment with liposomes or
CGA/7a-SMAMP-liposomes in A) HaCaT and B) HDF-neo cells. Three different concentrations were
tested, namely 1, 10, and 50 ug/mL lipid, and the results are presented as gap closure (%) in treated
cells and control compared to the initial gap opening (0 hours, 100%). Control cells were only
supplemented with complete medium. The results are expressed as means with their respective SD

(n=3). ** p<0.01, *** p <0.001, compared to control.
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There are not many reports on the role of CGA in enhanced wound healing after topical
administration, however, non-formulated CGA was reported to effectively improve cell
migration both in keratinocytes and fibroblasts (Moghadam et al., 2017). Song et al. very
recently demonstrated both improved in vitro migration and wound healing of full-thickness
diabetic wounds in mice treated with a CGA-hydrogel (Song et al., 2022). The AMPs could also
play a vital role in wound closure, for example Park et al. reported enhanced gap closure rates
in fibroblasts treated with the SMAMP KSL-W (Park et al., 2017). Furthermore, liposomes have
also previously improved cell migratory effects of associated active compounds in both
keratinocytes and fibroblasts (Allaw et al., 2021). It remains to be further investigated why the

improvement in cell migration was only observed in keratinocytes.
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6. Conclusions

We developed drug delivery systems for MAAs, namely CHX and two novel SMAMPs. The
newly developed systems comprising MAAs exhibited improved antimicrobial properties and
could serve as a platform for innovative formulations for management of infected skin

wounds. Liposomes-in-hydrogels were deemed the most suitable system for these MAA:s.

Conventional phosphatidylcholine-liposomes comprising the MAAs were tailored for
topical skin therapy. Furthermore, we also proved that liposomes containing the most
membrane-active SMAMP, 7e-SMAMP, remained stable and were not affected by the
inclusion of this SMAMP.

The liposomes were further incorporated in chitosan hydrogels to produce a patient-
friendly, applicable formulation with improved anti-inflammatory and antimicrobial activities.
We confirmed that chitosan had the ability to reduce NO production in macrophages,
indicating anti-inflammatory activity. Additionally, both the liposomes, hydrogels, and
liposomes-in-hydrogels proved safe in cells relevant for the wound healing process, namely
keratinocytes, fibroblasts, and macrophages. The CGA/7a-SMAMP-liposomes also enhanced

keratinocyte migration, even though the effect was absent in fibroblasts.

We confirmed enhanced antimicrobial potential of CHX-liposomes and their respective
hydrogels as well as 7e-SMAMP-liposomes. Indeed, these formulations were able to eradicate
planktonic bacteria in wound-mimicked environment. Furthermore, both the biofilm
inhibition and biofilm eradication improved as the MAAs were incorporated in the delivery
systems. The incorporation of MAAs into liposomes and liposomes-in-chitosan hydrogel
resulted in a formulation with good cell compatibility, anti-inflammatory activity, and

antimicrobial effects desired in management of chronic wounds.
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7. Perspectives

Considering the multitargeting effects of AMPs and SMAMPs, their biological targets
should be further examined. The mechanistic studies should be expanded to include further
evaluations in molecular dynamic simulations, artificial membranes, and in vitro bacterial
membrane integrity assays. Furthermore, studies on gene-expression related to bacterial
biofilms, e.g., genomics or proteomics studies, should be conducted to find potential

alteration in expressions between treated and non-treated bacteria.

Due to the polymicrobial nature and complexity of biofilms, more bacterial species should
be included in biofilms, along with fungi, to better mimic the environment of wound biofilms.
The studies could further be extended to include ex vivo and in vivo biofilm studies in animal

models, and wound healing models with histological examinations.

To fully utilize the proven antimicrobial potential of chitosan, chitosans with various Mys
should be investigated. These investigations should focus on cell compatibility, antimicrobial

activities, and effects on immune responses.

Further studies of biocompatibility should be conducted to assess cell responses, such as
ATP assays, cellular protease assays, or real-time cell monitoring. Additionally, the
compatibility needs to be evaluated in more complex models, such as 3D-cell models and in
vivo evaluations. Other markers to indicate inflammatory responses should also be included
in the assessment of anti-inflammatory activity, such as ILs and TNF-a, and histological
evaluation to assess the formulations effect on other immune cells should be included in
studies. Furthermore, real-time cell monitoring could also provide a deeper understanding of

cell migration.
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Successful treatment of skin infections requires eradication of biofilms found in up to 90 % of all chronic wounds,
causing delayed healing and increased morbidity. We hypothesized that chitosan hydrogel boosts the activity of
liposomally-associated membrane active antimicrobials (MAA) and could potentially improve bacterial and
biofilm eradication. Therefore, liposomes (~300 nm) bearing chlorhexidine (CHX; ~50 pg/mg lipid) as a model
MAA were incorporated into chitosan hydrogel. The novel CHX-liposomes-in-hydrogel formulation was opti-

mized for skin therapy. It significantly inhibited the production of nitric oxide (NO) in lipopolysaccharide (LPS)-
induced macrophage and almost completely reduced biofilm formation. Moreover, it reduced Staphylococcus
aureus and Pseudomonas aeruginosa adherent bacterial cells in biofilm by 64.2-98.1 %. Chitosan hydrogel boosted
the anti-inflammatory and antimicrobial properties of CHX.

1. Introduction

Antimicrobial resistance is currently a serious medical threat, espe-
cially because of the decelerated and unsuccessful pipeline of antimi-
crobial candidates (Hall et al., 2020). Although bacterial resistance often
derives from genetic mutations, the biofilm formation and increased
inflammatory cascades are also known to be strong contributors
(Balaure & Grumezescu, 2020; Cepas et al., 2018; Romana-Souza, San-
tos, Bandeira, & Monte-Alto-Costa, 2016). Biofilms are found in between
60 and 90 % of all chronic wounds, delaying healing and leading to
increased morbidity and costs (Kadam, Shai, Shahane, & Kaushik, 2019;
Matos de Opitz & Sass, 2020). Novel approaches for biofilm eradication
and efficient wound therapy are urgently needed as skin and soft tissue
infections are among the most common infections in humans (Poulakou,
Lagou, & Tsiodras, 2019). These infections exhibit a polymicrobial

nature and cleaver, novel strategies to eradicate multiple bacteria are
necessary for their treatment.

Among the most common bacteria embedded in wound matrices are
Staphylococcus aureus and Pseudomonas aeruginosa (Balaure & Grume-
zescu, 2020; Kadam et al., 2019). These bacteria display multiple
mechanisms of resistance, rendering their eradication particularly
challenging. Treating wound biofilms requires innovative approaches.
Novel drug delivery systems comprising cationic polymers (Guo et al.,
2018) offer potential solutions. Chitosan has attracted a lot of interest
due to its broad range of beneficial effects and biodegradability
(Ambrogi et al., 2017; Islam, Shahruzzaman, Biswas, Nurus Sakib, &
Rashid, 2020). The intrinsic antimicrobial and anti-inflammatory
properties are highly relevant for wound therapy (Islam et al., 2020).
Several antimicrobial mechanisms are proposed for chitosan; its inter-
action with negatively charged bacterial membranes leading to possible

Abbreviations: BHI, Brain Heart Infusion Broth; CHX, chlorhexidine; DMEM, Dulbecco’s Modified Eagle Medium; EE, entrapment efficiency; FBS, fetal bovine
serum; LPS, lipopolysaccharide; MAA, membrane active antimicrobials; MLC, minimal lethal concentration; MW, molecular weight; NB, Nutrient Broth; NO, nitric
oxide; PBS, Phosphate Buffer Saline; PI, polydispersity index; RPMI, Roswell Park Memorial Institute; SWF, Simulated Wound Fluid; TEM, transmission electron

microscopy.
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lysis being the main mechanism (Matica, Aachmann, Tgndervik, Sletta,
& Ostafe, 2019). Other mechanisms include interruption of microbial
protein synthesis, chelation of metal ions and formation of an envelope
on the microbial surface (Matica et al., 2019). In addition, chitosan can
influence the haemostasis, inflammatory stage and proliferation as well
as accelerate wound healing (Liu et al., 2018; Moeini, Pedram, Mak-
vandi, Malinconico, & Gomez d’Ayala, 2020). Chitosan hydrogel’s
three-dimensional network contributes to high water-retaining proper-
ties and gas-exchange capacity (Tavakoli & Klar, 2020). However,
hydrogels often exhibit rapid drug release from the gel matrix (Peers,
Alcouffe, Montembault, & Ladaviere, 2020).

Combining hydrogel with a lipid-based carrier, such as liposomes,
could prevent this rapid drug release (Grijalvo, Eritja, & Diaz, 2020;
Peers et al., 2020). Studies report considerably slower release from
liposomes-in-hydrogels compared to plain hydrogels (Jgraholmen,
Basnet, Tostrup, Moueffaq, & Skalko-Basnet, 2019). The release will be
also influenced by the type of entrapped drug. Antiseptics, such as
chlorhexidine (CHX), are commonly used in local treatment of wound
infection and reasonable candidates for new topical formulations
(Smith, Russo, Fiegel, & Brogden, 2020). CHX acts as a membrane active
antimicrobial (MAA) on both the dormant and active bacteria (Hubbard,
Coates, & Harvey, 2017). The resistance is generally lower than for more
target-specific compound due to the rapid and broad bactericidal effect
of MAAs (Hubbard et al., 2017). Their mechanism of action could, in
synergy with chitosan, enhance eradication of resistant bacteria.

Several researchers reported promising results on the antimicrobial
effects of chitosan hydrogel and hydrogels containing carriers or parti-
cles. Anjum et al. evaluated a cotton dressing coated with chitosan,
polyethylene glycol and polyvinyl pyrrolidone gel loaded with tetracy-
cline against Escherichia coli and S. aureus (Anjum, Arora, Alam, &
Gupta, 2016). In another study, the authors showed effect in the same
species of both chitosan and a multi-network hydrogel based on chitosan
(Zou et al., 2018). Masood and collaborators reviled antimicrobial ac-
tivity in several species of silver nanoparticles loaded in chitosan and
polyethylene glycol hydrogels (Masood et al., 2019). In addition, mox-
ifloxacin entrapped in niosomes loaded into chitosan hydrogel demon-
strated an improved antimicrobial activity in P. aeruginosa (Sohrabi,
Haeri, Mahboubi, Mortazavi, & Dadashzadeh, 2016). The antimicrobial
effects of chitosan are often greater in gram-positive bacteria (Moeini
et al., 2020). However, a study on S. aureus and P. aeruginosa co-existing
in biofilm exposed increased vulnerability of P. aeruginosa. The finding
that bacterial membrane exhibited higher fluidity in the presence of
MAAs could lead to novel target in biofilm treatment of wounds (Orazi,
Ruoff, & O’Toole, 2019). Since these bacteria are often highly abundant
in wounds, we aimed to exploit this vulnerability and create a system
with synergic effects on the bacterial membrane. The activity of chitosan
on the bacterial membrane is often associated with the molecular weight
(MW) of the polymer (Tao, Qian, & Xie, 2011), and to achieve the
strongest membrane activity on these bacteria in biofilms, we utilized
chitosan with higher MW. The action of chitosan combined with the
membrane activity of CHX could promote eradication of S. aureus and
P. aeruginosa biofilms.

We therefore hypothesized that chitosan hydrogel can boost the ac-
tivity of liposomally-associated MAAs. We aimed, for the first time, to
investigate potential synergy between CHX, a model MAA, associated
with liposomes and chitosan hydrogel against S. aureus and P. aeruginosa
biofilms.

2. Materials and methods
2.1. Materials

Chitopharm™ M - Medium MW chitosan from shrimp (average of
350-600 kDa; and degree of deacetylation of >70 %) was a gift from

Chitinor (Tromsg, Norway) and Lipoid S100 (phosphatidylcholine con-
tent >94 %) a gift from Lipoid GmbH (Ludwigshafen, Germany).
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Methanol (>99.9 %) was purchased from VWR (Fontenay-sous-Bois,
France). Acetic acid >99.8 %, chlorhexidine >99.5 %, glycerol solution
(86-89 %), sodium nitrite, Kollisolv® PEG E 400, Cell Counting Kit — 8,
Trizma base, calcium chloride, sodium phosphate dibasic dehydrate,
potassium dihydrogen phosphate, sodium chloride and crystal violet
were acquired from Sigma-Aldrich (St. Louis, USA). Ortho-phosphoric
acid >85 % was obtained from Kebo Lab Ab (Oslo, Norway). Urany-
less was procured from Electron Microscopy Sciences (Hatfield, PA,
USA). Lipopolysaccharide (from Escherichia coli 055:B5), sulfanilamide
>98 % and N-(1-Naphthyl)ethylenediamine dihydrochloride >98 %
were acquired from Sigma Life Science Norway AS (Oslo, Norway).
Roswell Park Memorial Institute (RPMI) medium 1640, bovine serum
albumin, penicillin-streptomycin and fetal bovine serum (FBS) were
purchased from Sigma-Aldrich (Steinheim, Germany). Nutrient Broth
(NB) and Brain Heart Infusion broth (BHI) were supplied by Becton
Dickinson and Company (Sparks, MD, USA). Dulbecco’s Modified Eagle
Medium (DMEM) high glucose w/ 1-glutamine and sodium pyruvate was
acquired from Biowest (Nuaillé, France). Murine macrophage RAW
264.7 cells, S. aureus ATCC29213 and P. aeruginosa ATCC10145 were
delivered by ATCC (Manassas, VA, USA). S. aureus SO88 is a clinical
isolate (Ospedale Sant’Orsola-Malpighi, Bologna, Italy) (Giordani et al.,
2019). HaCaT cell line (immortalized human keratinocytes) was pur-
chased from CLS Cell Lines Service GmbH (Eppelheim, Germany).

2.2. Preparation of CHX-liposomes and liposomes

CHX-liposomes were prepared by the film method as previously
described (Hurler & Skalko-Basnet, 2012). Briefly, Lipoid S100
(200 mg) and CHX (10 mg) were dissolved in methanol. A lipid film was
formed after methanol evaporation on a rotavapor (Biichi rotavapor
R-124 with vacuum controller B-721, Biichi Vac® V-500, Biichi Labor-
technik, Switzerland) at 60 kPa and 45°C for at least 1h, and
re-suspended in 10 mL distilled water to form CHX-liposomes. Lipo-
somes (without CHX) were made of lipid alone.

The size of CHX-liposomes was reduced by manual extrusion through
polycarbonate membranes (Nuclepore Track-Etch Membrane, Whatman
House, Maidstone, UK) with average diameter of 0.8 pm and 0.4 pm
three and five times, respectively. Liposomes were extruded under same
conditions including additional extrusions twice through a 0.2 pm
membrane to be of comparable size.

2.3. Characterization of CHX-liposomes and liposomes

The size was measured on a NICOMP Submicron particle sizer
(NICOMP Particle Sizing System, Santa Barbara, California, USA) as
described by Ternullo, Gagnat et al. (2019). Liposomal suspensions
diluted to an attain intensity of 250-350 KHz were measured
(weight-intensity distribution) in three cycles of 10 min. The zeta po-
tential was determined with a Zetasizer Nano Zen 2600 (Malvern,
Worcestershire, UK, Jgraholmen et al., 2019). The liposomal suspension
was diluted with deionized water. The pH of liposomal suspensions was
measured using sensION -+ PH31 pH benchtop meter (Hach, Loveland,
Colorado, USA).

CHX entrapped in the liposomes was separated from the unentrapped
CHX using dialysis at 24 £ 1 °C (tube cut-off for MW at 12-14 kDa;
Medicell International Ltd., London, UK). The CHX entrapment effi-
ciency was determined using Tecan Spark M10 multimode plate reader
(Tecan Trading AG, Switzerland) at 261 nm. A standard curve of CHX
was prepared in the concentration range of 1.25-40 pg mL~" for the
analysis (R? = 0.999).

2.4. Preparation of hydrogels
2.4.1. Preparation of hydrogel and liposomes-in-hydrogel

Chitosan hydrogel was prepared as described previously (Hurler,
Engesland, Kermany, & Skalko-Basnet, 2012). In brief, 4.5 % chitosan
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(w/w) was dispersed in 2.5 % acetic acid (w/w) and 9% glycerol (w/w)
and hand-stirred stirring at 24 + 1 °C for 5 min to form hydrogel. The
hydrogel was bath sonicated in an ultrasonic bath (Branson, Ultrasonic
cleaner 5510E-MT, Danbury, USA) for 30 min (degassed) and permitted
to swell at room temperature for 48 h. Glycerol-free hydrogel was pre-
pared in the same manner without glycerol.

CHX-liposomes or liposomes without drug (10 % w/w) were incor-
porated into hydrogel comprising 5% (w/w) chitosan and 10 % (w/w)
glycerol by hand-stirring at 24 4+ 1 °C for 5 min to prepare respective
liposomes-in-hydrogel. The concentrations of chitosan and glycerol in
hydrogels after incorporation of liposomes were 4.5 % and 9% (w/w),
respectively.

2.4.2. Preparation of CHX-hydrogel

CHX was dissolved in 2.5 % acetic acid (w/w) and glycerol by me-
chanical stirring for 2 h. Chitosan (4.5 %, w/w) was dispersed in the
CHX solution and hand-stirred stirring at 24 £+ 1 °C for 10 min to form
hydrogel. The final concentrations of chitosan and glycerol were 4.5 %
(w/w) and 9% (w/w), respectively.

2.5. Characterization of hydrogel

Texture properties were evaluated by utilizing a backward extrusion
rig set using a Texture Analyser TA.XT Plus (Stable Micro Systems Ltd.,
Surrey, UK; Hurler et al., 2012a). Hydrogel (65 g) was transferred to the
rig set container. A 35 mm disk was fixed to the texture analyser, and
compressed into the hydrogel, and redrawn to starting position. The
speed was 4 mm s and starting position right above the hydrogel
surface. The distance and trigger force were 10 mm and 10 g,
respectively.

The pH of hydrogels was evaluated using Accumet ® portable pH
meter kit AP115 (Fischer Scientific, Massachusetts, USA).

2.6. Release of CHX

The CHX release from formulations (liposomes and hydrogels) and
free CHX were evaluated in a Franz cell diffusion system (PermeGear,
Hellertown, PA) utilizing cellophane membrane and acceptor cell of
12 mL (1.77 em?) as previously described (Joraholmen et al., 2019). To
address low water solubility of CHX base, 10 % polyethylene glycol
(v/v) in distilled water was added to the acceptor chamber. The system
was kept on constant heating (32 °C) and mechanical stirring. The
formulation (600 pL) was added to the donor chamber and samples were
withdrawn after 24 h. CHX from both the acceptor chamber and mem-
brane was quantified on a UV-vis plate reader (SpectraMax 190
Microplate Reader, Molecular Devices, CA, USA) at 261 nm. The
hydrogels were weighted before and after each experiment to adjust for
fluid exchange.

2.7. Bioadhesion studies

The bioadhesive properties of hydrogel formulations were evaluated
using the mucoadhesion rig on the Texture Analyser TA.XT Plus (Stable
Micro Systems Ltd., Surrey, UK; Hurler & Skalko-Basnet, 2012). The full
thickness human skin was obtained from patients undergoing abdominal
plastic surgery. Consent from all patients was obtained prior to every
surgical procedure. Skin slices (1.26 + 0.04 mm) were rinsed in Phos-
phate Buffer Saline (PBS, pH 7.4, 2.98 g L™! Na,HPO,4-2H,0, 0.19 g L1
KHyPO4, 8 g L~! NaCl) and stored in —20 °C. Prior to each experiment,
the skin slice was thawed in distilled water for 30 min and rinsed
thoroughly. Excess liquid was removed and the skin slice was mounted
to the mucoadhesion rig. The hydrogel (150 pL) was applied to the die
and the die weighed. The die with hydrogel was pressed onto the skin
slice for 10 s with a force of 25 g. The speed was set to 1.0, 0.5 and
0.1 mm s~ for the pre-test, test and post-test, respectively. The die was
immediately weighed after the test (Ternullo, Schulte Werning,
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Holsater, & Skalko-Basnet, 2019).

2.8. Anti-inflammatory activity

The anti-inflammatory activity was expressed through inhibition of
NO production in lipopolysaccharide-induced RAW 264.7 murine
macrophages (Basnet, Hussain, Tho, & Skalko-Basnet, 2012).
CHX-liposomes-in-hydrogel, hydrogel, CHX-liposomes and liposomes
were evaluated. Cell suspension (5 x 10° cells mL™}, 1000 pL, in RPMI
supplemented with glutamine, 10 % FBS, penicillin and streptomycin)
was added to 24-well plates and incubated in humidified 5% CO, at
37 °C for 24 h. The medium was removed and 990 pL of LPS (1 pg mL™1)
in supplemented RPMI added to each well. The 10 pL of diluted lipo-
somal suspensions (concentrations corresponding to 1, 10 and 50 pg
mL~! lipid content, respectively) and hydrogels (corresponding to
liposomal suspensions) were added in triplicates. Supplemented RPMI
(100 %) and LPS in medium served as normal and controls, respectively.
The cells were incubated in humidified 5% CO; at 37 °C for 24 h. After
incubation, NO released in medium was measured as nitrite concen-
tration using Griess reagent (1:1, v/v) and quantified on a UV-vis plate
reader (Tecan Spark M10 multimode plate reader, Tecan Trading AG,
Switzerland) at 540 nm.

2.9. Antimicrobial evaluation

2.9.1. Inhibitory activity against planktonic cultures

The free and formulated CHX (liposomes and hydrogels, 2.5 mL)
were diluted in water, mixed with an equal volume of Simulated Wound
Fluid (SWF, pH 7.4, bovine serum albumin 2% w/v; CaCly 0.02 M; NaCl
0.4 M; Trizma base 0.05 M, Cerchiara et al., 2020, final CHX concen-
tration of 0.005 mg mL™!) and inoculated with microbial suspensions
(S. aureus ATCC239213, S. aureus SO88 and P. aeruginosa ATCC10145)
prepared from a broth culture in log phase of growth (inoculum con-
centration: 10® CFU mL™1). Non-treated suspensions served as a control.
Counts of viable cells were carried out on NB (S. aureus strains —
gram-positive) or BHI (P. aeruginosa — gram-negative) plates at the
inoculum time and after 3, 6, 8 and 24 h of incubation at 37 °C. Results
are expressed as viability (log CFU mL™!) of microorganisms over time
in presence of different formulations.

2.9.2. Anti-biofilm activity

The anti-biofilm activity of formulations was assessed against
S. aureus ATCC239213, S. aureus SO88 and P. aeruginosa ATCC10145 as
described by Giordani et al. (2019). Briefly, two different mechanisms of
action were targeted, the inhibition of biofilm formation and eradication
of pre-formed biofilm. For the inhibition assay, 100 pL of bacterial
suspension (106 CFU mL’l) in NB (S. aureus strains) or BHI
(P. aeruginosa) were incubated in 96-multi-well plates together with
100 pL of free or formulated CHX (liposomes and hydrogels). For the
eradication assay, the biofilm was first formed for 48 h (200 pL of bac-
terial suspension 10® CFU mL ') and then treated with 200 L of free or
formulated CHX (liposomes and hydrogels) for 24 h. Crystal violet is a
dye commonly employed in microbiology field because it allows stain-
ing of the bacterial cell walls. To quantify the biofilm after treatments,
the cells adherent to the wells were stained with crystal violet (0.41 %,
w/v), dye exhibiting an absorbance peak at 595 nm when dissolved in
ethanol. Thus, the higher absorbance (ODsgs, EnSpire 217 Multimode
Plate Reader, PerkinElmer Inc., Waltham, MA) corresponds to a larger
number of bacterial cells adherent to the wells of 96-multi-well plates
(37 °C, 100 rpm). Results were expressed in percentage relative to the
untreated control accordingly to the following equation (Eq. (1), Gior-
dani et al., 2019):

Inhibition of biofilm formation/Eradication of pre-formed biofilm (%) = [1-
(mean ODsgs sample / mean ODsgs control)] x 100 1
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2.10. Statistical analyses

Statistical significance was evaluated by one-way ANOVA followed
by Turkey’s correction or student’s t-test. The results are expressed as
means £ SD.

3. Results and discussions

The treatment of infected wounds requires careful tailoring of
formulation properties to optimize the treatment outcome (Malae-
keh-Nikouei, Fazly Bazzaz, Mirhadi, Tajani, & Khameneh, 2020; Tottoli
et al., 2020). Moreover, the formulation should offer mechanical sta-
bility, moisture maintenance, protection from environmental exposure,
promotion of tissue regeneration and biocompatibility (Anjum et al.,
2016). Importantly, infected wounds require high local concentrations
of antimicrobials over prolonged periods, therefore, formulations
increasing the antimicrobial and anti-inflammatory effects while
reducing chances for resistance development are preferred (Lam et al.,
2018). Liposomes-in-hydrogel for antimicrobials is a promising strategy
in treatment of infected wounds. The synergy between formulations and
antimicrobials create a potential therapeutic advantage.

3.1. Characteristics of CHX-liposomes and liposomes

Liposomes are extensively used in studies targeting skin therapies.
These lipid-based vesicles provide sustained and controlled release of
associated antimicrobial compounds from a safe carrier (Filipczak, Pan,
Yalamarty, & Torchilin, 2020; Gonzalez Gomez & Hosseinidoust, 2020;
Ibaraki et al., 2020). They provide a reservoir for compounds within the
skin layers increasing the local concentration (Lai et al., 2020; Peers
et al., 2020). The optimal size considering a depot effect should be
around 200—300 nm (Ternullo, Schulte Werning et al., 2019). Gener-
ally, the size of liposomes is very likely influencing the antibacterial
activity (Martin et al., 2015). Indeed, it has been reported that con-
ventional liposomes that were effective in delivery of antimicrobials to
biofilms had a size significantly below 500 nm (Rukavina & Vanic,
2016). For example, amikacin-loaded liposomes with a mean diameter
of approximately 300 nm penetrated readily into P. aeruginosa biofilm
and infected mucus (Meers et al., 2008). Similarly, azithromycin-loaded
liposomes of about 400 nm were able to reduce the growth of
P. aeruginosa in biofilm (Solleti, Alhariri, Halwani, & Omri, 2015).
However, the liposomes in our study were incorporated in hydrogels and
not applied as suspensions; therefore, the effect of their size should be
rather limited. We generated liposomes of a homogenous size distribu-
tion exhibiting a relatively low polydispersity index (PI, Table 1). The
size of CHX-liposomes was confirmed with transmission electron mi-
croscopy (TEM, Fig. S1). Moreover, the images showed spherical lipo-
somes with well-defined surfaces. The liposomes, in addition to all other
formulations presented in this study, are summarized in Table S1.

The zeta potential of empty liposomes was neutral due to the high
content of neutral phosphatidylcholine (>94 %), however, CHX-
liposomes exhibited zeta potential of almost 50 mV (Table 1), making
them highly cationic due to presence of CHX. The physiochemical nature
of CHX and its biguanide groups would point to CHX being incorporated
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within and onto the bilayer of liposomes, which could further increase
potential interactions with bacterial membranes (Farkas, Zelko, Torok,
Rdcz, & Marton, 2001). Recently, Ibaraki and colleagues reported
increased damage to bacterial biofilms by cationic compared to anionic
liposomes (Ibaraki et al., 2020). The amphipathic nature of CHX allows
its distribution stretched towards the core in the inner layer and the
surface and within the bilayer resulting in a considerably high entrap-
ment (Hassan et al., 2013).

We evaluated the stability of liposomal dispersions over 4 weeks and
did not detected any significant changes in their characteristics (data not
included).

3.2. Characteristics of hydrogel

Liposomes require secondary vehicles such as hydrogels to remain on
the skin. A key feature of hydrogels in skin therapy is to offer mechanical
stability. Hydrogel's texture properties are often measured as an indi-
cator of mechanical stability. Texture analyses provide both in-process
controls and information on stability (Hurler et al., 2012a). The rele-
vant parameters are hardness, cohesiveness and adhesiveness. The
hardness describes the skin applicability of the formulation (Ternullo,
Schulte Werning et al., 2019). The cohesiveness defines the recovery of
the structural network within hydrogel after application and level of
deformation (Amasya, Inal, & Sengel-Turk, 2020). The adhesiveness
represents the ability to remain on the skin (Hurler et al., 2012a). These
features define the applicability and user-friendliness of hydrogels.

The texture properties are influenced by plasticisers and polymer
concentrations and the addition of glycerol increased the hydrogel
hardness (Fig. 1). This was evident from the results of the glycerol-free
hydrogel and the CHX-liposomes-in-glycerol-free hydrogel. CHX, in
liposomes-in-hydrogel or free in the hydrogel, did not affect the
hydrogel hardness. The cohesiveness did not follow the same pattern as
the hardness; all hydrogels demonstrated similar cohesiveness, except
from the glycerol-free hydrogel (4.5 %, Fig. 1) that exhibited a signifi-
cantly higher cohesiveness compared to other formulations. Glycerol
was added to hydrogels to improve the long-term texture properties
(Hurler et al., 2012a) as well as the level of deformation within the
hydrogel, the cohesiveness. Glycerol could create three hydrogen bonds
with the amino sugar unit and subsequently increase the mobility (Chen
et al., 2018). The adhesiveness decreased when CHX-liposomes were
incorporated into the hydrogel as compared to liposome.

Our results cannot be directly compared to other studies since we
applied higher polymer concentrations and modified set-up. For
example, Ternullo and colleagues observed reduced texture properties
upon addition of liposomes, whereas Jgraholmen and colleagues
observed the opposite (Joraholmen et al., 2019; Ternullo, Schulte
Werning et al., 2019).

The pH of hydrogels was also investigated (Table S3) to assure an
appropriate pH of the final formulation. Although the CHX-liposomes
demonstrated a higher pH, liposomes were merely the primary formu-
lation since the CHX-liposomes were further incorporated within a
chitosan hydrogel network. The pH of the hydrogels was significantly
lower than the pH of the CHX-liposomes, assuring that externally
applied formulation does not elevate the issue of high pH; on the con-
trary, it acts on lowering pH.

Table 1

Characteristics of liposomes and CHX-liposomes.
Sample Size (nm) PI* Zeta (mV) pH EE (%)"
Liposomes 271 £ 16 0.33 £0.07 —0.4+0.3 6.9 +0.2 -
CHX-liposomes 318 £ 9% 0.24 £ 0.03* 45.5 +£ 1.3 8.0+0.1 94.7 £ 0.7

Results are expressed as means with their respective SD (n = 3, * n = 6).
@ Polydispersity index.
b Entrapment efficiency (%).
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Fig. 1. The texture properties of chitosan hydrogels measured as hardness, cohesiveness and adhesiveness. The values are expressed as mean of three replicates with

their respective SD.

3.3. Stability of chitosan hydrogels

The stability testing expressed as the changes of the hydrogels’
texture properties (Table S2) indicates that the cohesiveness and adhe-
siveness of hydrogels comprising glycerol and liposomes remained more
stable over a period of 4 weeks than plain hydrogel of the same con-
centration, probably due to stabilizing effect of both glycerol and lipo-
somes. Additionally, the CHX-liposomes-in-hydrogel exhibited
satisfying stability for the evaluation period. This stability could be
attributed to the charge of both CHX-liposomes and chitosan, creating
repulsive effects through electrostatic forces (Ternullo, Schulte Werning
et al., 2019). The liposomal bilayer is electrostatically stabilized and the
repulsions might decelerate the release of CHX into the hydrogel
network (Grijalvo et al., 2020). The basic CHX is only slowly released
into the network, and this would possibly lead to a stable pH in the
network. Since liposomes most likely preserve their original size without
aggregation, the network mobility would be more stable. In addition,
Hurler and colleagues studied the effects of zeta potential of liposomes
on the properties of the liposomes-in-hydrogel formulations. The au-
thors postulated that liposomes bearing a positive charge seem to sta-
bilize the chitosan hydrogel network better than neutral or negatively
charged liposomes (Hurler et al., 2013). The pH of hydrogels (Table S3)
remained stable over four weeks. However, liposomes-in-hydrogels,
both with and without CHX, exhibited a small increase in pH.

3.4. Release of CHX

Considering skin therapy, liposomes-in-hydrogel should provide
sustained CHX release assuring bacterial eradication without regrowth,
reduced administration frequency and improved patient compliance
(Smith et al., 2020). Additionally, antimicrobial-liposomes-in-hydrogel
formulations prevent burst release from polymeric networks or lipo-
somes alone (Grijalvo et al., 2020).

In Fig. 2, the CHX release (24 h) is presented. CHX-liposomes
exhibited sustained release compared to the permeating free CHX (p
<0.1). However, incorporation of CHX-liposomes into chitosan hydrogel
significantly sustained the release (p < 0.05). No differences in release
between liposomes-in-hydrogels with and without glycerol were
observed. Chitosan hydrogels without liposomes failed to reduce CHX
release indicating that liposomes were crucial to provide a sustained
release of CHX. Similarly, CHX release from montmorillonite and chi-
tosan composite was reported to be controlled and sustained as
compared to free CHX (Onnainty et al., 2016).

These results emphasize the importance of including both systems,
liposomes and hydrogel, in the final formulation. In addition to the 24 h
endpoint release, we performed preliminary studies on the release
profile from CHX-liposomes, CHX-liposomes-in-hydrogel, CHX-
liposomes-in-glycerol-free hydrogel and free CHX (Fig. S2). The same
patterns as observed in the 24 h endpoint measurements (Fig. 2) were
confirmed in hourly release profile; however, we noticed the fluid ex-
change between the donor and acceptor chamber. Therefore, we pro-
ceeded with the endpoint measurement of the release.

3.5. Bioadhesive properties

The efficacy of formulations destined for skin administration is
influenced by their bioadhesive properties. Hurler and colleagues
developed a method to determine the amount of hydrogel that remained
on the skin after compression rather than measuring force of detachment
(Hurler & Skalko-Basnet, 2012). The bioadhesive properties of tested
hydrogels are found in Fig. 3. All hydrogels were bioadhesive; however,
liposomes-in-hydrogel displayed the highest bioadhesive properties.

Most often, reports on bioadhesion refer to mucosal adhesion;
however, mechanisms for skin adhesion are also reported (Horstmann,
Miiller, & Asmussen, 1999; Venkatraman & Gale, 1998). The adhesion
to skin is, unlike to the mucosa, more dependent on the surface structure
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Fig. 2. CHX release or permeation over 24 h at 32 °C. Results are represented as percentage of CHX released compared to the initial concentration. Results are
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Fig. 3. Bioadhesive properties of chitosan hydrogels and liposomes-in-hydrogel. The bioadhesion is presented as the amount of hydrogel retained on the skin (%)
after compression compared to the original amount applied to the die in the rig set to the Texture Analyser. The results are presented as the mean of three replicates

with their respective SD.
*) Significantly different (p < 0.05).

and size of the surface area (Horstmann et al., 1999). Moreover, the
bioadhesion could potentially be affected by interpenetration between
the polymer and biological surface (Palacio & Bhushan, 2012), more-
over the plasticizer could increase bioadhesion (Horstmann et al., 1999).

3.6. Anti-inflammatory evaluation

Macrophages play an important role in skin infections and in-
flammations by regulating the production of NO (Kloc et al., 2019). The
reduced NO level has been considered beneficial after the inflammatory
phase of wound healing. We evaluated the anti-inflammatory effects of
chitosan formulations and CHX; CHX is expected to have a mild effect on
inflammation in this experimental set-up by neutralizing LPS through
binding (Zorko & Jerala, 2008).

Our results confirmed a dose-dependent reduction in NO production

(Fig. 4). Even though the difference in production between 1 and 10 pg
mL~! was not statistically different except for the CHX-liposomes-in-
hydrogel, a clear tendency could be observed. All formulations
demonstrated a significant reduction in NO production between 10 and
50 ug mL~l. Furthermore, all formulations at every concentration,
except liposomes (1 pg mL ™), demonstrated a significant reduction in
NO production compared with the control (non-treated LPS-induced
macrophages). The reduction of NO production in the cells treated
with hydrogels either with or without CHX liposomes demonstrated a
significantly reduced NO production.

Chitosan-based formulations have previously been reported to
reduce inflammatory response in macrophages; however, the results
were often dependent on MW of chitosan (Chang, Lin, Wu, Huang, &
Tsai, 2019). Our group has reported anti-inflammatory activity of
liposomes-in-hydrogel formulation with polyphenols (Jgraholmen et al.,
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2019). In their study, the anti-inflammatory response was lower than we
observed, however, the chitosan concentration used in this study was
significantly lower than in our study. Since we used higher chitosan
concentrations, the differences may indicate that chitosan concentration
plays a role in modulating anti-inflammatory response. However, we
measured nitrites as an indicator for NO. Due to the anionic nature of
nitrites, chitosan might neutralize these inorganic anions (II'ina &
Varlamov, 2016) leading to lower concentration of available nitrites for
the Griess reaction. Consequently, the values may be an overestimation
of the anti-inflammatory effect and should be further investigated. The
most important characteristic to verify is that new formulations for
wound therapy do not induce an additional inflammation response,
which would lead to impaired healing. Pettinelli and colleagues
demonstrated that chitosan hydrogel did not induce any inflammation
response in macrophages (Pettinelli et al., 2019). In addition to the
evaluation of NO production in macrophages, we evaluated the cell
viability of immortalized human keratinocytes treated with
CHX-liposomes (Fig. S3). The results demonstrated improved viability of
cells treated with CHX-liposomes.

3.7. Antimicrobial evaluation

3.7.1. Minimal lethal concentration (MLC) of formulated and free CHX

The treatment of wound infections is challenging due to the growing
problem of antibiotic resistance and tendency of S. aureus and
P. aeruginosa to form biofilms (Serra et al., 2015). Chitosan demonstrates
antimicrobial properties towards gram-positive bacteria (Hamedi,
Moradi, Hudson, & Tonelli, 2018; Moeini et al., 2020). Since infected
wounds comprise polymicrobial manifestation, we aimed to take
advantage of the synergic effects of chitosan and CHX to ameliorate the
available antibacterial therapies against both bacteria.

We investigated the MLC of free CHX and formulated CHX (lipo-
somes and hydrogels with glycerol) for three bacterial strains (Table S4).
As expected, free CHX exerted strong antimicrobial activity against both
S. aureus and P. aeruginosa. The effects were retained in CHX- liposomes,
whilst empty liposomes were inactive. Importantly, the incorporation of
CHX-liposomes in chitosan hydrogel improved the CHX antibacterial
effect, as demonstrated by the lowering of MLC for all tested strains. In
addition, hydrogel (4.5 %) revealed an antibacterial activity itself, since
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Fig. 4. Anti-inflammatory evaluation on mu-
rine macrophages (RAW 264.7). Concentrations
refer to the lipid concentration or correspond-
ing concentration where lipids are not present.
The NO production is presented as the per-
centage compared to the NO production in non-
treated LPS-induced macrophages (100 %). All
results are expressed asmeans of three parallels
with their respective SD.

*) Significantly different compared to non-
treated LPS-induced macrophages (p < 0.05).
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it inhibited S. aureus ATCC29213, S. aureus SO88 and P. aeruginosa
ATCC10145 at dilutions corresponding to chitosan concentrations of
0.056 %, 1.125 % and 2.25 %, respectively.

3.7.2. Inhibitory activity against planktonic cultures

Considering topical application for the treatment of wounds, the
antimicrobial activities towards planktonic culture were evaluated in
SWEF. The viability of S. aureus and P. aeruginosa in SWF was compared in
the presence of free or formulated CHX (Fig. 5). The untreated bacteria
and bacteria exposed to liposomes retained viability. In presence of free
CHX, no viable cells were found after 3 h.

CHX-liposomes and CHX-hydrogels both retained antimicrobial ac-
tivity against planktonic cultures but with delayed effects, due to sus-
tained release of CHX. In particular, CHX-hydrogel completely abolished
viability after 9h, while CHX-liposomes and CHX-liposomes-in-
hydrogel required 24 h to achieve a complete depletion of bacterial
cells. Interestingly, after 6 and 8 h the antimicrobial effects against all
tested microorganisms were more marked for CHX-liposomes-in-
hydrogels than for CHX-liposomes (p < 0.05), even if release studies
showed a reduced release of CHX from CHX-liposomes-in-hydrogels.
However, in all cases no viable bacteria were found after 24 h of incu-
bation with formulated CHX (liposomes or hydrogels), as well as with
free CHX. It is worth noting that hydrogel without CHX reduced S. aureus
viability by 1.27-1.55 log CFU after 24 h, while cell viability of
P. aeruginosa decreased by 1.14 log CFU. This is in agreement with MLC
data and suggests that chitosan-based wound treatment improves the
antimicrobial potential of CHX.

3.7.3. Anti-biofilm activity

Considering that S. aureus and P. aeruginosa biofilms are often asso-
ciated with chronic infections and decreased susceptibility to antimi-
crobial treatments (Roy, Tiwari, Donelli, & Tiwari, 2018), we focused on
anti-biofilm activity of free and formulated CHX against S. aureus
ATCC29213, S. aureus SO88 and P. aeruginosa ATCC10145 by means of
dispersal and biofilm formation inhibition assays (Fig. 6). Free CHX
revealed a moderate anti-biofilm activity, reducing the biofilm forma-
tion of all tested microorganisms (inhibition of 42-51 %) and partially
eradicating pre-formed biofilm (eradication rate of 29-43 %).

Contrary to what was observed for planktonic cultures, the
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Fig. 5. Viability (log CFU mL ™) of microorganisms over the time (up to 24 h) in presence of different formulations. The results are presented as the mean of three

replicates with their respective SD.
a: S. aureus ATCC29213; b: S. aureus SO88; c: P. aeruginosa ATCC10145.

incorporation of CHX inside liposomes significantly enhanced its ability
both to counteract biofilm formation (inhibition of 53-63 %) and to
disperse pre-formed biofilm (eradication rate of 40-53 %, p < 0.05). The
increased anti-biofilm activity of CHX-liposomes might be due to a more
efficient penetration of positively charged liposomes into the extracel-
lular matrix of biofilms (Rukavina & Vanic, 2016). Our finding is in
agreement with data on incorporation of vancomycin (Scriboni et al.,
2019) and gentamicin (Alhariri et al., 2017) in liposomes, which
improved the penetration of S. aureus and P. aeruginosa biofilms,
respectively. Moreover, reports show that cationic formulations could
potentially extend the penetration of active compounds into bacterial
biofilm, which are probably negatively charged (Drulis-Kawa et al.,
2009; Robinson, Bannister, Creeth, & Jones, 2001). Nevertheless, the
composition of external matrix of biofilm is very complex and hetero-
geneous and can be influenced by numerous factors including surface
properties, nutrient availability and microbial species that form the
biofilm (Flemming & Wingender, 2010). Thus, we can only make as-
sumptions. However, different authors reported that cationic vesicles
showed better performances compared to free active compounds or
negatively charged vesicles in targeting biofilm of Staphylococcus spp.,
including S. aureus (Rukavina & Vani¢, 2016). Actually, our results
support the hypothesis that liposomes and cationic formulations may
improve the delivery of active compounds to biofilms.

As expected, liposomes showed no anti-biofilm activity, while
hydrogels without CHX exhibited a mild anti-biofilm effect (p < 0.05).
Consequently, CHX-hydrogel improved activity as compared to free
CHX (p < 0.05).

Notably, the best anti-biofilm profile was observed for CHX-
liposomes-in-hydrogels, and was significantly better than CHX-
liposomes. In particular, CHX-liposomes-in-hydrogels almost

completely inhibited the formation of S. aureus and P. aeruginosa biofilm,
while the eradication rate was higher for S. aureus (82-98 %) than for
P. aeruginosa (64 %). These results suggest that the insertion of CHX-
liposomes inside chitosan hydrogel is a promising and innovative
strategy to treat wound infections.

4. Conclusion

To address the challenges related to both treatment of chronic
wounds comprising biofilms and increased antimicrobial resistance, we
developed novel antimicrobial chitosan-based system. The system
comprising liposomally-associated CHX in chitosan hydrogel exhibited
superior anti-biofilm activities while maintaining properties relevant for
skin administration. In addition, we observed anti-inflammatory effects
of the chitosan hydrogel, an important feature considering wound
therapy.
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Fig. 6. Anti-biofilm activity: inhibition of biofilm development (%) on left Y-
axis (petrol bars), eradication of pre-formed biofilm (%) on the right Y-axis
(orange bars). The results are presented as the mean of three replicates with
their respective SD.

*) Significantly different from untreated control (p < 0.05).

a: S. aureus ATCC29213; b: S. aureus SO88; c: P. aeruginosa ATCC10145.
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S1 Supplementary methods

S1.1 Transmission electron microscopy (TEM)

TEM was performed to confirm the size and evaluate the morphology of the CHX-liposomes.
The procedure was conducted as described elsewhere (Obuobi, Julin, Fredheim, Johannessen,
& Skalko-Basnet, 2020). The CHX-liposomes were examined on a Hitachi TEM HT7800
(Hitachi High-Tech Corporation, Japan) with accelerated voltage of 20 - 120 kV attached to a
Morada camera. Prior to all examinations, the CHX-liposomes were applied to glow
discharged carbon-coated 400-mesh grids (5 min) and subsequently stained with either
uranyless or 3% uranyl acetate and 2% methylcellulose (Sigma-Aldrich, Steinheim,

Germany). The system was air-dried prior to imaging.

S1.2 Stability studies of hydrogels

All hydrogels were evaluated over a period of 2-4 weeks for the stability. The evaluated

parameters were texture properties and pH as described in Sections 2.5.1.

S1.3 Cell toxicity evaluation

The viability of cells after treatment with CHX-liposomes was evaluated in a HaCaT cell line
(Ajayi et al., 2018). The cells were cultured in DMEM high glucose supplemented with 10 %
(v/v) FBS and 1 % (v/v) penicillin-streptomycin. Cell suspensions (90 uL, 10°cells/mL)
plated in 96-well plates and incubated at 37 °C in 5 % CO> for 24 h. Next, 10 pL of the
diluted CHX-liposomes (50, 10 and 1 pg mL! lipid) were added to the wells and the plates
were incubated for another 24 h. Then, the CCK-8 kit reagent (10 uL) was added and the
plates were incubated for 4 h. Finally, the absorbance was measured at 450 nm and referenced
at 650 nm on the Tecan Spark M10 multimode plate reader (Tecan Trading AG, Switzerland).
The toxicity was evaluated by comparing the CHX-liposome treated cells with control
(treated with DMEM high glucose, 100 %, Cauzzo, Nystad, Holsater, Basnet, & Skalko-
Basnet, 2020).
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S1.4 Determination of minimal lethal concentration (MLC)

The MLC of CHX-liposomes and CHX-liposomes-in-hydrogel, as well as CHX-hydrogel and
free CHX, was determined by using the broth microdilution method. S. aureus ATCC
239213, S. aureus SO88 and P. aeruginosa ATCC 10145 were selected for testing. Briefly,
all formulations were serially diluted in water in 96-multi-well plates and incubated together
with microbial suspension (2 x 10° CFU mL") in NB (S. aureus strains) or BHI (P.
aeruginosa) at 37 °C for 24 h. To determine the microbicidal activity, 20 pL from each well
were then spotted onto NB or BHI agar plates and further incubated at 37 °C for 48 h. MLC
was defined as the minimal concentration that completely inhibited microbial viability. Three

batches for each formulation were tested.

S2 Supplementary results

S2.1 Summarization of all formulations

All formulations examined in this study, are shown in Table S1.

Table S1. Formulations with their respective designation and composition.

Formulation Designation Composition
Empty liposomes Liposomes Lipoid S100
. ) Lipoid S100
CHX loaded liposomes CHX-liposomes
CHX
Chitosan (4.5%) hydrogel
) Glycerol-free hydrogel Chitosan (4.5% w/w)
without glycerol
Chitosan (4.5%) hydrogel Chitosan (4.5% w/w)
. Hydrogel (4.5%)
with glycerol Glycerol (9% w/w)

) ) Lipoid S100
Empty liposomes in hydrogel

_ Liposome-in-hydrogel Chitosan (4.5% w/w)
with glycerol
Glycerol (9% w/w)
) ) Lipoid S100
CHX loaded liposomes in .
) CHX-in-glycerol-free hydrogel CHX
hydrogel without glycerol .
Chitosan (4.5% w/w)
CHX loaded liposomes in ) ) Lipoid S100
. CHX-liposomes-in-hydrogel
hydrogel with glycerol CHX
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Chitosan (4.5% w/w)
Glycerol (9% w/w)

. . CHX
CHX in hydrogel with
CHX-hydrogel Chitosan (4.5% w/w)
glycerol
Glycerol (9% w/w)
Non-entrapped CHX Free CHX CHX (dissolved)

Concentrations refers to the concentrations in final formulations.

S2.2 TEM-imaging

After the size characterisation of CHX-liposomes, TEM-imaging was performed to confirm
the results from the size measurements and investigate the morphology. The results (Figure

S1) revealed spherical shapes with clear contours of the surfaces of the CHX-liposomes. The

size of liposomes in the images was in agreement with the results obtained with photon

correlation spectroscopy.
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Figure S1.TEM-image of CHX-liposomes.

A: Scale bar: 200 nm, prepared uranyless. B: Scale bar:
acetate and methylcellulose.

500 nm, prepared utilizing uranyl



85 S2.3 Stability studies of hydrogels

86  Table S2. Stability of chitosan hydrogels measured as the mechanical properties initially (0) and after two and four weeks.

Glycerol-free hydrogel Liposomes-in-hydrogel CHX-liposomes-in- CHX-liposomes-in-
Hydrogel (4.5%) glycerol-free hydrogel
Week (4.5%) 4.5%) (4.5%) hydrogel (4.5%)
H C A H C A H C A H C A H C A
110 205 -166 134 166 -150 141 167 -155 113 171 -141 138 156 -145
0 + + + + + + + + + + + + + + +
1 1 3 1 9 7 3 7 6 2 9 6 4 7 5
110 165 -135 140 149 -138 152 166 -160 122 162 -141 138 159 -148
2 + + + + + + + + + + + + + + +
6 10 3 6 4 6 4 2 3 8 7 9 5 6 6
110 193 -153 139 155 -145 156 158 -152 117 166 -139 140 156 -144
4 + + + + + + + + + + + + + + +
7 12 14 7 17 15 9 5 6 8 7 1 8 11 11

87  H=hardness (g), C = cohesiveness (g-s) and A = adhesiveness (g's). The values are presented as a mean between three replicates with their

88  respective SD.

89



90

91

92

Table S3. pH of the chitosan hydrogels initially (0) and two and four weeks after production.

. . CHX-liposomes-in- . .
Week Glycerot‘fge‘;) ?ydrogel Hydrogel (4.5%) Llposonzis;‘;; ;1 ydrogel glycerol-lf)ree hydrogel Cll;; )é;l;‘g’:i(z;ngz/_:;‘ i
4.5%)
pH
4.5 4.6 4.7 4.7 4.6
(1] + + + + +
0.0 0.0 0.0 0.0 0.0
4.5 4.6 4.7 4.6 4.7
2 + + + + +
0.0 0.0 0.0 0.0 0.0
4.4 4.6 4.7 4.6 4.7
4 + + + + +
0.0 0.0 0.0 0.0 0.0

The results are expressed as means of three replicates with their respective standard SD.
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S2.4 CHX release profile

In the initial trials, we conducted in vitro release studies over 24 h with intermediate (hourly)
sampling to generate release profiles of formulated CHX. In the process, we noticed the fluid
exchange between the donor and acceptor chamber in the Franz diffusion system.
Consequently, the procedure was modified as to measure the release at the endpoint, as shown
in Figure 2. However, the hourly release profiles of the investigated formulations are
presented in Figure S2. We decided to proceed with the 24 h endpoint release measurements
to assure the accuracy of final data. Since the main purpose of the experiment was to directly

compare the different formulations, the endpoint values might be more reliable.

100

60

CHX release (%)

0 - - L - L L ¥

0 5 10 15 20 25

Time (hours)
mmf  Free CHX =—f— CHX-liposomes

—— CHX-liposomes-in-hydrogel wf==  CHX-liposomes-in-glycerol-free hydrogel

Figure S2. CHX release or permeation profile over 24 h at 32 °C. Results are represented as
percentage of CHX released compared to the initial concentration. Results are expressed as

means (n=2).

S2.5 Cell toxicity evaluation
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In addition to the anti-inflammatory effects on macrophages, we sought to investigate the
effects of the CHX-liposomes on the viability of immortalized human keratinocytes. It is
important to evaluate the composition and preparation method to assure the safety of the
carrier and immunological influences (Inglut et al., 2020). Both empty liposomes and chitosan
intended for topical therapy have been evaluated in HaCaT cell lines previously (Kang et al.,
2015; Lu et al., 2010). However, the CHX-liposomes have not been tested in human
keratinocytes. The results from the toxicity evaluation (Figure S2) showed improved cell
viability of the CHX-liposomes. The highest concentration showed the highest cell survival
and both 50 and 10 ug mL! displayed a significantly higher survival than the control (p <
0.05). The difference between 1 and 10 pg mL-' was not significant, however, the results
could indicate trend in the concentration range evaluated in the current study. The cell toxicity
of CHX has previously been reported (Borges et al., 2017; Hidalgo & Dominguez, 2001) in
the same cell line. However, previous reports also show that liposomes are able to reduce the

toxicity of other MAAs (Ron-Doitch et al., 2016).
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Figure S3. Toxicity evaluation of CHX-liposomes in HaCaT cell line. The results are expressed
as the percentage of surviving cells in the treated group compared to control (100 %). The tested
concentrations correspond to 1, 10 and 50 ug mL™! lipid. All results are expressed as means of

three parallels with their respective SD.

*) Significantly different (p < 0.05).

S2.6 MLC of formulated and free CHX
The MLC of CHX-liposomes and CHX-liposomes-in-hydrogel, as well as CHX-hydrogel and

free CHX, was determined by using the broth microdilution method. Liposomes and

hydrogels (4.5%) were also tested (section 3.7.1).
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Table S4. MLC of formulated and free CHX in S. aureus ATCC29213, S. aureus SO88 and
P. aeruginosa ATCC10145.

MLC (ug mL™)

S. aureus S. aureus P. aeruginosa

ATCC29213 SO88 ATCC10145
CHX-liposomes 0.40 0.80 1.60

CHX-liposomes-in-

hydrogel (4.5%) 0.16 0.31 0.63
CHX:-hydrogel (4.5%) 0.16 0.31 0.63
Free CHX 0.40 0.80 1.60

MLC: minimal lethal concentration (n=3).
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Abstract: Burns and other skin injuries are growing concerns as well as challenges in an era of
antimicrobial resistance. Novel treatment options to improve the prevention and eradication of
infectious skin biofilm-producing pathogens, while enhancing wound healing, are urgently needed
for the timely treatment of infection-prone injuries. Treatment of acute skin injuries requires tailoring
of formulation to assure both proper skin retention and the appropriate release of incorporated
antimicrobials. The challenge remains to formulate antimicrobials with low water solubility, which
often requires carriers as the primary vehicle, followed by a secondary skin-friendly vehicle. We
focused on widely used chlorhexidine formulated in the chitosan-infused nanocarriers, chitosomes,
incorporated into chitosan hydrogel for improved treatment of skin injuries. To prove our hypoth-
esis, lipid nanocarriers and chitosan-comprising nanocarriers (=250 nm) with membrane-active
antimicrobial chlorhexidine were optimized and incorporated into chitosan hydrogel. The biological
and antibacterial effects of both vesicles and a vesicles-in-hydrogel system were evaluated. The
chitosomes-in-chitosan hydrogel formulation demonstrated promising physical properties and were
proven safe. Additionally, the chitosan-based systems, both chitosomes and chitosan hydrogel,
showed an improved antimicrobial effect against S. aureus and S. epidermidis compared to the formu-
lations without chitosan. The novel formulation could serve as a foundation for infection prevention
and bacterial eradication in acute wounds.

Keywords: chitosan-infused liposomes; chitosan hydrogel; membrane-active antimicrobials; bacterial
eradication; acute wound management; Staphylococcaceae

1. Introduction

Acute skin injuries, such as burns, cuts, or other trauma, are painful breaches of the
skin. With the growing numbers of resistant pathogens, we need to prevent bacterial
infections and treat these breaches timely and efficiently. Larger skin injuries such as burn
trauma cause destruction of the first line of defence, impairing both the physical barrier
and the immune system [1]. These entry points are leaving the patients more vulnerable
to bacterial colonisation and infections [1]. Additionally, it is estimated that as much as
75% of attributable mortality in this patient group is linked to infections, making this the
primary cause of death [2]. Here, skin and soft tissue infections (SSTIs) are the second
leading healthcare-associated class following burn injuries [3] and one of the most common
bacterial infections in the human population [4]. The burns are often prone to biofilm

Mar. Drugs 2021, 19, 269. https:/ /doi.org/10.3390/ md 19050269
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formation, increasing the complexity of the wounds and leading to chronicity [5]. The
escalating threat of antimicrobial resistance and biofilm-producing strains influence the
treatment outcome [6]. The incidents of burn injuries are ostensibly decreasing [7]; however,
nearly 9 million injuries globally were related to fire, heat, or hot substances, according to
the Global Burden of Disease 2017 study [8].

In pursuance of novel treatment options for burns and other acute wounds, formula-
tions aiding both microbial eradication and the wound-healing process are highly desirable.
Pharmaceutical technology and nanotechnology could be utilized to increase both these
processes [9]. Herein, the selection of the materials exhibiting intrinsic wound healing, as
well as antimicrobial properties, is fundamental. Chitosan, a natural, cationic polymer,
derived from the deacetylation of chitin [10], has attracted attention as a biomaterial for
wound management [11]. This bioactive polymer, found in marine crustaceans, fungi,
and insects, is regarded both biocompatible and biodegradable [12,13] with confirmed
intrinsic antimicrobial [14] and wound-healing properties [15]. As a result, chitosan has
been utilized in the preparation of various pharmaceutical formulations, ranging from
solid and semi-solid to liquid forms [16]. However, in topical skin therapy, lipid-based
delivery systems, such as liposomes, are often particularly interesting because of their
potential interaction with the skin structure [17] as well as being a solubilizer for substances
with lowered solubility [18]. Moreover, the antimicrobial potential of the lipid-based vesi-
cles, liposomes, can be enhanced by coating of their surface or inclusion of the bioactive
polymers to both improve wound healing and antimicrobial properties [19]. The possi-
bility to infuse liposomes with chitosan forming chitosomes was previously proposed by
our group [20]. These novel vesicles were challenged against vaginal Candida infections
and both chitosomes alone and chitosomes with incorporated metronidazole eradicated
Candida [20]. These chitosomes, unlike many other nanoparticle-based formulations, were
prepared through a rapid one-step method.

Considering the improved antibacterial action, combining chitosomes with membrane
targeting antimicrobials could further increase the antimicrobial capacity through synergic
effects on the bacterial membrane [21]. Chlorhexidine (CHX), a membrane active antimi-
crobial (MAA), is frequently used in the prevention of SSTIs and commonly used in burn
units [22]. The main antibacterial mechanism of CHX is proposed to be destruction of the
bacterial membrane; however, precipitation of the cytoplasm has been observed when
CHX is administered in higher concentrations [23]. Furthermore, topical formulations of
CHX are commonly used in combinational therapy for chronic wounds [24]. Exploiting the
activity of MAAs, such as CHX, in combination with chitosan of higher molecular weight,
affecting the bacterial membrane [25], could prove beneficial in bacterial prevention and
eradication.

Liposomal suspensions are not suitable for direct application onto the skin due to low
viscosity and retention; this limitation is often solved by incorporating the vesicles into
hydrogels [26]. In addition to serving as a vehicle for liposomes, the hydrogel could also
provide an improved release profile and further increase accumulation of the antimicrobial
compound in the wound area [27]. In this study, chitosan was selected as a hydrogel base
due to its bioadhesive and biocompatible properties, which are suitable for pharmaceutical
applications [28,29]. Moreover, we aimed to tailor the release of CHX to assure rapid and
efficient microbial prevention and eradication. Although the hydrogel would swell to a
certain degree in physiological fluids [30], to assure the fast release as well as prolonged
retention on the skin, we combined chitosomes with chitosan hydrogels (Figure 1).
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Figure 1. Illustration of the two types of vesicles utilized in the current study. In the top-half of the illustration, the

CHX-vesicles (chitosan-free) both as vesicle alone and incorporated in hydrogel network are presented. In the bottom-half

of the illustration, the chitosan-infused vesicles, chitosomes, with entrapped CHX are presented both as vesicles alone and

incorporated in hydrogel.

In our previous study, we utilized conventional liposomes as primary vesicles for
CHX further incorporated in chitosan hydrogel for the treatment of chronic wounds.
The novel formulation assured sustained CHX release [18]. However, that formulation
would not be optimal for acute wound treatment. To modify the rate of the CHX release
to achieve faster and efficient antimicrobial action, we propose chitosomes as primary
vesicles for CHX. Andersen et al. showed an initial burst-release from their chitosomes
and postulated that this effect might be due to the arrangement of the pharmaceutical
compound in the bilayer [31]. In chitosomes, CHX is most likely incorporated within the
bilayer and associated with the surface of chitosomes, allowing a faster initial release of
CHX. Additionally, chitosan infused in the vesicles (chitosomes) is surface-available and has
the possibility of closely interacting with the bacterial membrane immediately (Figure 1).
These two factors could act in synergy, providing a faster onset of the antimicrobial action.
Since most of the CHX is preserved within the bilayer of chitosomes, it could contribute
to the long-term effect, similar to what has been previously confirmed for conventional
CHX liposomes [18]. We hypothesized that combining CHX with chitosan-infused vesicles,
chitosomes, could improve microbial eradication, and in a combination with the hydrogel
network, serve as a promising platform for the prevention of bacterial colonization of acute
wounds.

2. Results and Discussions
2.1. Vesicle Characteristics

Chitosan-based formulations could potentially support the wound-healing process
in all stages of the complex healing cascade [32]. Additionally, hydrogels comprising
this bioactive polymer could counteract the factors impairing healing processes by anti-
inflammatory and antimicrobial actions [33]. Among all biomaterials, chitosan is one
of the most frequently used ingredients in hydrogel preparation [34,35]; however, other
formulations are also reported such as nanofibers [36] and nanoparticles [37]. Moreover,
chitosan is often used as a coating material for vesicles [14]. In this study, we intended to
exploit chitosan’s beneficial intrinsic properties in both the primary and secondary vehicle
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to maximize the potential treatment outcome. As this formulation is intended for topical
therapy of skin burns and other acute wounds, lipid-based vesicles were selected as the
primary vesicle.

2.1.1. Vesicle Characteristics

The size and zeta potential of vesicles are known to influence the characteristics
of the hydrogel [38] and the treatment outcome. Consequently, we evaluated the size,
zeta potential, CHX entrapment, and pH of the vesicles (Table 1). These properties are
influenced by the method of preparation. The one-pot method generates larger vesicles
with broader size distribution [31]; therefore, probe sonication was utilized to reduce the
vesicle size. The vesicle size was additionally influenced by the incorporation of CHX. A
single sonication cycle was sufficient to reach the intended size. For comparison, to reach
the same vesicle size, the empty vesicles required several sonication cycles. Our targeted
vesicle size was around 200 nm, which was the lower end of the optimal vesicle size range
intended for dermal delivery [39].

Table 1. Vesicle characteristics.

Size (nm) Zeta )
Peak 1 Peak 2 Peak 3 PI! Potential EE pH
% % % (mV) %o
31+9 62 169 + 18
PL-EMP 543 13 90 + 4 0.18 + 0.01 0.6 £0.0 - 56 +0.0
14+ 4 41 +4 150 £ 3
CHI-EMP 544 30 + 12 65 + 16 0.22 +0.01 115+ 0.3 - 444+ 0.0
16 t7 66 = 15 243 £ 13
PL-CHX 211 1645 81+ 6 0.32 +0.03 53.6 £ 2.0 68 £5 7.0+£0.3
14 +1 79 £5 260 £ 3
CHI-CHX 3+1 29 + 15 69 + 16 0.30 = 0.00 79.0 £ 3.7 74 £ 2 55+0.1

Results are expressed as means with their respective SD (n = 3). PL-EMP = plain, empty vesicles, CHI-EMP = empty chitosomes,
PL-CHX = plain, CHX-vesicles, CHI-CHX = CHX-chitosomes. ! Polydispersity index. > Entrapment efficiency (%).

The empty vesicles displayed a slightly smaller size; however, these vesicles served
as controls, and the difference would have limited effect on the overall comparison as all
vesicles were loaded into hydrogel networks [38]. To confirm the size and to investigate the
morphology, we utilized transmission electron microscopy (TEM, Figure 2). Both the empty
and CHX-chitosomes were found to be spherical. The size distribution corresponded to the
results obtained with the particle sizer. Considering conventional liposomes, the infusion
of chitosan did not significantly alter the shape of the vesicles.

Figure 2. TEM images of chitosomes. (a) CHI-EMP, (b) CHI-CHX. CHI-EMP = empty -chitosomes,
CHI-CHX = CHX-chitosomes. Scale bars: 200 nm.
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The zeta potential of vesicles was highly influenced by both chitosan and CHX
(Table 1). Plain, empty vesicles were, due to the high content of phosphatidylcholine,
exhibiting neutral surface; the addition of chitosan (chitosomes) augmented the zeta po-
tential by almost 11 mV (Table 1), as expected. The incorporation of CHX in plain vesicles
contributed to increased surface charge to 53 mV due to its incorporation within and on the
vesicles (Figure 1). The vesicles comprised of both chitosan and CHX (CHX-chitosomes)
exhibited the highest zeta potential, indicating that chitosan and CHX have synergic effects
on the surface charge. Moreover, these results indicate that both chitosan and CHX are
available on the surface of the vesicles or partially stretches out to the surface from within
the bilayer. The amphipathic nature of CHX would also substantiate this postulation;
however, the substantial increase might suggest that CHX is positioned even further out
within the surface of the chitosan-infused vesicles. The zeta potential of plain, empty
vesicles and empty chitosomes is directly comparable to the results of Andersen et al. [20].
In topical antimicrobial therapy, positively charged vesicles could be beneficial in bacterial
eradication in wounds. Bacterial membranes are slightly negatively charged, whereas
mammalian membranes are closer to neutral [40]; therefore, the potential interaction be-
tween a positively charged formulation and the bacteria could improve both efficacy and
safety [41]. As reported by Ahani and colleagues, where cationic liposomes were proven
beneficial in bacterial eradication [42].

The pH of vesicle suspensions was also influenced by CHX presence; an increased
pH of more than one unit was determined for CHX-formulations as compared with the
corresponding formulation without CHX. Additionally, the effect of acetic acid used in the
production of chitosomes was detected in the pH values.

Due to the interactions between CHX and the vesicles and the increased zeta potential,
we anticipated a relatively high drug entrapment. However, chitosan could potentially
influence the accommodation of CHX within or on the bilayer. High entrapment is impor-
tant in the development of novel antibacterial formulations to ensure sufficient bacterial
eradication and avoid bacteria regrowth. The entrapment efficiencies for both the plain
vesicles and chitosomes were relatively high (Table 1). Remarkably, the entrapment was
not influenced by the inclusion of chitosan in the vehicles. The high entrapment could also
be a result of the interaction between the lipids of the vesicular bilayer and CHX.

2.1.2. Surface-Available Chitosan

The presence of chitosan on the surface of the chitosomes is indicated by the rise
of the zeta potential as compared to the plain vesicles. We sought to compare the initial
chitosan concentration with the amount available on the chitosome surface. In addition,
we investigated whether the concentration of surface-available chitosan would be affected
by the incorporation of CHX within the vesicles. The percentage of surface-available
chitosan is presented in Table 2. As seen in the table, the surface-available chitosan for
chitosomes both with and without CHX was approximately the same. The zeta potential
indicates that CHX was positioned within the bilayer; however, the co-accommodation of
chitosan was not influenced by the presence of CHX. In antimicrobial therapy, the aim is
to preserve chitosan on the surface of the vesicles, allowing chitosan to interact with the
bacteria and cause disturbance to the bacterial membrane, since this is considered crucial
for its antimicrobial effects [25]. Additionally, we wanted to exploit the potential anti-
inflammatory properties of chitosan hydrogel as well as the chitosomes [43]. As indicated
in Table 2, approximately 50% of the initial chitosan concentration was present on the
vesicle surface, as expected considering the molecular size of chitosan. Moreover, chitosan
was accessible to interact with both bacteria and macrophages, therefore improving the
healing.
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Table 2. Surface-available chitosan of the empty and loaded chitosan-infused vesicles.

Surface-Available Chitosan (%) 3

CHI-EMP 502 £29
CHI-CHX 485 £ 5.6

Results are expressed as means with their respective SD (n = 3). CHI-EMP = empty chitosomes,
CHI-CHX = CHX-chitosomes. 3 Percentage of initial chitosan concentration (%).

2.1.3. Vesicle Stability

Vesicle stability should be improved upon their incorporation in hydrogel; never-
theless, we evaluated the stability of the vesicle suspensions two and four weeks after
preparation to assure that even suspensions are stable (Table 3). The stability of these
suspensions is influenced by the zeta potential. Two formulations, namely PL-CHX and
CHI-CHX, had a zeta potential above 30 mV, which is expected to stabilize vesicles and
preserve their homogeneity [41]. The vesicle size and zeta potential of CHX-loaded for-
mulations did not change significantly (defining significant over 95%) throughout these
four weeks, as expected, indicating that the repulsing effects of the CHX-chitosomes and
CHX-vesicles are strong enough to stabilize the suspension. However, the empty chito-
somes had a significant increase in zeta potential between the second and fourth week
(p = 0.0005), which would imply that hydrogels are needed to preserve the stability of
drug-free chitosomes. In addition, the empty, plain vesicles also exhibited a significant
change in the zeta potential between preparation and second week (p = 0.009), displaying
less stability of these vesicles with surfaces closer to neutral. The pH of all formulations
was unaffected during the four weeks of the stability evaluation.

Table 3. Surface-available chitosan on the empty and CHX-loaded chitosomes.

Size (nm) 1 Zeta
Week  Peak1  Peak2  Peak3 P1 Potential  pH
% % % (mV)
) 33+£3 133 +36 331: 020+  -17+ 56+
62  72%35 00 002 0.4 0.1
PL-EMP
A 17+1 69421 229+49 021+ 31+ 56+
241 26+27  62+31 0.02 1.0 0.4
) 18+2  58+9 15243 022+ 120+ 44+
3£1  15+2 821 0.01 0.2 0.0
CHIEMP . 18+5  56+6 144+24 022+ 144+ 45+
4+1 23423 86+1 0.01 0.5 0.1
) 11+0  64+8 254+21 033+ 559+ 69+
1+1 18+4  81+4 0.03 0.9 0.2
PL-CHX
bC A 2+13  101+£76 225+11 032+ 557+ 72+
4+3  43+43 82+5 0.03 1.0 0.1
) 14+3 5449 22441 030+ 798+ 55+
343 21+£20  75+22 001 45 0.1
CHI-CHX
A 1241 64+17 215449 030+ 830+ 55+
241 21+7  76+8 0.02 17 0.1

Vesicle characteristics evaluated 2 and 4 weeks after preparation. Results are expressed as means with their
respective SD (n = 3). PL-EMP = plain, empty vesicles, CHI-EMP = empty chitosomes, PL-CHX = plain, CHX-
vesicles, CHI-CHX = CHX-chitosomes. ! Polydispersity index.

2.2. Hydrogel Characterization
2.2.1. Hydrogel Characterization

Texture analysis is an easy method to monitor the hydrogel production, both as an
in-process control as well as a method to determine the effects of modifications in the
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hydrogel composition [44]. Moreover, it can be utilized for the monitoring of long-term
hydrogel stability [45]. Considering the use of hydrogels as skin formulations, this method
has been utilized to assess the user-friendliness of both conventional and physical chitosan
hydrogels [45,46]. We aimed to utilize the procedure as an in-process control and examine
the texture properties upon incorporation of the different vesicles into the original chitosan
network. This analysis generates the hardness, cohesiveness, and adhesiveness as quality
attributes of the hydrogels. The hardness is expressed as the maximum force required for
compressing the hydrogel. The cohesiveness is the level of deformation to the hydrogel
upon compression, whereas the adhesiveness describes the hydrogel’s adhesion to the
probe compressed into the hydrogel [44]. All parameters for all five hydrogel formulations
are presented in Figure 3.

B Hydrogel

*
B HG-PL-EMP
: = 1 |
B HG-CHI-EMP

300

200

B HG-PL-CHX
100

B HG-CHI-CHX

-100

=200 I | T
Hardness (g) Cohesiveness (g-s) Adhesiveness (g-3)

Figure 3. Texture properties of the different chitosan hydrogel formulations All results are expressed
as means with their respective SD (n = 3). Hydrogel = plain hydrogel, HG-PL-EMP = plain, empty
vesicles-in-hydrogel, HG-CHI-EMP = empty chitosomes-in-hydrogel, HG-PL-CHX = plain, CHX-
vesicles-in-hydrogel, HG-CHI-CHX = CHX-chitosomes-in-hydrogel. * p < 0.05.

The hardness of the hydrogels incorporating empty vesicles, both plain vesicles and
chitosomes, increased compared to the plain (vesicle free) chitosan hydrogel. This increased
hardness is in accordance with the findings by Jeraholmen et al. [45]; however, the slight
increase in the mean hardness of the CHX-vesicles-containing hydrogels is not significant
compared to the plain hydrogel or the hydrogels without CHX. The cohesiveness of the
plain chitosan hydrogel was significantly higher than all other formulations (Figure 3).
These findings are deviating from our previously reported results on conventional lipo-
somes incorporated in hydrogel. However, the adhesiveness data were in agreement with
our previous findings [18]. Moreover, we used texture analysis to determine the stability of
the hydrogel formulations; all hydrogels proved to remain relatively stable over a period
of four weeks (Table S1).

Considering the pH measurements, no larger variations between the different hydro-
gels were observed. The values were ranging between the plain hydrogel, with the lowest
pH at 4.6, to HG-PL-EMDP, displaying the highest pH of 4.9. The rest of the hydrogels had
a pH of 4.7. Normal, intact human skin has a pH between 4 and 6 [47], while wounds
often display a more alkaline environment [48]. It was suggested that wound healing is
improved under more acidic conditions [49], and that the optimal growth conditions of
many common skin pathogens are closer to neutral [48]. Therefore, restoring the acidic
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wound environment would be considered advantageous. Our hydrogels would clearly
restore the acidic environment and potentially enhance the healing process. Nevertheless,
it is important to state that an acidic pH of skin dressings alone is not sufficient to maintain

proper healing cascades [50]. Therefore, we utilized chitosan and CHX to enhance the
antimicrobial and anti-inflammatory properties.

2.2.2. Viscosity Evaluation

In addition to the texture analysis, we sought to investigate the rheological behavior
of the plain hydrogel and hydrogels comprising CHX-vesicles. The rheological behavior
could elucidate the applicability and therefore the user-friendliness of semi-solid formu-
lations [51]. These properties could be influenced by the temperature. Consequently, we
evaluated the hydrogels at 25 °C (Figure 4a,b) and 32 °C (Figure 4c,d), corresponding
to dermal application. As seen in Figure 4, the shear stress increased (Figure 4a,c) and
viscosity decreased (Figure 4b,d) with increasing shear rate. All hydrogels demonstrated
pseudoplastic flow with shear thinning behavior. The rheological behavior was seemingly
not influenced by the incorporation of CHX-chitosomes or plain vesicles with CHX. We
did not observe any differences in viscosity between different hydrogels as we did for
the cohesiveness determined in the texture analysis. Kaplan and colleagues incorporated
liposomes in chitosan hydrogel and observed decreased viscosity upon the incorporation
of liposomes [52]. However, in their study, the chitosan concentration was significantly
lower than in our study. Phospholipids are known to act as plasticizers [53]; therefore, they
could increase the mobility within the hydrogel network, leading to a decreased viscosity.
Yet, this was not observed in our study. The rheological behavior of vesicles-in-hydrogel is

highly influenced by the composition of carriers, lipid concentration, type of polymer, and
polymer concentration [54].
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Figure 4. Rheological characteristics. Shear rate was plotted against shear stress (a,c) and viscosity (b,d) at 25 °C
(a,b) and 32 °C (¢,d). The results are expressed as means with their respective SD (1 = 3). Hydrogel = plain hydrogel,
HG-PL-CHX = plain, CHX-vesicles-in-hydrogel, HG-CHI-CHX = CHX-chitosomes-in-hydrogel.
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Contrary to the effect of incorporation of vesicles into the hydrogel network, the
temperature affected the rheological behavior of all hydrogels. The same trends observed at
25 °C were observed at 32 °C as well; however, shear stress and viscosity were significantly
lowered at 32 °C. In pharmaceutical formulations, both the shear thinning behavior and
the lowered viscosity at application-site temperature (32 °C for skin) could improve the
user-friendliness upon administration [51].

2.3. CHX Release

Topical, localized treatment of burn injuries and acute wounds is preferred, as this
provides sufficient concentration of the antimicrobial compound in the infected area [55].
Consequently, patients could avoid both bacterial regrowth and unnecessary adverse sys-
temic effects. We compared the CHX release and permeation from formulated CHX, both
the vesicles and vesicles-in-hydrogel, to CHX dissolved in the acceptor medium (Figure 5).
As anticipated, the dissolved CHX permeated faster than CHX from all other formulations.
Only the CHX-chitosomes released a significantly greater amount than both vesicles-in-
hydrogel formulations under the tested conditions. The CHX-chitosomes seemingly had a
higher mean release than the plain vesicles with CHX. This might be due to the compe-
tition between CHX and chitosan within the lipid bilayer of the vesicles, as CHX might
be expelled. Interestingly, comparing the vesicles-in-hydrogel, the CHX release from the
formulation comprising chitosomes displayed sustained release; however, it was not signifi-
cantly relevant. We postulate that this effect might be due to the effect of the positive charge
of the surrounding chitosan hydrogel network. The zeta potential of CHX-chitosomes was
significantly higher than the zeta potential of plain vesicles with CHX (Table 1), which
might lead to stronger repulsion between the hydrogel and the CHX-chitosomes. This sim-
ilar effect has previously been demonstrated by Hurler and colleagues [38]. This repulsive
effect could also stabilize the vesicles incorporated in the hydrogel network. However,
the effect of the wound exudate should not be neglected [18]. Moreover, in an in vivo
challenge, the hydrogel would be exposed to wound bed comprising exudates and blood
components resulting in its swelling [30].

Vesicles-in-hydrogels often offer a prolonged drug release profile, important for
chronic wound treatment [56].

2.4. Evaluation of Potential Toxicity

The biocompatibility of any formulation intended for burns and other wounds is
essential for a successful treatment outcome. Reduced cell compatibility could prevent
or delay the intricate healing cascade. After skin disruption, keratinocytes migrate and
proliferate to close the wound area and are, together with fibroblasts, fundamental in
the healing process [57]. Therefore, cell toxicity studies were performed for both vesicles
(Figure 6) and hydrogels (Figure 7) after 24 h exposure of each formulation to keratinocytes.
The treated cells were compared with non-treated cells to assess the safety and com-
patibility of each formulation. As seen in Figure 6, the vesicles did not impair the cell
survival, regardless of their concentration. Additionally, the highest lipid concentration
(50 pg/mL) of chitosomes exhibited a significantly improved cell proliferation as com-
pared to the cells treated with only medium (control). Both empty chitosomes (p = 0.02)
and CHX-chitosomes (p = 0.01) improved cell survival in the highest lipid concentration.
The improved proliferation of keratinocytes exposed to chitosan can be attributed to its
positive effects on cell growth. The vesicles and chitosomes with CHX appeared to display
a concentration-dependent trend with improved cell viability in the highest concentra-
tions. Other chitosan-comprising formulations such as chitosan-coated liposomes have
been evaluated in various cell lines. Mengoni and colleagues demonstrated compatible
chitosan-coated liposomes in keratinocytes (HaCaT cells) [58]. Phetdee and colleagues
investigated the proliferation in HaCaT cells treated with chitosan-coated liposomes and
reported no negative proliferative effects [59]. Additionally, proliferative effects have been
reported in fibroblasts treated with chitosan [60]. On the other hand, CHX has been shown
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to demonstrate toxicity in both fibroblasts [61] and keratinocytes [62]; however, we did not
detect any toxicity issues with CHX-chitosomes (Figure 6).

60 — | |

_|

CHX release (%)

3
=

Figure 5. CHX release and permeation from formulated and free CHX after 24 h utilizing the
Franz diffusion system (32 °C). The release is presented as the percentage of the initial con-
centration and all formulations were adjusted to the same initial concentration. All results
are expressed as means with their respective SD (n = 3). CHX = dissolved CHX, PL-CHX =
plain, CHX-vesicles, CHI-CHX = CHX-chitosomes, HG-PL-CHX = plain, CHX-vesicles in hydrogel,
HG-CHI-CHX = CHX-chitosomes in hydrogel. * p < 0.05.
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Figure 6. Evaluation of vesicles cell toxicity in HaCaT cells. Three different concentrations were
tested, namely 1 (no pattern), 10 (stripes), and 50 (dots) ug/mL lipid, and the results are presented
as cell viability of treated cells compared to control (100%). Control was only supplemented with
complete medium; the cell viability is thereof considered as 100%. All results are expressed as means
with their respective SD (n = 3). PL-EMP = plain, empty vesicles, CHI-EMP = empty chitosomes,
PL-CHX = plain, CHX-vesicles, CHI-CHX = CHX-chitosomes.
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Figure 7. Evaluation of cell toxicity of hydrogels on HaCaT cells. Three different concentrations
were tested, namely 1 (no pattern), 10 (stripes), and 50 (dots) ug/mL lipid (or the corresponding
chitosan concentration), and the results are presented as cell viability of treated cells compared
to control (100%). Control was only supplemented with complete medium; the cell viability is
thereof considered as 100%. All results are expressed as means with their respective SD (n = 3).
Hydrogel = plain hydrogel, HG-PL-EMP = plain, empty vesicles-in-hydrogel, HG-CHI-EMP = empty
chitosomes-in-hydrogel, HG-PL-CHX = plain, CHX-vesicles-in-hydrogel, HG-CHI-CHX = CHX-
chitosomes-in-hydrogel.

In addition to the evaluation of the vesicles compatibility, we investigated the cell
compatibility of hydrogels (Figure 7). The hydrogels did not exhibit any toxicity toward the
keratinocytes; however, none of the hydrogels significantly improved cell survival. The cell
compatibility of hydrogels or other wound dressing materials has previously been reported
in both keratinocytes and fibroblasts [63-65]. Additionally, Hurler and colleagues demon-
strated in a murine burn model that liposomes-in-hydrogel formulations with mupirocin
were safe [66]. Chitosan is generally regarded as both safe and biocompatible [12]. How-
ever, the degree of deacetylation and chitosan concentration play an important role in cell
compatibility. Due to the complex process of wound healing, the full extent of the underly-
ing mechanisms responsible for the effects of chitosan on keratinocytes or fibroblasts are
not fully elucidated [60,67]. However, chitosan appears to support granulation and remod-
eling through its effects on the inflammatory cells and growth factors [68]. Certain growth
factors are important in the migration and proliferation of keratinocytes [69]. Consequently,
the effects of chitosan-based formulations on inflammatory cells are important to monitor.

In the inflammation phase, immune cells are requited to the wound bed, and some
cells differentiate into macrophages. These cells initiate a process that coordinates other
cells in the overlapping phases in the healing process as well as combats microorganisms
in the injured area [70]. The involvement of macrophages in the wound-healing cascade
is extensive and not fully elucidated [71]. We have previously confirmed a decreased
inflammatory activity in cells treated with chitosan formulations [18]. The CHX-chitosomes
have not been evaluated for their potential effect on macrophages earlier. Figure S1
indicates that chitosan-infused vesicles did not potentiate immune response. Interestingly,
the plain vesicles demonstrated a dose-dependent reduction of the inflammatory response
in lipopolysaccharide (LPS)-induced murine macrophages compared to untreated activated
cells. These results are promising considering application in wound therapy.

In the wound-healing process, both cell compatibility and inflammatory responses are
important factors. Additionally, the ability of cells to migrate into the wound bed to close
the wound area is equally important for the wound-healing process. The impact of chitosan
on the migratory abilities of different cell lines was previously evaluated [35], and the re-



Mar. Drugs 2021, 19, 269

12 of 21

sults are encouraging for our system. Formulations containing chitosan have demonstrated
improved cell migration in fibroblasts [72], macrophages [73], and keratinocytes [74].

2.5. Antimicrobial Evaluation

Tailoring drug delivery systems comprising chitosan to optimize its intrinsic antimi-
crobial activity could improve the effect of the formulation itself [14]. Chitosan is known
to act against Staphylococcus aureus, which is one of the most common skin pathogens [75]
as previously reported [76,77]. Although the mechanisms of the antimicrobial activity of
chitosan are not fully elucidated, the electrostatic interaction between the slightly nega-
tively charged bacterial membrane and the positively charged chitosan groups is the most
common explanation [76]. In addition, reports suggest that chitosan, especially higher
molecular weight chitosan, could form an envelope around the bacteria, depriving them
of nutrients and closing of the exchange with the surrounding environment [78]. These
strong effects on the bacteria could act in synergy with MAAs such as CHX. Therefore,
we sought to compare plain vesicles and chitosomes both with and without CHX to as-
sess the potential antimicrobial effects. Through the modified broth dilution method, we
demonstrated a lowered minimum bactericidal concentration (MBC) in both S. aureus and
Staphylococcus epidermidis cultures from formulations comprising both CHX and chitosan
compared to their respective controls (Table 4). Chitosomes without CHX and CHX-vesicles
displayed improved activity compared to the plain, empty vesicles. As expected, plain,
empty vesicles did not eradicate a sufficient number of bacteria to reach MBC, neither with
S. aureus nor S. epidermidis. However, in the highest concentration, the plain-empty vesicles
reduced the S. epidermidis colony count by approximately 50%. The antimicrobial activity
of CHX-chitosomes against both bacteria was proven to be superior to the other vesicles,
indicating that there is a synergetic effect between CHX, our model MAA, and chitosan, as
hypothesized.

Table 4. MBC of vesicles in S. aureus and S. epidermidis.

Lipid Concentration (mg/mL) Lipid Concentration (mg/mL)
S. aureus S. epidermidis
PL-EMP - -
CHI-EMP 1.25 0.625
PL-CHX 0.32 0.039
CHI-CHX 0.078 <0.005

All results are expressed as the lipid concentration upon reaching MBC (1 = 3). PL-EMP = plain, empty vesicles,
CHI-EMP = empty chitosomes, PL-CHX = plain, CHX-vesicles, CHI-CHX = CHX-chitosomes.

Alshamsan and colleagues evaluated the antibacterial efficacy of chitosan-coated
and non-coated liposomes loaded with dicloxacillin against methicillin-resistant S. aureus.
Dicloxacillin, commonly used in skin infections, demonstrated improved activity of non-
coated liposomes; however, the activity of coated liposomes was retained compared to
dicloxacillin in solution [79]. Chitosan-coated liposomes have also demonstrated promising
antimicrobial effects in colistin-resistant Pseudomonas aeruginosa [80]. Sacco and colleagues
evaluated a physical chitosan hydrogel against S. epidermidis and revealed promising
antimicrobial activity [81]. These results along with other reports [82] demonstrate the
promising antimicrobial effects of chitosan-coated or infused vesicles in antimicrobial
treatment.

Since secondary vehicles are required in wound therapy, we aimed to investigate
whether chitosan hydrogel could further improve the effect of chitosan-infused vesicles
with CHX. Jeraholmen and colleagues compared the antimicrobial effects of both chitosan
hydrogel and chitosan-coated liposomes against both S. aureus and S. epidermidis and
reported promising effects of chitosan in low concentrations [14]. As seen in Table 5,
for S. aureus, almost all hydrogels exhibited a similar antimicrobial effect; only the CHX-
chitosomes-in-hydrogel showed slightly lowered MBC compared to the other hydrogel
formulations. However, the MBC for all hydrogels was lowered as compared to the
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vesicular suspensions. For S. epidermidis, the effects of different vesicles incorporated in the
hydrogel were more evident (Table 5). The activity increased upon the addition of CHX,
chitosan, and their combination. The most potent formulation was CHX-chitosomes-in-
hydrogel. Moreover, these results indicate that even a diluted hydrogel with a modified
chitosan network structure acts on improving the antimicrobial activity. The findings
confirmed that vesicle surface-available chitosan in combination with CHX induces the
strongest activity also when those vesicles were arranged within a chitosan network.

Table 5. MBC of vesicles in S. aureus and S. epidermidis.

Lipid Concentration (mg/mL) 4 Lipid Concentration (mg/mL)
S. aureus S. epidermidis
Hydrogel 1.56 x 1072 0.10 x 1072
HG-PL-EMP 1.56 x 1072 0.10 x 102
HG-CHI-EMP 1.56 x 1072 0.025 x 1072
HG-PL-CHX 1.56 x 1072 0.0063 x 1072
HG-CHI-CHX 0.78 x 102 0.0031 x 102

All results are expressed as the lipid concentration upon reaching MBC (1 = 3). Hydrogel = plain hydrogel,
HG-PL-EMP = plain, empty vesicles-in-hydrogel, HG-CHI-EMP = empty chitosomes-in-hydrogel, HG-PL-CHX
= plain, CHX-vesicles-in-hydrogel, HG-CHI-CHX = CHX-chitosomes-in-hydrogel. 4 Lipid concentration or the
corresponding concentration of hydrogel.

3. Materials and Methods
3.1. Materials

Chitopharm™ M-Chitosan with medium molecular weight (average of 350-600 kDa)
and degree of deacetylation of >70% from shrimp was kindly provided by Chitinor (Tromse,
Norway). Lipoid S100 was kindly provided by Lipoid GmbH (Ludwigshafen, Germany).
Methanol > 99.9%, HiPerSolv CHROMANORM® for LC-MS and acetic acid (>99.9%) were
purchased from VWR International (Fontenay-sous-Bois, France). Cibacron Brilliant Red 3B-
A was procured from Santa Cruz Biotechnology (Dallas, TX, USA). Chlorhexidine > 99.5%,
glycerol solution (86-89%), glycine hydrochloride > 99% (HPLC), sodium chloride, hy-
drochloric acid, Cell Counting Kit-8 (CCK-8), and Kollisolv® PEG E 400 were acquired from
Sigma-Aldrich (St. Louis, MO, USA). 1-Propanol, penicillin-streptomycin, and fetal bovine
serum (FBS) were purchased from Sigma-Aldrich (Steinheim, Germany). Blood agar plates,
saline solution, and Mueller-Hinton broth were delivered by University Hospital of North
Norway (Tromse, Norway). Dulbecco’s Modified Eagle Medium high glucose (DMEM
HG) w/l-glutamine and sodium pyruvate was purchased from Biowest (Nuaillé, France).
HaCaT cell line (immortalized human keratinocytes) was purchased from CLS Cell Lines
Service GmbH (Eppelheim, Germany). Staphylococcus aureus (ATCC® BAA-17217™) MSSA
476 was purchased from LGC standards AB (Bords, Sweden). Staphylococcus epidermidis
(13-67) was delivered by University Hospital of Northern Norway (Tromse, Norway).

3.2. Vesicle Preparation
3.2.1. Vesicle Preparation

The preparation of chitosomes was based on the one-pot method previously described
by Andersen et al. [31]. In short, Lipoid 5100 (200 mg) and CHX (10 mg) were dissolved in
methanol and a lipid film was formed by evaporation of the solvent in a rotoevaporator
(Btichi rotavapor R-124, with vacuum controller B-721, Biichi vac V-500, Biichi Labortechnik,
Flawil, Switzerland) at 60 mBar and 45 °C for 1 h. A micro syringe (Innovative Labor Sys-
teme GmBH, Stutzerbach, Germany) filled with 150 uL 1-propanol was used to disperse the
lipid film. The 1-propanol/lipid dispersion was further injected into a chitosan dispersion
(0.17%, w/w, 2 mL) in acetic acid (0.1%, v/v) under continuous mechanical stirring. Finally,
the resulting suspension was stirred for another 2 h at room temperature (24 & 1 °C) and
stored in the refrigerator (4 °C) prior to size reduction. Formulations without chitosan
were prepared in the same manner; however, the 1-propanol/lipid dispersion was injected
into distilled water (2 mL) instead of the chitosan dispersion. Formulations without CHX
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was prepared in the same way but without CHX. All vesicle designations and constituents
are included in Table 6.

Table 6. Designation and constituents of all vesicles.

Composition
PL-EMP Lipoid S100

Lipoid 5100
Chitosan

Lipoid 100
CHX

Lipoid $100
CHI-CHX Chitosan
CHX

CHI-EMP

PL-CHX

3.2.2. Size Reduction

Prior to size reduction, all vesicle suspensions were diluted with distilled water to
a lipid concentration of 20 mg/mL. The samples were probe sonicated (SONICS high-
intensity ultrasonic processor, 500-watt model, 13 mm probe diameter, Sonics & Materials
Inc., Newtown, CT, USA) at 40% amplitude for 10 s and ten times 10 s for the CHX-
containing and the empty vesicles, respectively. The sample containers were placed in an
ice bath throughout the sonication to avoid extensive heating.

3.3. Characterization of Chitosomes
3.3.1. Vesicle Size and Morphology

The size of vesicles was measured on a NICOMP Submicron particle sizer model
370 (NICOMP Particle Sizing system, Santa Barbara, CA, USA) described elsewhere [14].
The suspensions were diluted in filtered (0.2 pm) distilled water to reach an intensity
of 250-350 KHz and measured for three cycles of 10 min. The scattering angle of every
measurement was 90°, and the temperature was 24 £ 1 °C. The results are expressed as the
weight-intensity distribution.

Prior to the morphological investigations, empty chitosomes and CHX-chitosomes
were deposited onto carbon-coated grids for 5 min, washed with double-distilled water,
and stained with 3% uranyl acetate and 2% methylcellulose (1:9) for 2 min. The samples
were picked up with a loop and dried on the loop holder. The images were obtained with a
transmission electron microscope HT7800 Series (Hitachi High-Tech Corp., Tokyo, Japan)
operating at an accelerated voltage of 100 kV coupled with a Morada camera.

3.3.2. Zeta Potential and pH of the Vesicles

The zeta potential was determined with a Malvern Zetasizer Nano Zen 2600 (Malvern,
Worcestershire, UK) as described earlier [83]. Zeta cells were rinsed three times with
methanol and filtered, deionized water prior to the measurements. The suspensions were
measured in three replicates at room temperature (24 £+ 1 °C).

Determination of the pH was carried out with an Accumet®, Portable pH meter AP115
(Fischer Scientific, MA, USA) at room temperature (24 £ 1 °C).

3.3.3. Separation and Entrapment Efficiency

The free CHX was separated from the entrapped CHX by centrifugation [84]. The
chitosomes were centrifuged at 4000x g and 4 °C for 30 min on the Biofuge Stratos
centrifuge (Heraeus Instruments GmbH, Hanau, Germany). Entrapment analysis was
carried out on the SPARK® multimode microplate reader (Tecan Trading AG, Mannedorf,
Switzerland) at 261 nm.
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3.3.4. Determination of Availability of Chitosan on the Surface

The determination of surface-available chitosan was based on a method described
by Muzzarelli [85]. Prior to the determination, the chitosomes were centrifuged in a cen-
trifugal filter (Amicon Ultra-2 Centrifugal Filter Unit Ultracel-10, Sigma-Aldrich, St. Louis,
MI, USA) at 3118 x g for 15 min on the Biofuge Stratos centrifuge (Heraeus Instruments
GmbH, Hanau, Germany) [86]. First, glycine and NaCl was dissolved in distilled water in
concentrations of 0.748% (w/v) and 0.584% (w/v), respectively. A glycine buffer with pH
3.2 was prepared by diluting 81 mL of the glycine and NaCl solution with 0.1 M HCl to a
total volume of 100 mL. Next, a dye solution was prepared by dissolving Cibacron Brilliant
Red 3B-A (0.15%, w/v) in distilled water and 5 mL of this solution was diluted in glycine
buffer to a total volume of 100 mL. The centrifuged chitosomes were diluted (1:1, v/v) in
distilled water. An aliquot of 3 mL of the dye solution was added to 300 uL of the diluted
chitosomes, and the samples were analyzed on a UV-vis plate reader (Tecan Trading AG,
Minnedorf, Switzerland) at 575 nm [87].

3.3.5. Chitosome and Vesicle Stability

The physical properties of chitosomes and plain vesicles (stored at 4 °C) were evalu-
ated after storage for two and four weeks after preparation. Properties evaluated were size,
PI, zeta potential, and pH as described in Sections 3.3.1 and 3.3.2.

3.4. Preparation and Characterization of Hydrogels
3.4.1. Preparation of Chitosan Hydrogel

Chitosan hydrogels comprising glycerol as a plasticizer were prepared in 2.5% (w/w)
acetic acid in distilled water. The dispersions were mixed with a Cito Unguator® 2000
(GAKO International AG, Zurich, Switzerland) and degassed by bath sonication (Bransonic®
5510R-MT Ultrasonic cleaner, Branson Ultrasonics Corporation, Danbury, CT, USA) for
30 min. The final concentrations of chitosan and glycerol were 4.5 and 9%, respectively.
Hydrogels were allowed to swell for 48 h prior to characterization or the incorporation of
vesicles.

The vesicles-in-hydrogel were prepared by incorporating 10% (w/w) vesicle suspen-
sion into chitosan hydrogels of 5% chitosan and 10% glycerol, respectively, by hand-stirring
for 5 min. The concentration of chitosan and glycerol after the incorporation of vesicular
suspensions were 4.5 and 9%, respectively. All hydrogel designations and their composition
are included in Table 7.

Table 7. Designation and constituents of all hydrogels.

Composition

Chitosan

Hydrogel Glycerol

Chitosan
HG-PL-EMP Glycerol
PL-EMP vesicles

Chitosan
HG-CHI-EMP Glycerol
CHI-EMP vesicles

Chitosan
HG-PL-CHX Glycerol
PL-CHX vesicles

Chitosan
HG-CHI-CHX Glycerol
CHI-CHX vesicles
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3.4.2. Texture Properties and pH of Hydrogels

Texture properties of hydrogels were evaluated on the TA.XT plus Texture Analyser
(Stable Micro Systems Ltd., Surrey, UK) with a backward extrusion rig as previously
described by Hurler et al. [44]. The beaker of the rig set was filled with 65 g hydrogel and
the disc (35 mm) was compressed into the hydrogel and withdrawn back to the starting
position (above the surface). The measuring distance was 10 mm and the trigger force was
set to 10 g. The pre-test, test, and post-test speeds were 10, 4, and 4 mm/s, respectively.
Hardness, cohesiveness, and adhesiveness were recorded.

The pH of all hydrogels were measured with an Accumet®, Portable pH meter, AP115
(Fisher scientific, Waltham, MA, USA) at room temperature (24 £ 1 °C).

3.4.3. Viscosity Measurements

The measurements of viscosity were performed on a Rotavisc hi-vi II Complete
coupled with DINS-1 adapter with spindle DIN-SP-7 and DIN-C-2 chamber (IKA®-Werke
GmbH & Co. KG, Staufen, Germany). Both viscosity and shear stress was evaluated as a
function of the shear rate [51]. The shear rate range was between 4.0 s land 23.63 s~ ! and
the temperature was set to 25 or 32 °C.

3.5. CHX Release Studies

CHX release was determined in a Franz cell diffusion system (PermeGear, Hellertown,
PA, USA) with circulating heated water of 32 °C. The diffusion area of the pre-soaked
cellophane membrane (Max Bringmann KG, Wendelstein, Germany) was 1.77 cm? and
the acceptor volume was 12 mL. Due to the lowered water solubility of CHX, the acceptor
chamber was filled with polyethylene glycol 400 (10%, v/9v) in distilled water. The formu-
lations (600 uL) were added to the donor chamber. Samples were withdrawn from the
donor chamber after 24 h and analyzed as described in Section 3.3.3. The formulations
were compared with free CHX dissolved in the acceptor medium (permeation). The donor
chamber was weighed before and after every run to adjust for fluid exchange, and therefore,
the samples were measured only after 24 h [18].

3.6. Cell Viability Valuation

The cytotoxicity of formulations was evaluated using a Cell counting kit-8 (CCK-8,
Sigma-Aldrich Chemie, St. Louise, MI, USA) as described elsewhere [88]. Briefly, an
aliquot of 90 pL cell suspension cultured in DMEM HG supplemented with 10% (v/v)
FBS and 1% (v/v) penicillin—streptomycin (1 x 10° cells/mL) were plated on a 96-well
plate and incubated for 24 h at 37 °C with 5% CO,. Next, 10 puL of medium (control),
diluted vesicle suspension, or diluted hydrogel (1, 10, and 50 pg/mL lipid concentration
or the corresponding concentration of hydrogels) was added to the wells. The cells were
incubated for another 24 h at 37 °C with 5% CO,. After incubation, 10 uL. CCK-8 was
added to each well, and the plates were incubated for 4 h. Finally, the plates were evaluated
at a UV-vis microplate reader (Tecan Trading AG, Madnnedorf, Switzerland) at 450 nm with
the reference set to 650 nm. All formulations were evaluated in triplicates and the results
were expressed as percentage compared to control.

3.7. Antimicrobial Evaluation

In the microbial evaluation, we sought to calculate the MBC for each formulation to
compare the effect of every modification for both vesicles and hydrogels. Here, we used
a modified broth micro-dilution method [89,90]. Two species were evaluated, namely S.
aureus MSSA 476 and S. epidermidis (13-67). Prior to the experiments, all hydrogels were
diluted 1:4 (v/v) in distilled water. All formulations were two-fold diluted in Mueller-
Hinton broth in sterile 96-well plates. Bacterial suspensions were prepared at 0.5 McFarland
in 0.85% (w/w) sodium chloride solutions, corresponding to approximately 103 CFU/mL.
The bacterial suspensions were further diluted (1:150, v/v) in Mueller-Hinton broth. The
inoculum was added to each well (1:1, v/v) in the 96-well plate and incubated at 37 °C on a
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shaker (100 rpm) for 24 h. The wells with only bacteria and Mueller-Hinton broth served as
positive and negative controls, respectively. After 24 h incubation, the bacterial suspensions
were 10-fold serial diluted in phosphate-buffered saline, plated on blood agar plates, and
incubated at 37 °C overnight [90]. The CFUs of the bacteria treated with formulations were
compared to the control (only growth medium) and the MBC (lipid concentration) was
determined.

3.8. Statistical Analyses

In general, results are expressed as mean 4 SD. Student’s t-tests or one-way ANOVA
with Tukey post-test were performed to evaluate significance (p < 0.05). All statistical anal-
yses were performed in GraphPad Prism version 9.0.0 for Windows (GraphPad Software
LLC, San Diego, CA, USA).

4. Conclusions

Novel formulations for prevention and treatment of acute skin injuries prone to in-
fections are highly needed. This study supported the hypothesis that chitosan-infused
lipid-based vesicles, chitosomes loaded with CHX and incorporated into chitosan hydrogel
network could serve as a suitable formulation for infection control, prevention, and eradi-
cation of bacterial infections in acute wounds. The novel formulation displayed safety and
superior antimicrobial properties, which are both highly desirable for topical therapy of
infected wounds. Additionally, the combination of chitosan and CHX could provide both a
faster onset of the antimicrobial action and additionally offer a long-term effect on bacteria
in wounds.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/md19050269 /51, Table S1: Stability hydrogel measured as texture properties and pH. Figure
S1: Evaluation of anti-inflammatory activity of vesicles on RAW 264.7 cells.
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S1. Supplementary results
51.1. Hydrogel stability

The stability of the hydrogels both with and without vesicles was evaluated as the
texture properties and pH over time. The texture properties of hydrogels with vesicles
demonstrated higher stability over a period of four weeks compared to hydrogel without
vesicles (Table S1). The parameters cohesiveness and adhesiveness of the plain hydrogel
demonstrated significant changes. This might be attributed to the effects of phospholipids.
Since phospholipids could act as plasticizers, which could provide an improved long-term
effect. Glycerol was added as a plasticizer in all hydrogels, both to improve the mobility
in the hydrogel networks and to improve the stability of the hydrogels [44]. The increased
mobility in the hydrogels with vesicles was evident from the lowered cohesiveness in
these hydrogels compared to the hydrogel without vesicles. Joraholmen and colleagues
did not observe this effect upon addition of liposomes in a concentration of 10 or 20% in
chitosan hydrogel [45]. Additionally, Hurler and colleagues suggested that vesicles with
positive zeta potential stabilize the chitosan hydrogel network better than neutral vesicles
[38], probably due to the repulsive effects.

The pH of all hydrogels proved stable over the whole period and no significant
changes were observed (Table S1).

Table S1. Stability hydrogel measured as texture properties and pH.

Week  Hardness  Cohesiveness Adhesiveness pH
g g's g's

Hodrosel 2 143 +3 177 +2 164 +2 4.6+0.0
yaroge 4 144 +5 190+ 5 174+5 46+0.0
2 153 +6 160 +5 -155+3 49+0.1
HG-PL-EMP 4 164 + 10 166 + 8 -162+7 49+0.1
2 160 +9 162 +2 -159+3 4.8+0.0
HG-CHI-EMP 4 165+ 11 166 +5 -162+6 48+0.0




2 139+ 6 169 + 10 -156+9 4.7+0.0

HG-PL-CHX 4 141 +3 161+5 152 +2 4.7 +0.0

2 145+ 8 169 + 4 4160 + 4 4.7 +0.0

HG-CHI-CHX 4 150 + 6 174 +5 -165+3 47+0.0

Hydrogel characteristics were evaluated 2 and 4 weeks after preparation. Hydrogel = plain
hydrogel, HG-PL-EMP = plain, empty vesicles in hydrogel, HG-CHI-EMP = empty chitosomes in
hydrogel, HG-PL-CHX = plain, CHX-vesicles in hydrogel, HG-CHI-CHX = CHX-chitosomes in
hydrogel. Results are expressed as means with their respective SD (n = 3).

51.2. Anti-inflammatory activity

In Figure S1, the inflammatory responses of both chitosomes and plain vesicles with
and without CHX are presented. The plain vesicles demonstrated dose-dependent
reduction of the inflammation response in lipopolysaccharide (LPS)-induced murine
macrophages compared to untreated activated cells, whereas the chitosan-infused vesicles
maintained the same response as the non-treated cells and did not introduce any
additional inflammation response. These results are promising for these lipid and
chitosan-based vesicles in wound therapy.

150
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Figure S1. Evaluation of anti-inflammatory activity of vesicles on RAW 264.7 cells. Three different
concentrations were tested, namely 1 (no pattern), 10 (stripes) and 50 (dots) pg/mL lipid and the
results are presented as inflammatory response of treated cells compared to control (100%). All
results are expressed as means with their respective SD (n = 2).

PL-EMP = plain, empty vesicles, CHI-EMP = empty chitosomes, PL-CHX = plain, CHX-vesicles,
CHI-CHX = CHX-chitosomes.

S2. Supplementary methods
52.1. Stability testing of hydrogels
The stability of hydrogels and vesicles-in-hydrogel were evaluated after storage for

two and four weeks after preparation. The texture properties and pH were measured as
described in section 3.4.2.



52.2. Anti-inflammatory activity

Anti-inflammatory activity was determined by LPS-induced NO production in
murine macrophages RAW 264.7 cells [88]. Cells were cultured in complete RPMI
(containing 10 % fetal bovine serum and 1 % penicillin and streptomycin) and seeded in
24 well plates prior to incubation (37 °C /5 % COz2) for 24 hours. After incubation, the
complete medium was replaced with medium containing LPS (1 ug/mL). The cells were
then treated with chitosome suspensions of different concentrations (1, 10 and 50 pg/mL
lipid concentration) diluted in LPS (1 ug/mL) containing medium. LPS containing
medium and complete medium served as positive and negative controls. The cells were
then incubated for another 24 hours and the NO production was evaluated on a UV-vis
plate reader (Tecan Trading AG, Mannedorf, Switzerland) with Griess reagent (2.5 %
phosphoric acid with 1 % sulphanilamide and 0.1 % N-(-1-naphthyl)ethylenediamine) at

540 nm.
Supplementary references
38. Hurler, J.; Zakelj, S.; Mravljak, J.; Pajk, S.; Kristl, A.; Schubert, R.; Skalko-Basnet, N., The effect of lipid composition and liposome size on the release
properties of liposomes-in-hydrogel. Int. ]. Pharm. 2013, 456, 49-57; https://doi.org/10.1016/j.ijpharm.2013.08.033.
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Infected chronic skin wounds and other skin infections are increasingly putting
pressure on the health care providers and patients. The pressure is especially
concerning due to the rise of antimicrobial resistance and biofilm-producing
bacteria that further impair treatment success. Therefore, innovative strategies
for wound healing and bacterial eradication are urgently needed; utilization of
materials with inherent biological properties could offer a potential solution.
Chitosan is one of the most frequently used polymers in delivery systems. This
bioactive polymer is often regarded as an attractive constituent in delivery
systems due to its inherent antimicrobial, anti-inflammatory, anti-oxidative,
and wound healing properties. However, lipid-based vesicles and liposomes
are generally considered more suitable as delivery systems for skin due to
their ability to interact with the skin structure and provide prolonged release,
protect the antimicrobial compound, and allow high local concentrations
at the infected site. To take advantage of the beneficial attributes of the
lipid-based vesicles and chitosan, these components can be combined
into chitosan-containing liposomes or chitosomes and chitosan-coated
liposomes. These systems have previously been investigated for use in wound
therapy; however, their potential in infected wounds is not fully investigated.
In this study, we aimed to investigate whether both the chitosan-containing
and chitosan-coated liposomes tailored for infected wounds could improve
the antimicrobial activity of the membrane-active antimicrobial chlorhexidine,
while assuring both the anti-inflammatory activity and cell compatibility.
Chlorhexidine was incorporated into three different vesicles, namely plain
(chitosan-free), chitosan-containing and chitosan-coated liposomes that
were optimized for skin wounds. Their release profile, antimicrobial activities,
anti-inflammatory properties, and cell compatibility were assessed in vitro.
The vesicles comprising chitosan demonstrated slower release rate of
chlorhexidine and high cell compatibility. Additionally, the inflammatory
responses in murine macrophages treated with these vesicles were reduced
by about 60% compared to non-treated cells. Finally, liposomes containing
both chitosan and chlorhexidine demonstrated the strongest antibacterial
effect against Staphylococcus aureus. Both chitosan-containing and
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Introduction

Skin wounds, and particularly chronic wounds, are placing
an enormous strain on health care systems worldwide; in 2018
the prevalence of chronic wounds was estimated to
be approximately 1-2% in the general population (Kaiser et al.,
2021). There is a solid consensus that one of the most important
factors permitting wounds to heal properly is the ability to lower
the microbial burden and inflammation in the wound bed

(Eriksson et al., 2022). However, the rising antimicrobial

Abbreviations: AMR, Antimicrobial resistance; CCK-8, Cell counting kit-8;
CFU, Colony-forming units; CHX, chlorhexidine; DMEM-hg, Dulbecco’s
Modified Eagle Medium high glucose; EE, Entrapment efficiency; FBS, Fetal
bovine serum; LPS, Lipopolysaccharide; MAA, Membrane-active antimicrobial;
M., Molecular weight; NO, Nitric oxide; PBS, Phosphate buffered-saline; PEG,
Polyethylene glycol; PI, Polydispersity index; RMPI, Roswell park memorial

institute medium.
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resistance (AMR) and bacteria’s production of biofilms are
making this undertaking more challenging, therefore innovative
strategies are urgently needed to mend the situation (Barrigah-
Benissan et al., 2022). In this scenario, chitosan could play an
important role both because of its inherent biological properties,
but also its ability to improve efficacy of antimicrobial compounds
(Hemmingsen et al., 2021a). Chitosan is among the most
frequently used polymers in pharmaceutical technology and drug
delivery systems (Pramanik and Sali, 2021). The interest in
chitosan emanates from its many beneficial attributes, such as
antimicrobial, anti-inflammatory, anti-oxidative, and hemostatic
properties (Iacob et al., 2021). Additionally, this polymer, derived
from deacetylated chitin found in crab, shrimp, krill shells, and
fungi, is biodegradable and biocompatible with generally low
toxicity (Bakshi et al., 2020). Numerous studies have confirmed
its potential in skin therapy, especially against skin infections
(Hemmingsen et al., 2021c). However, lipid-based systems are
more frequently used in skin delivery; liposomes are often
considered attractive because of their ability to closely interact
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with the skin structure (Matei et al, 2021). Additionally,
liposomes and lipid-based vesicles provide prolonged release,
protect the entrapped antimicrobial, and allow high local drug
concentrations at the infected site (Nwabuife et al., 2021). To
utilize the advantageous attributes from both lipid-based systems
and chitosan, they can be combined, as, e.g., in chitosomes
(chitosan-containing liposomes) with chitosan on the surface and
in the interior of the liposomes or chitosan-coated liposomes
(Sebaaly et al., 2021). These vesicles have been investigated for
several applications, however, mainly for mucosal delivery
(Sebaaly et al., 2021). Additionally, their role in wound healing
has also been investigated (Mengoni et al., 2017; Eid et al., 2022),
yet their role in antimicrobial wound therapy is not fully explored.
We propose that by tailoring chitosan’s availability on vesicle
surface we could improve the antimicrobial potential of chitosan-
comprising vesicles for wound therapy.

Taking advantage of the antimicrobial properties and
potentially elevate the effect of chitosan, chitosan-containing or
chitosan-coated drug delivery systems could be further combined
with membrane-active antimicrobials (MAAs); their combination
could generate a synergetic antimicrobial effect (Hemmingsen
etal.,, 2021b). Among antiseptics that are often used to treat skin
and soft tissue infections, the MAA chlorhexidine (CHX), is one
of the most common (Hoang et al., 2021). Its main mechanism of
action is proposed to be a destruction of the bacterial membranes;
however, precipitation of the cytoplasm has been observed at
higher doses (Hubbard et al., 2017). Unfortunately, studies show
growing resistance towards CHX which might affect its future
effectiveness in the clinics (Fritz et al., 2013; Cieplik et al., 2019;
Abdel-Sayed et al., 2020). Here, the drug delivery systems could
play a valuable role. Carefully tailored delivery systems could
improve the antimicrobial efficacy of antimicrobial compounds by
increasing their local concentration and retention time, protect
antimicrobial compounds, and improve interaction with bacterial
membranes (Osman et al., 2022). Furthermore, in chronic
wounds, the additional beneficial biological properties of chitosan
could improve wound healing by directly affecting the healing
cascade or reducing inflammation and oxidative radicals (Iacob
etal, 2021).

In our previous study, we investigated the effect of medium
molecular weight (M,) chitosan combined with liposomes on
inflammatory  responses and  antimicrobial  potential
(Hemmingsen et al., 2021b). In the current study, we assessed
whether the insertion of chitosan into lipid vesicles, as in chitosan-
containing liposomes or chitosomes, or chitosan-coating of
pre-made lipid carriers, influenced the CHX release and biological
properties of the novel system. Furthermore, we investigated the
ability of low M,, chitosan to improve the anti-inflammatory and
antimicrobial properties of CHX. The antimicrobial activity of
chitosan is not fully elucidated, however, the most common
explanations for its antimicrobial properties are proposed to
be linked to the interaction between positively charged chitosan
and the slightly negatively charged bacterial membrane (Khan
et al, 2020; Xia et al., 2022). However, chitosans biological
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properties are coupled to its M,, and degree of deacetylation.
Chitosans of higher M,, are proposed to form an envelope around
the bacterial membrane, limiting nutrient uptake and growth,
while chitosans of lower M,, are more prone to penetrate the
bacterial membrane and interact with intracellular components
(Matica et al., 2019). We aimed to exploit the latter mechanism to
improve the antimicrobial potential of CHX.

Materials and methods
Materials

Chitopharm™ S-Chitosan with low M, (50-1000kDa),
degree of deacetylation >70% was kindly provided by Chitinor
(Tromse, Norway). Lipoid S100 was kindly provided by Lipoid
GmbH (Ludwigshafen, Germany). Methanol >99.9%, HiPerSolv
CHROMANORME® for LC-MS, phosphate buffered-saline
(PBS, pH 7.4) tablets and acetic acid glacial were procured from
VWR (Fontenay-sous-Bois, France).
Chlorhexidine >99.5%, glycerol solution (86-89%), glycine
hydrochloride >99% (HPLC), sodium chloride, hydrochloric
acid, Cell Counting Kit-8 (CCK-8), and Kollisolv® polyethylene
glycol (PEG) E 400 were obtained from Sigma-Aldrich (St.
Louis, MO, United States). Cibacron Brilliant Red 3BA was a
product from Santa Cruz Biotechnology (Dallas, TX,

International

United States). Ortho-phosphoric acid >85% was purchased
from Kebo Lab Ab (Oslo, Norway). Penicillin-streptomycin and
Roswell Park Memorial Institute (RPMI) medium 1640 were
purchased from Sigma-Aldrich (Steinheim, Germany).
Lipopolysaccharide (LPS, from Escherichia coli 055:B5),
sulfanilamide >98% and N-(1-Naphthyl)ethylenediamine
dihydrochloride >98% were obtained from Sigma Life Science
Norway AS (Oslo, Norway). Dulbecco’s Modified Eagle Medium
high glucose w/ 1-glutamine (DMEM-hg) and sodium pyruvate
and fetal bovine serum (FBS) were purchased from Biowest
(Nuaillé, France). Blood agar plates, saline solution, and
Mueller-Hinton broth were supplied by University Hospital of
North Norway (Tromse, Norway). Murine macrophage RAW
264.7 cells were ordered from ATCC (Manassas, VA,
United States). Human Dermal Fibroblasts, Neonatal (NHDEF-
neo) were obtained from Lonza (Basel, Switzerland), and
HaCaT cell line (immortalized human keratinocytes) from CLS
Cell Lines Service GmbH (Eppelheim, Germany).
Staphylococcus aureus (ATCC® BAA-1721™) MSSA476 was
ordered from LGC standards AB (Bords, Sweden).

Preparation of vesicles
Preparation of plain lipid carriers or
chitosan-containing liposomes

Vesicles were produced by the thin film method as described
previously (Shukla et al., 2020; Hemmingsen et al., 2021a). In
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FIGURE 1

BioRender.com.

Production procedure of the different vesicles. (A) Production of plain lipid carrier with or without chlorhexidine. (B) Production of chitosan-
containing liposomes with or without chlorhexidine. (C) Production of chitosan-coated liposomes with or without chlorhexidine. Created with

Lipid film

Distilled water

~ Chitosan-coated liposomes
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brief, Lipoid S100 (200 mg) and CHX (10 mg) were dissolved in
methanol; the solvent was removed by evaporation (Biichi
rotavapor R-124 with vacuum controller B-721, Biichi Vac®
V-500, Biichi Labortechnik, Flawil, Switzerland) at 60 mBar and
45°C for at least 1h. The lipid film was dislodged with 10ml
distilled water to create plain (chitosan-free) lipid carriers or 10 ml
0.2% (w/v) chitosan solution in 0.1M acetic acid, to form
chitosan-containing liposomes. Both formulations were shaken to
anneal vesicles. Empty lipid carriers were prepared in the same
manner without CHX present. The vesicles were stored in the
refrigerator (4°C) prior to size reduction.

Vesicle coating with chitosan

Plain lipid carriers with or without CHX were coated with
0.2% (w/v) chitosan solution in 0.1M acetic acid (1:1, v/v,
Joraholmen et al., 2014). The chitosan solution was added drop-
wise (1.22min/ml) under continuous stirring (250rpm). The
suspensions were stirred for another hour at 24°C before
refrigeration (4°C). The lipid and chitosan concentrations were
adjusted to be comparable prior to all further experiments. The
production of the different vesicles is depicted in Figure 1.
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Vesicle size reduction

The size of the vesicles was reduced using probe sonication
and manual extrusion. The amplitude of the probe (SONICS high
intensity ultrasonic processor, 500-watt model, 13mm probe
diameter, Sonics & Materials Inc., Newtown, CT, United States)
was set to 40% and the samples were kept on ice bath to avoid
extensive heating. Extrusion was performed with polycarbonate
membranes (Nuclepore Track-Etch Membrane, Whatman House,
Maidstone, United Kingdom) with average pore size of 0.4 pm
(Cauzzo et al., 2020). The size of the different formulations was
reduced as described in Table 1 to attain vesicles of similar sizes.

Vesicle characterization

Vesicle size and zeta potential measurements
The size of vesicles was measured with NICOMP Submicron
particle sizer (NICOMP Particle Sizing System, Santa Barbara,
CA, United States) at an intensity of 250-350kHz reached by
dilution in filtered (0.2 pm) distilled water (Hemmingsen et al.,
2021b). The vesicles were measured in three rounds of 15-20 min
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TABLE 1 Vesicle type, designation, and size reduction procedure.

Sonication Sonication Rounds of
time (s) intervals extrusion
PL 10 10 3
PL-CHX 5 1 -
CH 10 10 3
CH-CHX 5 2 -
CO 10 18 -
CO-CHX 5 1 -

PL, Plain, empty lipid carrier; PL-CHX, Plain CHX-lipid carrier; CH, Chitosan-
containing empty liposomes; CH-CHX, Chitosan-containing CHX-liposomes; CO,
Chitosan-coated empty liposomes; CO-CHX, Chitosan-coated CHX-liposomes.

(to attain stable readings) at 22-24°C, and the weight-intensity
distribution was recorded (as cumulative size of 80% of
the population).

The zeta potential was measured with Zetasizer Nano Zen
2,600 (Malvern, Worcestershire, United Kingdom). The samples
were diluted in filtered (0.2um) tap water (assuring counter
ions) to an appropriate concentration (according to attenuation)
and measured at 25°C in three cycles using a DTS1070 cell
(Malvern, Worcestershire, United Kingdom, Joraholmen
etal., 2015).

The pH of vesicle suspensions was measured using sensION+
PH31 pH benchtop meter (Hach, Loveland, CO, United States).

Entrapment efficiency

Unentrapped CHX was removed from the vesicle suspension
using dialysis tubing with M,, cut-off 12-14kDa (Spectra/Por®4,
Spectrum®, VWR International, Fontenay-sous-Bois, France). An
aliquot of 1ml of vesicle suspension was dialyzed against 11
distilled water under stirring for 4h at room temperature. The
CHX incorporated in the liposomes was quantified using Spark
M10 multimode plate reader (Tecan Trading AG, Mannedorf,
Switzerland) at 261 nm (Hemmingsen et al., 2021a).

Surface-available chitosan determination

Quantification of surface-available chitosan was performed as
previously described (Muzzarelli, 1998; Joraholmen et al., 2015).
In short, glycine buffer (250 ml, pH 3.2) was prepared in distilled
water using 1.87 g glycine and 1.46 g NaCl. This buffer (81 ml) was
further diluted to a total volume of 100ml in 0.1M HCL To
quantify chitosan, a dye solution was prepared. An aliquot of
150mg Cibacron Brilliant Red 3B-A was dissolved in distilled
water (100 ml). The glycine buffer was used to dilute 5ml of the
dye solution to a total volume of 100 ml. An aliquot of 300 pl of
diluted vesicle suspensions (distilled water, 1:1, v/v) were mixed
with 3ml of the diluted Cibacron dye and surface-available
chitosan was quantified using Spark M10 multimode plate reader
(Tecan Trading AG, Minnedorf, Switzerland) at 575nm
(Joraholmen et al., 2015).
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Vesicle stability

The stability of the vesicles was evaluated after 2- and 4-week
storage at 4°C. The parameters evaluated were the vesicle size, zeta
potential, and pH as described in the section Vesicle size and zeta
potential measurements.

In vitro chlorhexidine release

In vitro CHX release studies were performed using a Franz cell
diffusion system (PermeGear, Hellertown, PA, United States).
Pre-soaked cellophane membranes (Max Bringmann KG,
Wendelstein, Germany) were used as diftusion barriers with area of
1.77 cm? (Joraholmen et al.,, 2014). Due to the low water solubility of
CHX base (Farkas et al., 2001), the acceptor chamber was filled with
PEG E 400 (10%, v/v) in distilled water (12ml acceptor volume,
Hemmingsen et al,, 2021b). The temperature was maintained at 32°C
with heated circulating water. Vesicle suspensions (600 pl) were added
to the donor chamber. Samples were withdrawn after 1, 2, 3,4, 5, 8,
and 24h, and the sample volume was replaced with fresh medium to
maintain sink conditions. The release from vesicles was compared to
non-formulated CHX (dissolved in release media). Quantitative
analysis was carried out using Spark M10 multimode plate reader
(Tecan Trading AG, Minnedorf, Switzerland) at 261nm
(Hemmingsen et al., 2021b).

Evaluation of cell viability and
anti-inflammatory responses

Assessment of cell viability

Assessment of cell viability was accomplished using the
CCK-8 kit according to methods previously described
(Hemmingsen et al., 2021b). The cells (HaCaT; Cauzzo et al.,
2020, NHDF-neo; Dominski et al., 2022, and murine macrophages
RAW 264.7; Basnet et al., 2012; Cauzzo et al., 2020) in complete
RPMI medium [containing 10% (v/v) FBS and penicillin-
streptomycin; RAW 264.7] or complete DMEM-hg (HaCaT and
NHDF-neo) were plated on 96-well plates (90 pl, 1 x 10° cells/ml)
and incubated (37°C, 5% CO,) for 24h. Diluted vesicle
suspensions (10pl) were added to the wells (final lipid
concentration of 1, 10, and 50 pg/ml) and the plates incubated for
another 24h (37°C, 5% CO,). Next, an aliquot of 10pl CCK-8
reagent was added to each well and the plates were incubated for
4h. The cell viability was measured using Spark M10 multimode
plate reader (Tecan Trading AG, Ménnedorf, Switzerland) at
450nm with the reference set to 650nm. Treated cells were
compared to non-treated cells (only complete RPMI or
DMEM-hg).

Anti-inflammatory activity

The anti-inflammatory activity of the vesicles was assessed by
inducing nitric oxide (NO) production in murine macrophages using
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LPS as previously described (Schulte-Werning et al., 2021). RAW
264.7 cells (Basnet et al, 2012) in complete RPMI medium
[containing 10% (v/v) FBS and penicillin-streptomycin] were plated
on 24-well plate (1,000 pl, 5x 10° cells/ml) and incubated (37°C, 5%
CO,) for 24h. The complete medium was aspirated and LPS (1 pg/ml,
990 pl) in complete RPMI added to each well. Next, diluted vesicle
suspensions (10 pl) were added to the wells at final lipid concentration
of 1, 10, and 50 pug/ml, and the plates incubated for another 24h
(37°C, 5% CO,). The NO production was assessed by mixing the cell
medium and Griess reagent [1:1, v/v; 2.5% phosphoric acid with 1%
sulphanilamide and 0.1% N-(—1-naphthyl)ethylenediamine] and
analyzing the mixture with Spark M10 multimode plate reader (Tecan
Trading AG, Ménnedorf, Switzerland) at 560nm. Only complete
medium or LPS (1 pg/ml) in complete RPMI served as controls. The
LPS-induced cells treated with vesicles were compared to non-treated
LPS-induced cells (100%).

Antimicrobial evaluation

The broth microdilution method was utilized to evaluate the
antibacterial properties of the vesicles with or without CHX
(Balouiri et al., 2016). Overnight cultures of S. aureus MSSA476
were diluted in saline solutions (0.85%, w/w) to a turbidity of 0.5
McFarland; these bacterial suspensions were further diluted
(1:150, v/v) in Mueller-Hinton broth. Vesicle suspensions were
2-fold diluted with Mueller-Hinton broth in 96-well plates and the
diluted bacterial suspensions added (1:1, v/v). The plates were
incubated at 37°C with shaking (100 rpm) for 24 h. Non-treated
or treated (with different vesicles) bacteria in suspensions were
serially diluted (10-fold) in PBS, plated on blood agar plates and
incubated at 37°C overnight. The colony-forming units (CFUs)
were counted to evaluate the activity of the tested formulations as
compared to non-treated bacteria. Lipid concentrations of
0.3125mg/ml were used to compare the different vesicle
formulations (Ternullo et al., 2019).

Statistical analyses

The results are generally expressed as means + SD. Statistical
significance was evaluated by student’s ¢-test or one-way ANOVA
followed by Turkey’s correction (p at least 0.05). All statistical
analyses were performed in GraphPad Prism version 9.3.1
for Windows (GraphPad Software LLC, San Diego, CA,
United States).

Results and discussion
Vesicle characteristics
Size is an important parameter in the development of drug

delivery systems; considering the dermal administration route it
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TABLE 2 Chitosan-containing liposomes and chitosan-coated
liposomes characteristics: mean diameter (<80%, nm), polydispersity
index (Pl), zeta potential, entrapment efficacy (EE%), and pH in
aqueous medium.

Size Zeta
(<80%, PI potential  EE% pH

nm) (mV)
PL 308422 0.37+0.04 —16%14 - 5840.5
PL-CHX 305414  0.38+0.03 42.9%59  63.2+48 8.540.1
CcH 303+18 0324001  124+04 - 3.640.0
CH-CHX  300+24  0.34+0.07 949+22  657+48 3.740.0
co 325423 0.35+001  13.0+0.4 - 3.740.0
CO-CHX  393+23  0.39+0.02 83.3+3.1  70.4+3.9 3.8+0.0

Results of size measurements are expressed as means of cumulative size <80% of vesicle
populations (weight-intensity distribution) with their respective SD, while the rest of the
results are expressed as means with their respective SD (n=3). PL, Plain, empty lipid
carrier; PL-CHX, Plain CHX-lipid carrier; CH, Chitosan-containing empty liposomes;
CH-CHX, Chitosan-containing CHX-liposomes; CO, Chitosan-coated empty
liposomes; and CO-CHX, Chitosan-coated CHX-liposomes.

has been proposed that size around 300 nm might be beneficial
assuring that the vesicles are able to reach the deeper layers of the
skin without advancing too deep (du Plessis et al., 1994). In our
previous studies, we have shown that the vesicles in a size range
between 250 and 350 nm provide good eradication of common
skin pathogens (Hemmingsen et al., 2021a,b). Furthermore,
reports indicate that nanoparticles smaller than 350nm can
diffuse through biofilm pores (Makabenta et al., 2021). Therefore,
we aimed for the size range of 250-350nm for our plain and
chitosan-comprising formulations (Table 2). We assessed the
vesicle size as cumulative size of 80% of the vesicle populations
since some of the vesicles exhibited the bi- or multi-modal
distributions that were difficult to directly compare. Most vesicles
were slightly over 300nm in diameter; however, the chitosan-
coated liposomes displayed a larger size likely due to the coating
procedure. Even though the optimal polydispersity index (PI) is
suggested to be about 0.3 for lipid-based vesicles destined for skin
delivery (Danaei et al., 2018), our vesicles had a PI below 0.4 and
that was deemed acceptable. The vesicle size of chitosan-coated
liposomes is often larger and harder to control as compared to
non-coated liposomes (Joraholmen et al., 2015).

Tailoring vesicles with chitosan have previously shown to
increase the zeta potential of the delivery system (Mady et al.,
2009; Park et al., 2014). The increase in surface charge is an
indication of successful addition (coating or insertion) of
chitosan indicating that chitosan is available on the surface of the
vesicles (Joraholmen et al., 2014). Additionally, nanoparticles
with a cationic character are able to distribute within the biofilm
after penetration into the matrix (Makabenta et al., 2021). The
surface charge increased even more upon incorporation of CHX
in the formulations; the fact that both chitosan and CHX are
available on the vesicle surface and able to interact with the
bacteria is highly encouraging considering antimicrobial
potential of novel system. The entrapment of CHX was relatively
high; however, lower than the entrapment achieved when
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TABLE 3 Surface-available chitosan on chitosan-containing
liposomes and chitosan-coated liposomes.

Surface-available chitosan (%)’

CH 86.2+16.0
CH-CHX 92.2£3.2
CO 55.1+7.4
CO-CHX 84.4+42

Results are expressed as means with their respective SD (n=3). CH, Chitosan-
containing empty liposomes; CH-CHX, Chitosan-containing CHX-liposomes; CO,
Chitosan-coated empty liposomes; and CO-CHX, Chitosan-coated CHX-liposomes.
'Percentage of initial chitosan concentration.

TABLE 4 Chitosan-containing liposomes and chitosan-coated
liposomes stability after 2 and 4 weeks of storage: mean diameter
(<80%, nm), polydispersity index (PI), zeta potential, and pH in
aqueous medium.

Size Zeta
Week  (80%, PI potential pH

nm) (mV)
PL 2 326454  0.44+0.05 —2.6+0.6 6.0+0.2
4 298425  0.39+0.05 —-3.9+0.1 57403
PL-CHX 2 272411 0.41+0.02 40.2+7.6 7.740.2
4 25948 0.40+0.01 42.2+10.5 7.8+0.4
CH 2 307+19  0.32+0.00 11.1£0.9 3.6+0.0
4 307424 0.31+0.01 11.1£0.9 3.7+0.0
CH-CHX 2 285+5 0.28+0.01 92.1+7.8 3.8+0.0
4 28046 0.29+0.02 91.9+3.3 3.840.0
co 2 316417 0.36+0.01 12.5+1.0 3.7+0.0
4 328425  0.37+0.01 11.840.6 3.740.0
CO-CHX 2 375444  0.39+0.02 833432 3.8+0.0
4 371440  0.42+0.03 78.640.9 3.8+0.0

Vesicle stability after 2 and 4 weeks of storage at 4°C. Results of size measurements are
expressed as means of cumulative size <80% of vesicle populations (weight-intensity
distribution) with their respective SD, while the rest of the results are expressed as
means with their respective SD (n=3), while the rest of the results are expressed as
means with their respective SD (n=3). PL, Plain, empty lipid carrier; PL-CHX, Plain
CHX-lipid carrier; CH, Chitosan-containing empty liposomes; CH-CHX, Chitosan-
containing CHX-liposomes; CO, Chitosan-coated empty liposomes; and CO-CHX,
Chitosan-coated CHX-liposomes.

utilizing the one-pot method which provided a CHX entrapment
efficiency of 74% in chitosomes (Hemmingsen et al., 2021b).
Nonetheless, a high entrapment and surface-available chitosan
and CHX are assuring features for successful antimicrobial
therapy. Both compounds are available to interact with the
bacteria; moreover, the cationic nature of delivery system will
improve the interaction between the vesicles and bacteria since
bacterial membranes are slightly negatively changed (Epand and
Epand, 2009).

Surface-available chitosan
To confirm that chitosan was available on the vesicle surface and

determine to which extent it was available, we quantified the amount
of surface-available chitosan on the vesicles using a colorimetric
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protocol first described by Muzzarelli (Muzzarelli, 1998). The quantity
of surface-available chitosan on the vesicles was found to be rather
high for all formulations (Table 3). For the empty, chitosan-coated
liposomes the amount was comparable to the study of Joraholmen
et al. (2015). However, for the chitosan-containing liposomes, the
amount of chitosan that was available on the surface was greater than
the amount achieved for the chitosomes prepared with the one-pot
method by Andersen et al. (2015). Additionally, contrary to our
previous finding (Hemmingsen et al., 2021b), the addition of CHX
seemed to increase the amount of surface-available chitosan on the
vesicles; however, it was significant only for the chitosan-coated
liposomes. Again, it is important to consider the chitosan origin and
its M, when comparing the results. Using a different method, Li et al.
reported surface-available chitosan in quantities of up to 89.5% (Li
etal, 2009). The surface availability is important not only for potential
antimicrobial effects but also considering chitosans bioadhesive
properties that can be beneficial in wound treatment (Hamedi
etal, 2022).

Vesicle stability

To assess the vesicle stability the size, PI, zeta potential, and
pH of each formulation were evaluated after 2 and 4 weeks of
storage at 4°C (Table 4). The size of all vesicles was relatively stable
over the 4-week period; however, plain CHX-lipid carriers
exhibited a small decrease in size between production and week 2
(p=0.0109) that was not considered as an issue. Furthermore, the
size did not change significantly between week 2 and 4; probably
due to the surface charge (above 40 mV) and its stabilizing effect.
All other parameters remained stable for the entire period. The
addition of chitosan to liposomal formulations is often considered
to improve the stability of the suspensions, both as a physical
measure to maintain the integrity of the bilayers and due to
electrostatic effects; however, this seems to be affected by the
chitosan concentration (Sebaaly et al., 2021).

In vitro chlorhexidine release

As a result of the physical presence of chitosan and its
physiochemical properties, chitosan could affect the release rate
of active compounds from the vesicles (Gibis et al, 2016).
Therefore, we investigated the CHX release from the plain lipid
carriers, chitosan-containing, and chitosan-coated liposomes
(Figure 2). Non-formulated CHX, dissolved in the release
medium, was used as a control. After 24 h, the plain CHX-lipid
carrier had released significantly more CHX than the chitosan-
containing liposomes (p=0.0371). However, no difference in the
release was observed between the chitosan-containing and
chitosan-coated liposomes. All vesicles significantly decreased the
rate of release compared with non-formulated CHX at all time
points. This prolonged release profile with gradual, long-lasting
release of the compounds is highly beneficial for a drug delivery
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FIGURE 2

Cumulative in vitro release of CHX from non-formulated and formulated CHX over 24 h at 32°C. Results are expressed as release percentage
compared to entrapped amount of CHX and means with their respective SD (n=3). Chlorhexidine (CHX), non-formulated CHX in media; PL-CHX,
Plain CHX-lipid carrier; CH-CHX, Chitosan-containing CHX-liposomes; and CO-CHX, Chitosan-coated CHX-liposomes

system intended for topical, antimicrobial therapy. First, these
delivery systems could provide a high local concentration
important for the therapeutic outcome; however, this is depending
on whether the concentration reaches an effective concentration
limit (Allen and Cullis, 2013). To prove the effect, biological assays
are required. Second, drug delivery systems with prolonged
release of the antimicrobial compound could help prevent
regrowth of bacteria as well as ensure long-lasting antimicrobial
effects (Piras et al., 2015). Third, as the compounds are retained
onto/in the skin assuring local depot, the potential for reaching
the systemic circulation is limited (Cui et al., 2021). The latter is
highly relevant when limiting AMR.

Polymyxin B, another MAA, has previously displayed slower
release rate from chitosan-modified liposomes. The vesicles
released polymyxin B over a period of 24h, while the
non-formulated polymyxin B was completely released already
after 12h (Fu et al,, 2019). On the other hand, Park et al. reported
faster permeation rate of the MAA nisin from coated liposomes
than uncoated liposomes; however, this study was conducted with
mouse skin (Park et al., 2014). It is rather challenging to compare
the release data from different studies due to the differences in
of active compounds and

physicochemical properties

experimental settings.

Cell viability and anti-inflammatory
responses

Liposomes and many other lipid-based delivery systems are
generally regarded to be highly biocompatible, biodegradable, and
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safe. Furthermore, the toxicity of certain pharmaceutical
compounds is often reduced when they are entrapped in these
drug delivery systems (Liu et al., 2022). Nevertheless, the systems’
effect on relevant cells is a critical parameter to be assessed in the
development of new carriers or upon entrapment of new
pharmaceutical compounds. The safety of these carriers is highly
influenced by different features of the systems, such as the
composition, size, size distribution, and surface properties (Liu
et al,, 2022). Consequently, we investigated cell compatibility in
relevant cells, namely keratinocytes, fibroblasts, and macrophages,
as well as the systems influence on inflammatory responses
in macrophages.

Cell viability

As previously mentioned, liposomes can reduce the toxicity
of pharmaceutical compounds (Nwabuife et al., 2021). Similarly,
chitosan is also regarded biocompatible and biodegradable
(Rashki et al, 2021). However, it is known that several
alternations could change the properties of the materials,
especially in the nano-range. For instance, the safety of chitosan
is often considered to be linked to its degree of deacetylation and
M, (Rashki et al., 2021). The MAA, CHX, has in previous studies
displayed toxicity in different cells, e.g., macrophages,
keratinocytes, and fibroblasts (Li et al., 2014; Borges et al., 2017).
Therefore, the potential toxicity of empty and CHX-loaded
vesicles was assessed in these cells (Figure 3). In HaCaT and
NHDF-neo cells, the viability of cells was unaffected by the
treatment with both empty and CHX-loaded vesicles with or
without chitosan. This is highly beneficial, as the viability of
these cells is crucial for the successful therapy by therapeutics
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FIGURE 3
Evaluation of cell toxicity of chitosan-containing liposomes and chitosan-coated liposomes in HaCaT, NHDF-neo cells, and RAW 264.7. Three
different concentrations were tested, namely 1, 10, and 50 pg/ml lipid, and the results are presented as cell viability of treated cells compared to
control (100%). Control cells were only supplemented with complete medium; the cell viability is thereof considered as 100%. The results are
expressed as means with their respective SD (n=3). PL, plain, empty lipid carrier; PL-CHX, plain CHX-lipid carrier; CH, chitosan-containing empty
liposomes; CH-CHX, chitosan-containing CHX-liposomes; CO, chitosan-coated empty liposomes; and CO-CHX, chitosan-coated CHX-
liposomes. **p<0.01, ****p<0.0001.

intended for wounds. Both keratinocytes and fibroblasts play
active roles in the inflammatory phase in wounds; their release
of cytokines and growth factors maintains hemostasis and
influences other cells to participate in the process of wound
closure (Wojtowicz et al., 2014). Moreover, keratinocytes are
especially important in our defense against bacterial invasion
due to their ability to release the antimicrobial peptides with
antibacterial, antifungal, and antiviral activities (Chessa
et al., 2020).

In the murine macrophages, no negative effects were
observed in the treated cells; however, the empty, plain lipid
carriers seemed to improve the viability of the cells, suggesting
a proliferative effect. At lipid concentrations of 1 and 10 pg/ml,
the viability or cell proliferation was significantly improved
compared to control (p<0.0001 and 0.0013, respectively). The
proliferative effects of liposomes have previously been
demonstrated by Ye et al. (2019); however, in significantly higher
concentrations than in the current study. Macrophages play
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several pivotal roles in the wound healing cascade, for instance,
cleaning of pathogens and debris from the wound, activation of
immune cells, promotion of migration of other cells, such as
keratinocytes and fibroblasts, and breaking down the temporary
extracellular matrix (Krzyszczyk et al., 2018). Therefore, their
presence and retained viability are of high importance.
Furthermore, Hilitanu et al. confirmed the biocompatibility of
chitosan-coated liposomes containing erythromycin after oral
administration in mice. The authors investigated erythrocyte
counts, liver enzyme activity, serum urea plasma levels,
immunological biomarkers, and histopathological examinations
of liver or kidney, and found no significant changes in the mice
(Hilitanu et al., 2021).

Anti-inflammatory activity

Macrophages bear crucial attributes in wound healing;
however, in chronic wounds these cells might also be a part of
the problem. Chronic wounds are arrested in a state of
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FIGURE 4
Evaluation of anti-inflammatory activity of chitosan-containing and chitosan-coated liposomes expressed as reduction of nitric oxide (NO)
production in RAW 264.7 cells. Three different concentrations were tested, namely 1, 10, and 50 pg/ml lipid, and the results are presented as NO
production of treated cells compared to control (100%). Control cells were non-treated lipopolysaccharide (LPS)-induced cells; their production is
thereof considered as 100%. The results are expressed as means with their respective SD (n=3). PL, Plain, empty lipid carrier; PL-CHX, Plain CHX-
lipid carrier; CH, Chitosan-containing empty liposomes; CH-CHX, Chitosan-containing CHX-liposomes; CO, Chitosan-coated empty liposomes;
CO-CHX, Chitosan-coated CHX-liposomes. *p<0.05, **p<0.01, ****p<0.0001, compared to control.

inflammation and unable to progress in the healing cascade.
This is linked to the presence of pro-inflammatory macrophages
(M1-type macrophages) at the site of injury that leads to
elevated levels of cytokines and reactive oxygen species, and
apoptosis of keratinocytes and fibroblasts (Shamiya et al., 2022).
This prolonged state of inflammation is undesirable in wounds
as it hinders healing. To evaluate whether novel formulations
can act on inflammatory response, we assessed the anti-
inflammatory effects in murine macrophages. In macrophages,
LPS is recognized by toll-like receptor 4, its binding leading to
expression of pro-inflammatory genes. In mice, this leads to
overexpression of inducible nitric oxide synthase and
subsequent high levels of NO that could serve as an indicator of
anti-inflammatory responses. This effect is far greater in mice
than in humans, and therefore murine macrophages were
utilized to assess the potential anti-inflammatory activity
(Krzyszczyk et al,, 2018). The results of the inflammatory
assessments are presented in Figure 4 and demonstrate a clear
dose-dependent anti-inflammatory effect the formulations had
on treated cells. The anti-inflammatory activities of the vesicles
with chitosan and/or CHX were significantly higher as
compared to non-treated LPS-induced macrophages. However,
the effects did not seem to be synergetic, namely the presence
of both chitosan and CHX did not enhance the effects in
synergy. The determined threshold was at about 55-65%
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reduction. Interestingly, the empty, plain lipid carriers also
induced a dose-dependent reduction in inflammatory response;
however, this effect was not significant.

Antimicrobial evaluation

In recent years, more focus has been placed on drug delivery
systems and nanostructured materials in the development of new
therapeutic options for microbial eradication and prevention. These
systems and materials, both organic and inorganic, have demonstrated
superior antimicrobial activities against a wide variety of microbial
strains (Baranwal et al, 2018). Liposomes are among the most
frequently used systems while chitosan has generated interest due to
its inherent antimicrobial properties (Baranwal et al, 2018).
Considering liposomes, their structure and composition is similar to
the bacterial membrane; this could lead to a fusion between liposomes
and bacteria resulting in delivery of higher antimicrobial payloads.
Additionally, liposomes that possess a positively charged surface
could interact with bacteria and further improve the antimicrobial
effects (Wang et al., 2020). All of this is expected to improve the
therapeutic index and make bacteria more susceptible to
antimicrobials associated with delivery system as compared to
non-formulated antimicrobials (Wang et al., 2020). To further
improve the antimicrobial properties of drug delivery systems,
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chlorhexidine (CHX) at a lipid concentration of 0.3125 mg/ml. The
boxed area is enlarged to depict the chitosan- and/or CHX-
containing and/or coated vesicles. The results are expressed as
means with their respective SD (n=3). PL, Plain, empty lipid carrier;
PL-CHX, Plain CHX-lipid carrier; CH, Chitosan-containing empty
liposomes; CH-CHX, Chitosan-containing CHX-liposomes; CO,
Chitosan-coated empty liposomes; and CO-CHX, Chitosan-
coated CHX-liposomes. ****p<0.0001, compared to control.

chitosan is often utilized together with other delivery systems. In the
current study, we were using an MAA, postulating that chitosan and
MAA could act in synergy and enhance the effect on the bacteria.
We assessed the antimicrobial activity of our vesicles against S. aureus,
one of the most common pathogens found in chronic wounds (Alves
etal,, 2021). As seen in Figure 5, the empty, plain lipid carriers did not
display any antimicrobial activity, as expected; however, upon
inclusion of chitosan in vesicles, the bacterial survival was
dramatically reduced to 5.3 and 4.7% for the chitosan-containing and
chitosan-coated liposomes, respectively. Joraholmen et al. have
previously proven that chitosan-coated liposomes exhibit
antimicrobial activity against S. aureus, even when their
corresponding non-coated liposomes did not possess any activities
(Joraholmen et al., 2020).

We were also interested in the activity of plain and chitosan-
comprising vesicles with CHX. The plain CHX-lipid carriers
reduced the bacterial survival by 99.4%; even more than chitosan-
vesicles without CHX. However, the combination of chitosan and
CHX in vesicles demonstrated the strongest antimicrobial activity.
Chitosan-containing CHX-liposomes completely eradicated
S. aureus, while the bacterial survival after treatment with
chitosan-coated CHX-liposomes was reduced to only 0.03%.
These results are in agreement with the results from our previous
study where we utilized one-pot method for the production of
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vesicles; however, chitosan of different M, (higher M,) was
utilized in that study (Hemmingsen et al., 2021b). Wang et al. also
demonstrated improved antimicrobial activity against S. aureus of
cinnamaldehyde, a MAA, when the compound was entrapped in
chitosan-coated liposomes. Furthermore, they also demonstrated
that the mechanism behind this action was membrane disruption
(Wang et al., 2021). In another study, Hassan et al., proved lowered
MIC and faster antimicrobial action of vancomycin when it was
entrapped in lipid-chitosan hybrid vesicles. They also established
that the effect was due to membrane destruction. Moreover, the
authors demonstrated eradication of pre-formed MRSA biofilms
(Hassan et al., 2020). These encouraging results highlight the
potential of systems combining lipid-based vesicles and chitosan
for successful microbial eradication.

Conclusion

In an era of lowered microbial susceptibility to conventional
antimicrobial compounds and higher prevalence of chronic wounds,
often with high microbial burden, innovative strategies for microbial
eradication and improved wound healing are crucially needed.
We proposed that combinations of lipid-based vesicles and chitosan
could serve as promising delivery systems for MAAs, such as CHX,
as confirmed by successful bacterial eradication of the common skin
pathogen S. aureus. Indeed, we showed that both chitosan-
containing liposomes and chitosan-coated liposomes destined to
treat infected wounds could successfully improve antimicrobial
activity of CHX against S. aureus, highlighting their potential in
antimicrobial wound therapy.
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Abstract

The eradication of bacteria embedded in biofilms is among the most challenging obstacles in
the management of chronic wounds. These biofilms are found in most chronic wounds;
moreover, the biofilm-embedded bacteria are considerably less susceptible to conventional
antimicrobial treatment than the planktonic bacteria. Antimicrobial peptides and their mimics
are considered attractive candidates in the pursuit of novel therapeutic options for the treatment
of chronic wounds and general bacterial eradication. However, some limitations linked to these
membrane-active antimicrobials are making their clinical use challenging. Novel innovative
delivery systems addressing these limitations represent a smart solution. We hypothesized that
incorporation of a novel synthetic mimic of an antimicrobial peptide in liposomes could
improve its anti-biofilm effect as well as the anti-inflammatory activity. The small synthetic
mimic of an antimicrobial peptide, 7e-SMAMP, was incorporated into liposomes (~280 nm)
tailored for skin wounds and evaluated for its potential activity against both biofilm formation
and eradication of pre-formed biofilms. The 7e-SMAMP-liposomes significantly lowered
inflammatory response in murine macrophages (~30% reduction) without affecting the viability
of macrophages or keratinocytes. Importantly, the 7e-SMAMP-liposomes completely
eradicated biofilms produced by Staphylococcus aureus and Escherichia coli above
concentrations of 6.25 pg/mL, whereas in Pseudomonas aeruginosa the eradication reached
75% at the same concentration. Incorporation of 7e-SMAMP in liposomes improved both the
inhibition of biofilm formation as well as biofilm eradication in vitro, as compared to non-
formulated antimicrobial, therefore confirming its potential as a novel therapeutic option for

bacteria-infected chronic wounds.

Keywords: peptidomimetics; liposomes; bacterial biofilms; membrane-active antimicrobials;

chronic wounds



Abbreviations: AMP, antimicrobial peptide; AMR, antimicrobial resistance; B3M-liposomes,
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molecular weight; NB, nutrient broth; PBS, phosphate buffered saline; PI, polydispersity index;
RPMI, Roswell Park Memorial Institute; SMAMP, synthetic mimics of antimicrobial peptide;

SWEF, simulated wound fluid; TEM, transmission electron microscopy.



1. Introduction

As we are entering a post-antibiotic era, antimicrobial resistance (AMR) has become one of
the major medical concerns and critical hurdles in medical care, often with fatal consequences
[1]. Over the course of time, the inevitable rise of AMR and multidrug-resistant (MDR)
pathogens have rendered many infections practically untreatable and potentially life
threatening. Moreover, researchers struggle to bring forward novel antimicrobial compounds
for new targets, resulting in the clinical pipelines for antimicrobial compounds being rather
stagnant [2]. With this upsurge of AMR and limited arsenal of antimicrobial compounds and
therapeutic options, chronic wounds and wound management are rapidly growing challenges
for both patients and health care providers. Furthermore, due to an aging population and
increased prevalence of diabetes and obesity, cases of chronic wounds are increasing and
expected to further rise [3]. Amid these challenges of chronic wound treatment, it is essential
to focus on biofilms as they are found in up to 80% of all chronic wounds [4]. Bacteria
embedded in these bacterial communities often have 1000-fold increased tolerance to
antibiotics. Moreover, there are no antimicrobials specifically targeting biofilm eradication
approved by the major regulatory agencies [5, 6]. Antimicrobial peptides (AMPs) are often
considered promising candidates to mitigate the effects and progression of AMR [7, 8]. The
antimicrobial activities of AMPs and other membrane-active antimicrobials (MAAs) reach
beyond disruption of bacterial membranes. For instance, many cause alterations of immune
responses as well as target the internal components, such as DNA, in bacteria [9, 10]. Besides,
AMPs have proven to evoke less resistance due to their fast onset of action and activity against
metabolically inactive bacteria [11]. The antimicrobial activity of AMPs is often broad,
including gram-positive and gram-negative bacteria, viruses, and fungi [12, 13]. Additionally,
AMPs and other MA As could improve the eradication of biofilm-embedded bacteria compared

to the more conventional antimicrobials [6].

All listed properties bear optimism around AMPs as valuable candidates in the path to
ease the challenges around AMR and eradication of biofilm-embedded bacteria; however, some
frequent drawbacks linked to AMPs require careful consideration. These limitations include
their toxicity, haemolytic activity, loss of in vivo efficacy, and proteolytic instability [7, 11].
These are amongst the most common reasons for their discontinuation before or in early-stage
clinical trials [9]. Researchers have tried to evade these problems, further improving the

therapeutic index, by chemically modifying AMPs or creating AMP mimics. A fine-tuned
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balance between activity and toxicity or selectivity is vital for the success of these compounds
[14]. Development of peptidomimetics or synthetic mimics of antimicrobial peptides
(SMAMPs) could overcome the hurdles of instability, lowered bioavailability, and
immunogenicity [15]. Although small SMAMPs are especially promising drug candidates,
some of the issues considering clinical settings remain, namely, interactions with biomolecules,
tendencies to proteolytic degradation, toxicity, and rather low in vitro/in vivo translation. The
remaining issues limit their clinical applicability as well as faster progress in the pipelines [14,

16].

Pursuing topical administration routes such as efficient localized therapy of skin and vaginal
infections could help circumvent many of the SMAMPs limitations linked to systemic route;
however, certain obstacles remain to be addressed even for topical routes [14]. Drug delivery
strategies, using e.g., nanomaterials, could advance the therapeutic index and increase exposure
or contact time and retention at the infected area [8, 17, 18]. Lipid-based systems for MAA
delivery have previously demonstrated superior antimicrobial activity and could therefore be
suitable alternatives for the delivery of these compounds [7, 19, 20]. We have previously
established that liposomes associated with MAA chlorhexidine improved biofilm eradication
in addition to lower inflammatory responses in macrophages [21]. Moreover, liposomes can
facilitate sustained release of the active compound which in turn could lower the risk of
bacterial regrowth, improve interaction with the bacterial membrane, and increase the exposure
time [17, 22]. Additionally, liposomes enable accumulation of the active compound at the
infected site, thus limiting systemic exposure due to their ability to interact with skin lipids,

making them suitable for topical skin administration [23, 24].

In the present study, 7e-SMAMP, a novel SMAMP with excellent antimicrobial properties
[15], was incorporated into liposomes optimized for treatment of biofilm-infected chronic skin
wounds. Development of 7e-SMAMP was inspired by incorporating important properties of
AMPs into a cationic and amphipathic scaffold mimicking the marine antimicrobials
Eusynstyelamides found in bryozoan Tegella cf. spitzbergensis [15]. We hypothesized that
associating the membrane-active 7e-SMAMP with liposomes could improve in vitro biofilm
eradication of bacteria commonly found in wounds in addition to lowering the inflammatory
activity of macrophages therefore further improving healing. After initial optimization and

characterization of 7e-SMAMP-liposomes, the evaluation of in vitro performance of the



delivery system focused on cell compatibility, anti-inflammatory properties, and antimicrobial

efficacy.

2. Experimental section

2.1. Materials

Lipoid S100 (phosphatidylcholine content >94%) was kindly provided by Lipoid GmbH
(Ludwigshafen, Germany). Methanol (>99.9%), HiPerSolv CHROMANORM® for LC-MS,
acetonitrile (>99.9%), HiPerSolv CHROMANORM®), gradient grade for HPLC and acetic acid
(>99.9%) were purchased from VWR International (Fontenay-sous-Bois, France). Phosphoric
acid (>85%) was acquired from Kebo lab (Oslo, Norway). Albunorm (200 mg/mL human
serum albumin) was acquired from Octapharma AG (Lachen, Switzerland). Sepharose™ CL-
4B was purchased from GE Healthcare (Uppsala, Sweden). 1,2-Dioleoyl-sn-glycero-3-
phospho-rac-(1-glycerol) (DOPG), and 1-palmitoyl-2-(6-[(7-nitro-2-1,3-benzoxadiazol-4-
yl)amino]hexanoyl)-sn-glycero-3-[phospho-rac-(1-glycerol)] (ammonium salt) (C-NBD-PG)
were obtained from Avanti Polar Lipids (Alabaster, AL, USA). 1,2-Dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE) was obtained from Lipoid GmbH (Ludwigshafen, Germany).
Trifluoroacetic acid (TFA) for HPLC (=99.0%), chloroform (99.0-99.4%, GC), glycerol
solution (86-89%), sodium phosphate dibasic dihydrate, potassium phosphate monobasic,
sodium chloride, EDTA sodium, sodium hydrogen carbonate, potassium chloride, calcium
chloride dehydrate, cardiolipin sodium salt from bovine heart (>97%), N-(2-
Hydroxyethyl)piperazine-N’'-(2-ethanesulfonic acid) (HEPES), sodium dithionite, fluorescein
isothiocyanate—dextran average molecular weight (Mw) 3000-5000 Da (FITC—dextran 4400),
fluorescein isothiocyanate—dextran average Mw 20 400 Da (FITC—dextran 20 400), Kollisolv®
PEG E 400, Phospholipid Assay Kit for colorimetric or fluorometric tests, N-(-1-
Naphthyl)ethylenediamine dihydrochloride, sulphanilamide, Triton™ X-100, and Cell
Counting Kit-8 (CCK-8) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Penicillin-streptomycin (10 000 units/mL and 10 mg/mL, respectively), lipopolysaccharides
(LPS) from Escherichia coli O55:B5, RPMI-1640 medium (with L-glutamine and sodium
bicarbonate) and fetal bovine serum (FBS) were obtained from Sigma-Aldrich (Steinheim,
Germany). Dulbecco's Modified Eagle Medium high glucose (DMEM-hg) w/l-glutamine and
sodium pyruvate was purchased from Biowest (Nuaillé, France). Nutrient Broth (NB) was

supplied by Becton Dickinson and Company (Sparks, MD, USA). Murine macrophage, RAW
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264.7 cell line was obtained from ATCC (Manassas, VA, USA). HaCaT cell line (immortalized
human keratinocytes) was purchased from CLS Cell Lines Service GmbH (Eppelheim,
Germany). Staphylococcus aureus ATCC29213, Escherichia coli ATCC11105, Pseudomonas
aeruginosa ATCC10145 were purchased from American Tissue and Cell Culture Corp.
(Manhasset, Virginia, USA). Staphylococcus aureus SO2, SO83, SO86, and SO88 are clinical
isolates (Ospedale Sant’Orsola-Malpighi, Bologna, Italy) [25].

2.2. SMAMP synthesis

The synthesis of the 7e-SMAMP has been previously described by Paulsen et al. including
the detailed methodology and materials involved [15]. However, a brief overview of the

procedure is provided in Supplementary Material (S1.1.).

2.3. Evaluation of 7e-SMAMP stability

The 7e-SMAMP stock solutions were diluted to 25 and 50 uM with simulated wound fluid
(SWF; 5.84 g/L NaCl, 3.36 g/LL NaHCOs, 0.3 g/L KCl, 0.35 g/LL CaClz - 2H20, and 33 g/L
albumin from Albunorm in milli-Q water (mQ)) [26] or mQ and analysed using reversed-phase
chromatography [27] with a Waters €2795 separations module combined with a Waters 2489
UV-VIS detector. The quantification of 7e-SMAMP was carried out using Waters XBridge®
C18 column (5 um, 4.6 x 250 mm) and a Waters XBridge® C18 guard cartridge (5 um, 4.6 x
20 mm, Waters Corporation, Milford, CT, USA) modified from a method by Paulsen et al. [28].
The 7e-SMAMP was eluted with mobile phases comprising mQ and acetonitrile, both with
TFA (0.1%, v/v). The gradient starting at 50% acetonitrile followed a linear gradient to 75%

acetonitrile over 8 min with a flow of 1 mL/min at detection wavelength set to 231 nm.

Prior to the evaluation of 7e-SMAMP stability, we performed a UV-VIS scan analysis [27];
the detailed procedure can be found in Supplementary Materials (S1.2.). All solutions were
stored for 7 days at 4, 25, and 32 °C. Chemical evaluations of stability were performed at

preparation time and after 1- and 7-days storage.



2.4. Liposome preparation and size reduction

The thin film method was utilized to prepare liposomes. In short, Lipoid S100 (200 mg) and
7e-SMAMP (20 mg) were dissolved in methanol. Lipid films were created by evaporation on
Biichi rotavapor R-124 (equipped with vacuum controller B-721, Biichi Vac® V-500 and Biichi
B-480 water bath, Biichi Labortechnik, Flawil, Switzerland) at 60 mBar and 45 °C for at least
1 hour. The lipid film was rehydrated with 10 mL distilled water to form liposomes. Empty
liposomes (without 7e-SMAMP) were prepared with only Lipoid S100 in the lipid film. The
size of the liposomes was reduced by manual extrusion through polycarbonate membranes
(Nuclepore Track-Etch Membrane, Whatman House, Maidstone, UK). The size reduction was
achieved by successional manual extrusion through 0.8 pm (three times), 0.4 pm (five times),

and 0.2 pm (two times) membranes [21].

2.5. Liposome characterisation - size, zeta potential, pH, and entrapment efficiency
determination

The liposome size was determined with a Malvern Zetasizer Nano Zen 2600 (Malvern,
Oxford, UK). The liposomes were diluted 1:100 (v/v) with 0.2 pm filtered tap water prior to

every measurement and measured in triplicates.

The zeta potential was determined with the Zetasizer Nano Zen 2600 (Malvern,
Worcestershire, UK). The liposomes were diluted 1:20 (v/v) in 0.2 um filtered tap water prior

to every measurement and measured in triplicates.

The pH was determined using the Accumet®, Portable pH meter AP115 (Fisher Scientific,
MA, USA) at room temperature (21 + 1 °C). The stability of the 7e-SMAMP-liposomes was
evaluated, and the procedure is described in the Supplementary Materials (S1.3.).

Liposomes were dialyzed (tube, MWCO: 12-14 kDa; Spectra/Por®4, Spectrum®, VWR
International, Fontenay-sous-Bois, France) for 4 hours (1:1000, v/v) as previously described

[21]. HPLC was utilized to determine 7e-SMAMP concentrations as described in section 2.3.



2.6. Morphology studies by transmission electron microscopy

The morphology of 7e-SMAMP-liposomes was investigated using transmission electron
microscopy (TEM) as reported earlier [29]. Liposomes were deposited onto carbon-coated grids
and stained with 3% uranyl acetate and 2% methylcellulose. The images were acquired with
microscope HT7800 Series (Hitachi High-Tech Corp., Tokyo, Japan) at an accelerated voltage
of 100 kV coupled with a Morada camera.

2.7. Phospholipid content of liposomes

The phospholipid content of liposomes was measured with Phospholipid Assay Kit according
to the technical bulletin provided by the supplier. Prior to the experiment, liposomes (50 uL)
were diluted with distilled water to a total volume of 10 mL. Finally, the phospholipid content
was measured on a UV—VIS plate reader (Tecan Trading AG, Ménnedorf, Switzerland) at 570

nm.

2.8. Elasticity of liposomal membranes

The assessment of the elasticity of the liposomal membranes to confirm integrity of
liposomes followed a method by Palac et al. [30]. The empty and 7e-SMAMP-liposomes were
extruded with a constant pressure of 2.5 Bar through a membrane with a pore size of 100 nm.
The amount of liposomal suspension passing through the membrane within 5 min and liposomal
mean diameter were recorded. Empty liposomes served as control for 7e-SMAMP-liposomes.

The elasticity was calculated according to Eq. 1:
E=Jx (rV/rp)2

where J represents the amount (g) of liposomal suspension passing through the membrane
within 5 min, rv represents mean diameter (nm) after extrusion, and rp represents pore size of

the membrane (nm).



2.9. In vitro release studies

The in vitro 7e-SMAMP release from the liposomes was evaluated using tubes of pre-soaked
regenerated cellulose (MWCO: 12-14 kDa) membranes (Spectra/Por®4, Spectrum®, VWR
International, Fontenay-sous-Bois, France) [31]. The medium (150 mL) used in the
experimental setup was PEG E400 (10%, v/v) in distilled water, heated to 32 °C. An aliquot
(1.5 mL) of 7e-SMAMP-liposomes or 7e-SMAMP dissolved in acceptor medium was added to
the dialysis membrane. Samples were withdrawn after 1, 2, 3, 4, 6, 8, and 24 hours and analysed
using HPLC as described in section 2.3. The sample volume was replaced with fresh medium
in the acceptor phase after every sampling. The sink conditions were assured. The cumulative

release of formulated and non-formulated 7e-SMAMP was compared.

2.10. Evaluation of cell viability

AMPs and their mimics often display certain level of toxicity to eukaryotic cells; therefore,
to ensure the safety of the novel formulations we evaluated cytotoxicity using Cell counting kit
— 8 (CCK-8) as described previously [32]. Suspensions of HaCaT or RAW 264.7 cells (90 uL,
1 x 10° cells/mL) were plated on 96-well plates and incubated for 24 hours (37 °C /5% CO>).
The macrophages were cultured in complete RPMI (containing 10% FBS, penicillin-
streptomycin), while keratinocytes were cultured in complete DMEM-hg (containing 10% FBS,
penicillin-streptomycin). The pre-incubated cells were treated with 10 uL of medium (control),
diluted liposome suspensions (1, 10, and 50 pg/mL lipid concentration) and incubated for
another 24 hours (37 °C/5% COz). An aliquot of 10 uL. CCK-8 reagent was added to each well
and the cells were incubated for 4 hours (37 °C/5% COz). To evaluate the cell survival, the cells
were assessed using a UV-VIS plate reader (Tecan Trading AG, Ménnedorf, Switzerland) at
450 nm and referenced at 650 nm. The results were expressed as percentage of surviving cells

compared to the non-treated cells (control).

2.11. Assessment of anti-inflammatory activity

Anti-inflammatory activities of empty and 7e-SMAMP-liposomes were determined by
assessing lipopolysaccharide (LPS)-induced nitric oxide (NO) production in murine

macrophages. Macrophages (RAW 264.7) were cultured in complete RPMI and seeded in 24-
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well plates (1 mL, 5 x 10° cells/mL) prior to incubation (37 °C/5% CO2) for 24 hours. After
incubation, the complete medium was replaced with medium containing LPS (1 pg/mL). The
cells were then treated with liposomal suspensions (1, 10, and 50 pg/mL lipid concentration).
The LPS containing medium and complete medium served as controls. The cells were then
incubated for another 24 hours and NO production evaluated on a UV-VIS plate reader (Tecan
Trading AG, Ménnedorf, Switzerland) with Griess reagent (1:1, v/v; 2.5% phosphoric acid with
1% sulphanilamide and 0.1% N-(-1-naphthyl)ethylenediamine) at 540 nm [32].

2.12. Effects of 7e-SMAMP on bacterial membrane-mimic liposomes model
2.12.1. Bacterial Membrane-Mimic Liposomes Model

Bacterial Membrane-Mimic Liposomes Models (B3M-liposomes) mimicking S. aureus
membranes were tailored according to literature [33, 34]. In brief, DOPG and cardiolipin (20
mg) were dissolved in chloroform and methanol (2:1, v/v) in a molar ratio of 58:42. A lipid
film was produced by solvent evaporation on a rotary evaporator at 45 °C, 60 mBar, and 60
rpm for 2 hours to remove the solvents. The lipid films were rehydrated with FITC-dextrans
(10 mg/mL, 2 mL) of two different average Mws, namely 4400 or 20 400 Da, in HEPES buffer
(10 mM, with 100 mM NaCl and 1 mM EDTA sodium, pH 7.4). The size of B3M-liposomes
was reduced and made uniform by manual extrusion (8 times through 0.8 pm polycarbonate
membranes). A Sepharose™ CL-4B column was used for removal of unentrapped FITC-
dextran 4400 and 20 400. HEPES buffer (10 mM, with 100 mM NaCl and 1 mM EDTA sodium,
pH 7.4) was used for the elution.

The B3M-liposomes mimicking P. aeruginosa membranes were tailored similarly to the S.
aureus membranes mimics; however, the lipid composition was altered. The membrane was
composed of DOPE, DOPG, and cardiolipin (20 mg) in a molar ratio of 65:23:12 as described
by Lombardi et al. [35].

2.12.2. FITC-dextran leakage

FITC-dextrans leakage from B3M-liposomes was assessed following the procedures [34, 36]
with minor modifications. The FITC-dextran-loaded B3M-liposomes were diluted 20-fold in
the HEPES buffer. The non-formulated and formulated 7e-SMAMP were also diluted in
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HEPES buffer (final 7e-SMAMP concentrations corresponding to 0.5, 2, and 5 pg/mL). The
leakage from FITC-dextran-loaded B3M-liposomes was measured as a fluorescence intensity
at excitation wavelength 485 nm and emission wavelength 530 nm. Triton (10 %, v/v) in

HEPES buffer served as control. The leakage was calculated using the following formula (Eq.

2) [37]:

Leakage (%) = 100 x [(F — Fo)/(Fr — Fo)]
F = fluorescence of treated FITC-dextran B3M-liposomes
Fo = buffer

Fr = buffer with Triton

2.12.3. Lipid flip-flop

The B3M-liposomes mimicking S. aureus or P. aeruginosa membranes for the lipid flip-flop
assay were tailored in the same manner as for the FITC-dextran leakage assay; however, Ce-
NBD-PG was added at 0.5 mol% together with the other lipids [38]. The lipid film was
rehydrated with HEPES buffer (10 mM, comprising 100 mM NaCl and 1 mM EDTA sodium,
pH 7.4) and the vesicle size reduced in the same manner as for the FITC leakage assay. To
achieve only the labelling of the inner leaflet, sodium dithionite (I M) in 1 M HEPES buffer
(pH 7.4) was added to B3M-liposomes that were incubated for 15 min at 24 °C to ensure
quenching of Ce-NBD-PG in the outer leaflets. Subsequently, B3M-liposomes and sodium
dithionite were separated on PD-10 desalting columns (Cytiva, Marlborough, MA, USA) with
HEPES bufter (10 mM, with 100 mM NaCl and 1 mM EDTA, pH 7.4) sodium for the elution.
The B3M-liposomes were diluted 50-fold with buffer and incubated with non-formulated or
formulated 7e-SMAMP (0.5, 2, and 5 pg/mL, 7e-SMAMP concentration). Finally, sodium
dithionite (1 M) was added, and monitored with excitation and emission wavelengths of 460

and 520 nm, respectively, for 650 sec. Triton or buffer served as respective controls [38, 39].
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2.13. Antimicrobial evaluation
2.13.1. Determination of MIC and MLC

The antimicrobial activity of 7e-SMAMP-liposomes, as well as 7e-SMAMP and empty
liposomes, was evaluated by broth microdilution method following the EUCAST guidelines
[40]. Microorganisms were aerobically cultured on nutrient agar plates at 37 °C for 24 hours,
and subsequently diluted in nutrient broth (NB) [25, 41] to obtain bacterial suspensions at final
concentrations of 2 x 10° CFU/mL. The 7e-SMAMP was solubilized in 100% dimethyl
sulfoxide (DMSO, 10 mg/mL) and then diluted in distilled water to assure that the final
concentration of DMSO in the test series was <1%. The non-formulated and formulated 7e-
SMAMP were diluted in sterile water in a two-fold sequence in 96-well culture plates (Corning
Inc., Pisa, Italy) to test 7e-SMAMP concentration ranging from 0.1 to 100 pg/mL. Empty
liposomes and DMSO were tested at the same dilutions. The microbial suspension (100 uL)
was then inoculated with 100 puL of samples. Wells containing microbial suspension (100 uL)
and sterile water (100 pL) served as growth control. Blank control, comprising only a growth
medium, and sterility controls, containing samples and sterile medium, were also included.
Plates were aerobically incubated at 37 °C for 24 hours. Afterwards, the minimal inhibiting
concentrations (MIC) were determined by comparing the turbidity (ODsoo) of samples with that
of growth control by means of EnSpire Multimode Plate Reader (PerkinElmer Inc., Waltham,
MA, USA). To determine a microbicidal effect, 20 pL of samples from wells exhibiting no
growth were spotted onto nutrient agar plates and incubated at 37 °C for another 48 hours. The
minimal lethal concentration (MLC) was defined as the minimal concentration that com