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Polymeric micelles for delivery of antimicrobial peptides

Abstract

Antimicrobial resistance is one of the most serious threats to human health in this century, causing
significant economic burden and high mortality. Without effective antimicrobial therapies, the number of
deaths associated with infections will continue to rise inexorably. This prospect has prompted the search for
therapeutic alternatives, such as antimicrobial peptides (AMPs). However, non-specific toxicity, low stability
and short halflife hinder the development of AMPs into stand-alone medicines, limiting their potential as
powerful antimicrobial agents. These challenges can be overcome by utilizing novel formulation strategies,
such as nanogels or polymeric micelles for the delivery of such peptides.

In this project, oleic-grafted hyaluronan (OL-HA) polymeric micelles for the encapsulation of the
antimicrobial cell penetration peptides L- and D-PenetraMax and its lipidated version Syn-2 were developed
and characterized. With the optimized method, it was possible to prepare small anionic micelles, with a
hydrodynamic diameter range of 100 — 300 nm, capable of efficiently loading all three peptides. High values
of encapsulation efficiency were found but at the expense of a slower release profile. L-PenetraMax showed
to be very prone to degradation and its encapsulation did not improve this behaviour. The polymeric micelles,
despite the very slow release, effectively reduced the peptide cytotoxicity towards hepatic, endothelial,
intestinal and red blood cells (RBCs), while maintaining their antimicrobial activity against £scherichia col,
Pseudomonas aeruginosa and Staphylococcus aureus. Additionally, the polymeric micelles prepared also
seemed capable of prevent biofilm growth at concentrations higher than the minimal inhibitory concentration
(MIC) values. These findings support the use of OL-HA polymeric micelles to increase the safety of peptides

with antimicrobial properties to intravenous administration.

Keywords: Oleic-grafted hyaluronan; Polymeric micelles; Cell-penetrating peptides; Antimicrobial

peptides



Micelas poliméricas para entrega de péptidos antimicrobianos

Resumo

A resisténcia antimicrobiana é uma das ameacas mais sérias a saude humana deste século, causando
uma carga econémica significativa e alta mortalidade. Sem terapias eficazes, o nimero de mortes associadas
a infecdes por espécies resistentes a antibidticos continuara a aumentar inexoravelmente. Esta perspetiva
tem motivado a busca por terapias alternativas, como por exemplo o uso de péptidos antimicrobianos. No
entanto, a toxicidade n&o especifica, a baixa estabilidade e curto tempo de vida dos péptidos dificultam o seu
desenvolvimento em medicamentos por si sO, limitando o seu potencial como poderosos agentes
antimicrobianos. Esses desafios podem ser superados utilizando novas estratégias de formulacao, tais como
nanoggis ou micelas poliméricas para a entrega de péptidos antimicrobianos.

Neste projeto, foram desenvolvidas e caracterizadas micelas poliméricas a base de hialuronato oleico
para a encapsulacdo de péptidos antimicrobianos capazes de penetrar membranas celulares, L- e D-
PenetraMax e a sua versao lipidada Syn 2. Com o método otimizado, foi possivel preparar pequenas micelas
anionicas, com diametro hidrodinamico entre 100 e 300 nm, capazes de encapsular eficientemente os trés
péptidos referidos. Apesar dos elevados valores de eficiéncia de encapsulamento, as micelas apresentaram
um perfil de libertacdo mais lento. O péptido L-PenetraMax mostrou ser bastante suscetivel & degradacao e
0 seu encapsulamento nas micelas ndo melhorou esse comportamento. As micelas poliméricas reduziram
eficazmente a citotoxicidade dos péptidos em células hepaticas, endoteliais, intestinais e em eritrécitos,
mantendo a sua atividade antimicrobiana contra £scherichia coli, Pseudomonas aeruginosa e
Staphylococcus aureus. Adicionalmente, estas micelas poliméricas também mostraram ser capazes de
prevenir o crescimento de biofilme bacteriano a concentracdes superiores aos valores de concentracédo
minima inibitoria (MIC). Estes resultados apoiam o uso destas micelas poliméricas a base de hialuronato
para melhorar o uso seguro dos péptidos mantendo as propriedades antimicrobianas para administracao

intravenosa.

Palavras-chave: Hialuronato oleico; Nanoparticulas poliméricas; Péptidos de penetracao celular;

Péptidos antimicrobiais
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1. Introduction

1.1. Antimicrobial Resistance

Antimicrobial resistance (AMR), which is the ability of microorganisms to withstand antimicrobial
treatments, is one of most serious health threats of the 215t century, becoming a global public health problem
that requires action across all government sectors and society (1). Among all microorganisms, bacteria are
the most concerning group, as recent estimates based on data from EARS-Net (European Antimicrobial
Resistance Surveillance Network) show that each year, more than 670 000 infections occur in the European
Region due to an infection with a resistant bacterial strain (2). These numbers are continuously increasing as
bacteria continue to develop resistance to available antibiotics, and the amount of deaths associated with
such infections is expected to reach 10 million deaths worldwide by 2050 (2,3).

AMR is a natural microbiological phenomenon. Over the course of billions of years, bacteria have
developed mechanisms to fight for their survival. Misuse of antibiotics, non-prescription use of antibiotics,
skipping doses, saving and sharing antibiotics, could contribute to the development to resistant bacteria by
exposing the pathogens to sub-inhibitory antibiotic concentrations (4,5). When exposed to such low antibiotic
concentrations, bacterial resistance can occur through a decrease in the drug permeability, biofilm formation,
active efflux pumps, and even immune-evasive tactics, among other mechanisms (5,6).

The Infectious Diseases Society of America has highlighted a faction of antibiotic resistant bacteria
(Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii,
Pseudomonas aeruginosa and Enterobacter spp.), pathogens also known by the acronym ESKAPE (7,8).
These pathogens are a particular threat, as they quickly develop resistance to effectively “escaping” a large
number of antibacterial drugs, including carbapenems and third generation cephalosporins, which are
currently the best available antibiotics for treating multidrug resistant bacteria (9,10). Since 2017, only eight
new antibiotics have been approved (11). However, these mostly belong to known antibiotic classes and thus
are not entirely new entities. There were, in 2019, 50 antibiotics and combinations, as well as 10 biological
drugs in clinical trials (11). Despite public investment in the development of antibacterial agents has increased
in recent years, the current pipeline remains insufficient (11). In fact, the average progression rates, the
clinical development duration and the high cost of clinical trials has led several pharmaceutical companies
to ditch R&D in new antimicrobials (12). Without effective antibiotics, the success of surgical procedures such

as organ transplants and caesarean sections or even chemotherapy will be compromised, resulting in
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prolonged hospital stays and increased mortality (5,13). Over the past decades, the World Health Organization
has been leading multiple initiatives to address antimicrobial resistance, giving technical assistance to help

countries develop their national action plans, and reinforce their health and surveillance systems.

1.2. Novel therapies against antimicrobial resistance

With the scarce development of new antibiotics (11), researchers around the world also focus on
addressing the issue of antimicrobial resistance with different approaches. Application of novel therapies,
such as combination therapy using different antibiotics and/or antimicrobial adjuvants, bacteriophages and
photodynamic therapy, antimicrobial peptides (AMPs), antibacterial antibodies, phytochemicals and
nanoparticles as antibacterial agents are being studied and applied in clinical environments (14-16).

The combination therapy helps in overcoming the vulnerabilities of the existing antimicrobials by
supplementing them, either with other antibiotic or with adjuvants targeting important metabolic pathways
(permeabilizers, lactamase inhibitors, efflux pump inhibitors, quorum sensing inhibitors, toxin inhibitors etc.)
(14). Other kinds of entities that could also be used in combination therapies are the non-antibiotic agents
that exhibit antimicrobial activity via multiple and different mechanisms of action, such as non-steroidal anti-
inflammatory drugs, local anaesthetics or phenothiazines (17). Bacteriophages, viruses that specifically infect
bacteria through recognition of a cell surface receptor, present one of the most attractive alternatives to
combating antimicrobial resistance with already some preparations commercially available (4,14). Stafal
(Bohemia Pharmaceuticals, Slovakia), Sextaphage (Microgen, ImBio Nizhny Novgorod, Russia) and Pyophage
(Georgian Eliava Institute of Bacteriophage, Microbiology, and Virology) are formulations against multi-drug
resistance pathogens (14). The major problem with this therapy is that is confined only to certain parts of the
globe (16). Additionally, reports have shown that bacteriophages may induce biofilm formation in some
bacteria (18).

In addition to the growing concern in searching and evaluating the clinical potential of the alternative
therapies mentioned above, research on combinatorial approach is also becoming more attractive.
Nanotechnology has already shown great potential in the antimicrobial field, with more than 10 nanoparticle-
based products marketed for the bacterial diagnosis, antibiotic delivery and medical devices (19-21). With
unique but diverse physicochemical characteristics, nanomaterials can also be used in combination with
different antimicrobial strategies for more specific targeting approaches. Nanomaterials can work as delivery

systems for existing antimicrobial agents, or by taking advantage of their possible antimicrobial properties
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(22-24). The present work aims to evaluate whether a synergetic effect, higher bioavailability and enhanced
antimicrobial properties can be obtained using hyaluronic acid-based (HA-based) nanoparticles to delivery

cell penetrating peptides (CPPs) with antimicrobial properties.

1.2.1. Membrane active peptides

Membrane active peptides (MAPs) are a highly diverse group of natural or synthetic peptides, with the
ability to interact with biological membranes due to their physicochemical properties (25,26). AMPs and
CPPs, both usually short and positively charged, belong to the MAP family but differ in their biological
functions (27). CPPs have the ability to cross cell membranes and deliver macromolecular cargo, while AMPs
are able to kill or inhibit the growth of bacteria (28). Their function depends on the lipid composition of the
target membrane (29), on their secondary structure, amino acid sequence and even concentration
(25,27,28). Because of their different functions, CPPs and AMPs have been separated for a long period, but
recent investigations have shown that there are many MAPs with dual functionality, specifically antimicrobial
and cell-penetrating properties (25,30-33). This brings to attention the exciting possibility of using CPPs, a
group of peptides previously explored only for their permeation enhancement properties, as antimicrobial

agents, effectively broadening the amount of potential new antibiotics.

1.2.1.1. Antimicrobial Peptides

AMPs are a diverse class of naturally occurring antibiotics that have been studied over the past decades
and that are associated with a reduced risk of resistance development (34). AMPs are part of the innate
immune system of all living organisms, representing an ancient host defence mechanism against a wide
range of pathogens, including bacteria, viruses, fungi yeast and protozoa (34,35). These peptides are usually
short, typically < 50 amino acids (AAs), (36-39) cationic and amphipathic, with hydrophobic percentages
between 31 — 70% (35,40-42). AMPs have a beneficial range of functions: from killing bacteria to immune
modulation (43-45), prevention of biofilm formation (24), as well as anticancer (39) or antiviral properties
(47). These activities are dependent on the AMPs structural characteristics and amino acid sequence, for
example, the initial interaction with the negatively charged membrane surface of the bacteria is mainly
attributed to the positive charge of the AMP (40,42,48). Although many different modes of action have been

described for AMPs, all rely on electrostatic interactions between the peptide and the bacterial cell membrane
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and subsequent destabilization and permeabilization of the cells. This mode of action is very efficient,
reducing the bacterial ability to develop resistance, as the metabolism of the peptides is not required for
antimicrobial action since most of them act by disrupting the cell membrane without needing a receptor
(14,42,49). Another key characteristic of AMPs that influences activity is the peptide hydrophobicity, which
is capable of modulating the antimicrobial efficiency and influencing toxicity towards mammalian cells (42).
Despite the multiple beneficial characteristics of AMPs as antimicrobial therapeutics, there are some
disadvantages associated with these peptides that need to be addressed. These include low stability due to
chemical and biological degradation, unfavourable pharmacokinetics, rapid clearance, as well as hemolytic
toxicity due to higher cationic charges and cytotoxicity when very hydrophobic peptides are used (40,42,50-
52).

1.2.1.2. Cell penetrating peptides

Initially, this group of peptides were known as protein transduction domains, a specific amino acid
sequence present in some proteins and necessary for the internalization into the cells to occur (26,33). The
first identified sequences were tat (GRKKRRQRRRPPQ) from the HIV-1 transactivator of transcription protein
(53) and penetratin (RQIKIWFOQNRRMKWKK) from the Antennapedia homeotic transcription protein (54).
Since then, almost 2000 CPPs were identified and intensively studied and compiled in the online database
CPPsite 2.01 (55). CPPs are defined as predominantly cationic and with short sequences of up to 40 AAs,
capable of internalizing cargos into living cells in a non-destructive manner by various passive and active
mechanisms (31,56). Because of this ability, CPPs can facilitate the delivery of diverse therapeutic
biomolecules and enable access to intracellular targets with low cytotoxicity (31,55-58). It was demonstrated
in vitro and in vivo that CPPs are capable of efficient cellular import of peptides (59), proteins (60), nucleic
acid (61-63) (pDNA, siRNA, miRNA), small molecule drugs (64), fluorophores (65), hard nanoparticles
(66,67) as well as soft nanoparticles, such as liposomes (68) or micelles (69). CPPs show a great variety in
terms of amino acid composition and 3D structure, resulting in different modes and levels of uptake.
Endocytosis and direct translocation through the cellular membrane are the major uptake mechanisms, that
depend on the cell line, the cargo type, CPP concentration and even the way the cargo is attached to the

CPP, covalently or non-covalently (70).

L http://crdd.osdd.net/raghava/cppsite/
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Although several different criteria have been proposed for the classification of CPPs, these peptides
can be simply categorized into 3 main classes according to their physicochemical properties, as hydrophobic,
cationic, amphipathic peptides (26,31,71). Hydrophobic CPPs are the least numerous sub-class, containing
mainly peptides with nonpolar residues, which results in a low net charge (26,71). Despite being a poorly
studied class, it's known that these hydrophobic motifs and their high affinity for hydrophobic domains are
crucial for cellular internalization (71). It was even proposed that this group of peptides could spontaneously
translocate, in an energy-independent manner, across membranes (72). The cationic class comprises
peptides with a positive net charge at physiological pH, known to be essential for cellular uptake (71). Besides
the overall high content of cationic AAs, specifically arginine and lysine, there is typically one or more non-
polar amino acid, such as tryptophan present in the sequence that is important for high internalization
efficiency (73,74). The importance of hydrophobic AAs has been previously shown using penetratin (Pen) as
the model peptide. When the tryptophan in the 14™ position was replaced with phenylalanine, the peptide
internalization into neuronal cultures was hampered (75).

Amphipathic CPPs can be divided into primary and secondary amphipathic peptides based on their
sequence, length and association with lipids (26,76). The main difference is that the secondary amphipathic
CPPs are not structured in solution, but upon membrane interaction, they adopt a-helix structure or a 8-
strand structure separating hydrophilic and hydrophobic residues in different sides of the amphipathic
conformation (26,71,76). Changing the positions of tryptophan residues, like in case of PenetraMax (Pmax)
represented in Figure 1, a Pen analogue, allows higher conformation flexibility and facilitates its insertion
into the lipid bilayer (77,78). A balance between these properties are important to the biological function of
a peptide, for example, cationic CPPs will preferentially interact with very anionic membranes, such as
bacterial membranes, over eukaryotic membranes, which have an overall more neutral charge (34,48,79).
Furthermore, the degree of interaction between the peptide and the membranes is differentiated by secondary
propensities and by the amphipathicity of the peptide (80,81). These findings have prompted further

investigations into possible antimicrobial properties of these peptides.
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Figure 1 - The secondary structure of the CPP L-Penetramax. Created with PyMOL Molecular Graphics System with the structure
provided the online database CPPsite 2.0 entry with ID 2127.

1.2.1.3. CPPs with antimicrobial properties

CPPs and AMPs share many key characteristics, namely, as described above, a strong positive net
charge with a proportion of hydrophabic residues, a short length and a well-defined secondary structure while
interacting with membranes. Due to these similar features, some CPPs and AMPs were investigated for
antimicrobial and cell-penetrating properties, respectively (32,33). The shortage of new antibiotics has
prompted the interest in AMPs, however, there is also huge potential for investigating CPPs due to their
structural similarities with AMPs. Some examples of CPPs with antimicrobial properties are Pen, Tatss-60
(67,82), Pep-1 (83), pVEC (30,84) and TP10 (30). Most of this research will focus on determining the
antimicrobial activity of some analogues of Pmax, therefore, this section will focus particularly on the
antimicrobial properties of Pen’s analogues (Table 1) (85-88). The variability of the Pen’'s MIC (minimal
inhibitory concentration) could be explained by differences between strains, inter-laboratory differences and
differences in environmental conditions, such as slight differences in media used, set-up conditions or
incubation time/temperature (89).

Bahsen et al. reported a general tendency of higher antibacterial activity against Gram-negative over
Gram-positive bacteria for most of the analogues studied. Furthermore, the researchers showed that a higher
content of arginine enhanced the antibacterial effect, but the therapeutic index is less favourable, due to
significantly higher cytotoxicity (85). These differences between lysine-rich and arginine-rich peptides have

been well investigated, despite that, both are equally charged at physiological pH, the guanidium group of
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arginine has the ability to function as a donor of two hydrogen bonds compared to the single-bond donation
of lysine. This facilitates a stronger interaction between arginine and the membrane phospholipid or
glycosaminoglycan (GAG) components (90,91). The substitution of methionine by leucine showed to reduce
the risk of spontaneous oxidation of the peptide (92), but despite the similar antimicrobial activity, the
cytotoxicity and hemolytic toxicity are slightly higher (85). Furthermore, the Nielsen group also compared the
activity of L-Pen and D-Pen, which revealed that cell membrane integrity was more disrupted after exposure
to the D-form (93). These results are consistent with the previous reports that showed an increased

antimicrobial activity can be achieved by changing a peptide from L- to D- form (94).

Table 1 - Antimicrobial activity of Pen and its analogues *tested in Mueller Hinton Broth, **tested in Peptone broth and ***tested
in other media towards 2 £, coli ATCC 25922, 2 S. aureus ATCC 33591, ¢ £. c0/i363, 9 S. aureus, © E. coliKCTC 1682, f S. aureus
ATCC 29313, 9 P. aeruginosa KCTC 1637 and M S, aureus KCTC 1621.

Peptide MIC (uM)
Sequence Reference
abbreviation Gram-negative Gram-positive
32 64 " (85)
>100 ¢ >1009™ (87)
Pen RQIKIWFQNRRMKWKK-NH, - -
2°¢ 28 f (86,88)
49" 1h (88)
PenLeu RQIKIWFQNRRLKWKK-NH, 32 64 b (85)
PenArg RQIRIWFQNRRMRWRR-NH, 8 160 (85)
PenlLys KQIKIWFQNKKMKWKK-NH, 64 & 256 b* (85)
Penl3 KIWFQNRRMKWKK-NH, 128 & 256 P (85)
Pen13Arg RIWFQNRRMRWRR-NH, 32 320" (85)
Penl13Lys KIWFQNKKMKWKK-NH, 256 256 b* (85)
Penl10 FONRRMKWKK-NH, >256 2" >256 (85)
PenShuf RWFKIQMQIRRWKNKK-NH, 32 64 9" (85)
PenShuflLeu RWFKIQLQIRRWKNKK-NH, 32 160" (85)
PenShuflLyslLeu KWFKIQLQIKKWKNKK-NH, 32 320" (85)
PenShufArglLeu RWFRIQLQIRRWRNRR-NH, 16 160" (85)

-18-



The CPP Pmax has been identified as the most promising Pen analogue due to its cell penetrating
properties, however, the antimicrobial effects of this peptide were not evaluated. Kamei et al. and Khafagy et
al. reported that Pmax, both L- and D- forms, greatly increase the intestinal and nasal absorption of insulin
and without signs of inflammation, immunogenicity or toxicity /7 vifroand in vivo (95-99). Pmakx, in L- and D-
form, as well as lipidated versions of this peptide, are also currently being studied by the Nielsen group for
their membrane disrupting and uptake enhancement properties (unpublished). Iwase et al. showed that D-
Pmax can enhance the nasal absorption of IFN-[3, reporting no damage to the epithelial membranes (100).
The switching of the arginine residue on the N-terminus and lysine residue on the C-terminus can explain the
significant improvement of the cell-penetrating properties. The specific AA position of both hydrophobic
tryptophan residues could also play an important role to act as a carrier (101). Additionally, conjugation of a
C10 lipid chain to Pmax significantly enhanced permeation of insulin across intestinal cells (102,103). Pmax
seems to be an enhancement of the cell-penetrating properties of Pen (104) but the antimicrobial activity of
this peptide as well as from its D-form and lipidated analogue is still unknown and will thus be evaluated in

this project.

1.2.2. Nanocarriers for delivery of peptides

Despite the therapeutic potential and ongoing commercialization of peptides (105), there are still
multiple challenges to overcome in order to allow their clinical use. The major obstacles are their chemical
and physical instability (105-108). Chemically instability of peptides includes the formation or cleavage of
covalent bonds, generating new chemical entities, via hydrolysis, oxidation, deamidation, racemization and
among other chemical reactions. In the same way, physical instability refers to conformational changes, such
as dimerization, which could result in denaturation, adsorption to surfaces, aggregation or precipitation
(105,106). As a result of low stability, delivering peptide drugs to a specific therapeutic target is also
hampered by its rapid renal clearance, short half-lives in the bloodstream, reticuloendothelial system
recognition and off-target binding (106). For example, the infected tissue is often characterized by high
proteolytic activity, mediated by both bacterial and human defence proteases, therefore resulting in a rapid
peptide degradation and antimicrobial activity loss (109). A promising tool to overcome the restraints
described above is the immobilization of these peptides into nanocarriers, a nanomaterial-based drug delivery

system (Figure 2).
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Metal nanoparticle Lipid micelles Mesoporous nanoparticle Polymeric nanoparticle

Liposomes Denditric system Hydrogel

Figure 2 - Examples of nanomaterial-based drug delivery systems based on the results described in (19,40,109). Created with
BioRender.com

Inorganic particles such as gold nanoparticles (AuNPs) were used as delivery systems of antimicrobial
peptides. Alteriis et al. characterized the synthesis of AuNPs functionalized with the AMP indolicidin, a broad
spectrum antibiotic (110). These conjugates, compared to the AuNPs and indolicidin alone, shown higher
efficacy destroying biofilms formed by Candlida albicans during in vifro experiments, possibly due to the fact
that the peptide is protected from enzymatic degradation (110). Silver nanoparticles (AgNPs) are another
example of metal nanoparticles used to deliver AMPs, which enable the combination of the antibacterial effect
of silver with the effects of AMPs. Pal et al. described a higher antimicrobial activity of AgNPs functionalized
with Andersonin-Y1, compared to the sum of the activities of the peptide and the nanoparticles taken
individually, against the multidrug resistant strains Alebsiella pneumoniae, P. aeruginosa, and Salmonella
typhimurium (111). Researchers have also tried to use carbon nanotubes (CNTs) for delivery of AMPs. Sur
et al. that proved that indolicidin-CNTs conjugates could induce complementary innate immune gene
activation and protect the host cells with a lower concentration than free peptide (112). Other promising
inorganic nanocarriers are the silica nanoparticles (SiNPs), anionic mesoporous SiNPs have been employed
to partially reduce proteolytic degradation of the loaded peptide LL-37 (113). However, positively charged
mesoporous SiNPs can also cause hemolytic effects against human erythrocytes (113). Despite the
therapeutic potential, inorganic nanoparticles have some drawbacks like metal toxicity, low degradability,

expensive production as well as problems related to their stability and storage (114,115).
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Soft polymeric nanoparticles, such as liposomes, nanogels or micelles suspended in a polymer matrix
are also often used as nanocarriers for AMPs. Biodegradable polymers are particularly desirable for the
encapsulation of AMPs, as their amphiphilic nature allows for a high drug loading (116). Loading AMPs into
liposomes is a desirable strategy to prevent cytotoxicity associated with the direct use of AMPs as well as
enhanced stability and bioactivity (117). Importantly, liposomes usually have to be coated with biocompatible
polysaccharides (such as pectin, polygalacturonic acid and chitosan) or with polyethylene glycol to inhibit
future aggregation and peptide release during storage, improving their stability (118,119). Pu et al. reported
on the improved antibacterial and antibiofilm properties of chitosan-coated liposomes loaded with Apepl10
towards Listeria monocytogenes (120). Liquid crystalline systems, such as cubosomes or hexosomes, have
also been used to improve the AMP stability by reducing direct accessibility of proteolytic enzymes, but also
resulted in decreased bactericidal activity (121,122).

Currently, (bio)polymeric nanoparticles have the greatest potential as carriers or agents for delivery of
antimicrobial drugs due to their biocompatibility and biodegradability, their sustained release, chemical
stability and their easy binding with the microbial cell wall (123). This is a class of nanocarriers that can be
formed by an enormous diversity of polymers and consecutively a lot of interesting forms of matrices. Some
of the most recent examples include polymers such as polylactic-co-glycolic acid (PLGA), polyethylene glycol
(PEG), chitosan, hyaluronic acid, hyperbranched polyglycerol (HPG). These polymers are used extensively in
drug delivery, where they function as drug carriers across the bacterial membrane, and when inside the cell
membrane, they disintegrate and release the drug to its specific target site (124). Casciaro et al. developed
PLGA nanoparticles to deliver esculentin-1a-derived AMP in cystic fibrosis patients presenting £. aeruginosa
infection, and reported an improved vehiculation and antibacterial activity, both in vitro and in vivo (125).
Almaaytah et al. studied the delivery of the RBRBR ultrashort AMP encapsulated into chitosan NPs, which
proved to be able to reduce the toxicity of the free peptide and increased antibacterial activity (126).

Nanofibers are another kind of polymeric nanocarrier for AMPs’ delivery. In the field of food safety
applications, Soto et al. loaded the nisin cyclic AMP into amaranth protein isolate-pullulan (API-PUL)
nanofibers, a formulation that proved to have bactericidal activity against Sa/monella typhimurium, Listeria
monocytogenes, and Leuconostoc mesenteroides, with a progressive release profile protecting nisin from
degradation (127).

Finally, polymer-based hydrogels or nano-hydrogels (nanogels) are very promising as a drug delivery

system because of their high loading capacity, high stability and responsiveness to micro-environmental
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factors, such as pH, temperature and ionic strength. Additionally, the polymer functional groups can be easily
modified with various targeting moieties to a specific delivery, allowing a stimuli-controlled release (128).
Cleophas et al. investigated the design and synthesis of bactericidal PEG-based hydrogel coatings with
covalently attached variants of HHC10 (H-KRWWKWIRW-NHZ2), an AMP develop for optimal stability in human
serum while retaining strong antimicrobial activity against S. aureus and S. epidermidis (129). The final
formulation proved to be a potent bactericidal while at the same time exhibited lower hemolytic toxicity. Water
et al. studied the encapsulation of the AMP novicidin into an octenyl succinic anhydride-modified analogue of
HA nanogel, with features that could be tuned by changing its preparation parameters (130). Nanogels
revealed good stability with a maximum of 36% of peptide load, which was completely released after 14 days.
Furthermore, the encapsulation of novicidin into HA-based nanogels decreased the toxicity of the free peptide
against HUVEC and NIH 3T3 cells, without losing antimicrobial activity against £. coli and S. aureus. The
excellent biocompatibility, biodegradation and non-immunogenic properties and its unique viscoelastic nature,
explains why this polymer is a better choice for medical applications compared to synthetic polymers. HA has
been used extensively over the years and drug delivery research (109,128,131) has resulted in many new
HA-based carriers. The HA-based delivery systems developed for the delivery of AMPs are explored in the next

section since HA will be the polymer base chosen to prepare a delivery system in this work.

1.2.2.1. Hyaluronic-based nanoparticles

HA is a naturally occurring glycosaminoglycan, a linear polysaccharide composed of repeating
disaccharide units of D-glucuronic acid and N-acetyl D-glucosamine linked by ((1,4) and [3(1,3) glucosidic
bonds (132). As a natural polyanionic polysaccharide, biodegradable and biocompatible, this polymer
represents an excellent starting material for the design of a delivery system (133,134). This polymer can also
be easily modified to alter or enhance its properties, being extensively used for a range of medical
applications. Due to its high negative net charge and hydrophilicity, it is excellent to encapsulate short cationic
peptides (135). Additionally, delivery of AMPs using HA-based nanocarriers could result in a synergetic effect,
although the HA antimicrobial activity is not clear. Ardizzoni et al. suggested a bacteriostatic effect of HA, but
is highly dependent on its concentration and molecular weight as well as on the bacterial species (136).

As a hydrophilic polymer, HA does not self-assemble on its own and needs to be modified with
hydrophobic moiety to assemble into a drug delivery system. It has been demonstrated that hydrophobized

hyaluronan can form micelle-like structures (134,137). HA has a large number of reactive functional groups
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that can be modified allowing a structural and functional diversity of HA-derivates. Although these HA-derivates
may be significantly different from the native form, most maintain its biocompatibility and biodegradability
(138).

Silva et al. developed a self-assembling HA-nanogel grafted with the hydrophobic 11-amino-1-
undecanethiol, encapsulating the AMP LLKKK18 to investigate it as an anti-tuberculosis formulation (139).
Peptide incorporation into the HA-nanogels was found to result in increased peptide stability and reduced
cytotoxicity. Additionally, these nanogels were found to be effectively internalized by macrophages. This
resulted in a significant reduction of the mycobacterial load in macrophages infected with either
Mycobacterium avium or Mycobacterium tuberculosis. In vivo, intra-tracheal administration of the peptide-
loaded nanogels reduced infection levels significantly, after just 5 or 10 every other day administrations.
Nanogels composed of octenyl succinic anhydride-modified 50 kDa HA have previously been shown to
improve antimicrobial activity of a peptide mimetic and reduce its cytotoxicity /7 vifro (140). It reduced, as
well as, the /n vivo toxicity of an antibiofilm peptide after subcutaneous and intravenous administration,
without affecting the antibiofilm activity of the peptide (141). The same delivery system showed to reduce the
toxicity of the peptide DJK-5, maintain its antimicrobial activity and provide an additional immunostimulatory
effect (141). The release from these HA-based nanogels occurs within 5 h in a blood isosmotic medium (141)
meaning it cannot be used for a sustained release of the peptide. Many researchers have also used
cholesterol-modified HA (142,143) and many other different lipid chains (133,134,144) to develop self-
assembling delivery systems with promising features.

Smejkalova et al. proved that lipid-modified HA nanocarriers enhanced skin permeation of the loaded
compounds into deeper epidermal and dermal layers (133). A lipid that has shown potential for antimicrobial
activity effects as an absorption enhancer and synergistic effects with other delivery systems is oleic acid
(145-148). The incorporation of this C18 lipid into HA-based polymeric micelles improved /n vifroand /in vivo
bioactivity of the payload (133). Additionally, these micelles have shown to be stable after incorporation in
cream preparations, representing a great potential for topical delivery systems (133). The incorporation of
oleic acid into a delivery system has previously shown to result in fluidization of bacterial cell membrane and
subsequently increase membrane permeability to the drug (146). As a result, this work will use the polymer

oleic-grafted hyaluronan (OL-HA) to encapsulate the cell penetrating peptides.
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1.2.2.2. Design considerations for antimicrobial application

There are important design considerations that should be taken into account when developing efficient
nanocarriers. These include the physicochemical properties of the desired vehicles such as size, surface
charge, hydrophobicity and shape. Other factors like encapsulation efficiency (EE) and release profile should
be determined based on the intended route of administration and desired target activity. With the right
characteristics, these nanocarriers offer an improved strategy to increase the therapeutic index, by decreasing
the dosage and frequency of administration (19). Nanovehicles may also improve intracellular drug delivery
and targeted organ accumulation, mitigating the development of drug-resistant bacteria and reducing
systemic side effects and immunosuppression (4).

At infection sites, the release and accumulation of bacterial components are known to trigger multiple
inflammatory mediators that increase vascular permeability (149,150). The features of bacterial infections
make passive size-mediated targeting possible, due to the enhanced permeation and retention (EPR) effect,
similar to what happens in solid tumour tissue (151). Additionally, the impaired lymphatic drainage system
has also been reported in bacterial infections, which can contribute to nanoparticle accumulation at the
infection sites (152). Size is one of the key features, usually the nanoparticles have to be smaller than 600
nm to favoured by the EPR effect and bigger than 10 nm to avoid extravasation into healthy tissues (153,154).
In general, the transport across the vasodilated vessels increases with the decreasing of the nanoparticle
size, however, it has to be large enough to ensure retention at the infection site. Considering an intravenous
administration route, the nanoparticle size should be smaller than 200 nm to avoid its clearance from the
bloodstream and accumulation in the liver and spleen (155,156). Additionally, deformable particles such as
micelles or nanogels are more desirable than solid ones due to their ability to extravasate into infected tissue
(157). Another important feature is the nanoparticle surface charge. Although cationic nanoparticles can
improve bacterial targeting due to their electrostatic interactions with the anionic surface charge of bacteria
(152), the cationic charge is also associated with increased toxicity towards mammalian cells and binding to
serum proteins, which effectively disables the peptide or particle activity. As a result, anionic nanoparticles
are more desirable as they have shown to reduce local inflammation (158) and are associated with lower
toxicity compared to cationic particles (159). Finally, in order to eradicate bacterial infections efficiently, fast
release from the nanocarrier is desirable, as it will expose the bacteria to high peptide concentrations allowing
efficient bacterial eradication. In contrast, a slow and controlled release may contribute to AMR by exposing

the bacteria to very low antimicrobial concentrations.
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2. Hypothesis and aims

It is hypothesized that the CPPs Pmax, both L- and D- form and also a lipidified form (Syn 2) can in
fact possess antimicrobial activity, and that can be encapsulated into HA-based micelles in order to minimize

their toxicity and improve their therapeutic effect.

Aim _1: Develop and optimize the formation of anionic, hydrophilic polymer micelles of <200 nm

prepared using OL-HA for encapsulation and fast release of the abovementioned CPPs.

Aim_2: Evaluate the physiochemical characteristics of the micelles: diameter, zeta potential (ZP),

morphology, encapsulation efficiency and release profile.
Aim 3: Assess the cytotoxicity and the antimicrobial activity of the abovementioned CPPs and loaded

micelles against £scherichia coli, S. aureus and P. aeruginosa, three of the most dangerous ESKAPE

pathogens.
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3. Materials and methods

3.1. Materials

Sodium oleyl hyaluronate (5-20 kDa, 5-15% degree of substitution) was purchased from Contipro (Dolni
Dobrou¢, Czech Republic). Standard salts and buffers, Mueller-Hinton broth (MHB), Dulbecco's Modified
Eagles Medium (DMEM), crystal violet, were obtained from Sigma-Aldrich (St. Louis, MO, USA). L-Pmax
(KWFKIQMQIRRWKNKR), D-Pmax (kwfkigmgirrwknkr) and Syn 2 (KWFK(capric acid)lQMQIRRWKNKR) were
synthesized and purified to >95% by Synpeptide (Shanghai, China) and stored lyophilized until use. Analytical
grade solvents for HPLC analysis were purchased from Merck (Darmstadt, Germany). Horse red blood cells
(RBC) were provided by Statens Serum Institut, Copenhagen, Denmark. Ultrapure water for sample
preparation or analysis was obtained from a PURELAB® flex 4 (ELGA LabWater, High Wycombe, UK). £. coli
ATCC 25922, P. aeruginosa PAO1 (reference strain) and S. aureus 15981 (clinical isolate strain) were

provided by the Institute of Immunology and Microbiology, University of Copenhagen.

3.2. Preparation of the polymeric micelles

3.2.1. Solvent evaporation method

The micelles were formed by preparing an emulsion with a ratio of aqueous phase to organic phase of
1:1, as described before (137). The aqueous phase was prepared by mixing the same volume of the polymer
OL-HA solution (2 mg/mL) and the peptide solution in different concentrations (200, 600 and 1000 ug/mL).
Subsequently, 2-propanol (2-PrOH) at 100% was added as the organic phase. The final emulsion was then
vortexed at approximately 400 rpm and placed on a rotary evaporator (Laborota 4011 digital, Heidolph,
Schwabach, Germany) at 40 rpm until the glass flasks were completely dried at room temperature. The thin
film was then rehydrated with ultrapure water, the same volume as the initial agueous phase, for

approximately 1 h on the rotary evaporator (with the vacuum pump turned off) at 80 rpm.

3.2.2. Probe-sonication method

First a 1:1 aqueous phase: organic phase emulsion was prepared as described previously. The
emulsion was vortexed and sonicated using a Missonix S-4000 ultrasonic sonicator for 5 min (3 s on and 2
s off) with an amplitude of 60%. The temperature was controlled using ice. The solution was then left

evaporating in the fume hood with agitation, and samples were taken out after 60, 90 and 120 min. An
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independent replicate was also left to evaporate overnight and another evaporated using the rotary evaporator,
as controls to ensure complete evaporation. The samples were also rehydrated before the Zetasizer

measurements.

3.2.3. Microfluidic method

The polymeric micelles were also produced by microfluidics assisted self-assembly, using a previously
described microfluidic chip design (160), which were stored at room temperature before use. OL-HA and
peptide aqueous solutions were loaded in three syringes (Hamilton, Reno, NV, USA) and mounted on two 11
Elite syringe pumps (Harvard Apparatus, Holliston, MA, USA) to control the flow rates. The peptide solution
was injected into the centre stream of the microfluidic chip and the polymer solution into the outer streams
(9:1 v/v). To prepare empty OL-HA micelles the peptide solution was replaced by ultrapure water. This setup
is outlined in Figure 3. The initial polymer concentration used was 1.1 mg/mL (in ultrapure water or 2-
PrOH) and the peptidomimetic to polymer ratio was 0.1 and 0.3, tested at the low (2.2 mL/min) or high (11
mL/min) flow rate according to the parameters previously tested (140). The experiment was performed at
room temperature and 4 °C. The samples containing 2-PrOH were measured before and after evaporation

using the Zetasizer.

Empty OL-HA [H:0 OL-HA solution:
1) in H.0

OL-HA(L-Pmax)|L-Pmax Solution|2) in 2-PrOH

Figure 3 - Microfluidic setup for micelles preparation. The schematics show the channels available in the microfluidic system as

well as the solutions utilized in each of the channels. Created with BioRender.com
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3.3. Size and Zeta potential measurements

The average micelles size and polydispersity index (PDI) were obtained by dynamic light scattering
(DLS) and micelles zeta potential (mV) was calculated by electrophoretic mobility. These measurements were
performed at 25 °C in miliQ water and with an angle of 173° using a Zetasizer Nano ZS (Malvern Instruments,
Worcestershire, UK) equipped with a laser beam at a wavelength of 633 nm. The data were acquired and

analysed using Malvern Zetasizer software version 7.12.

3.4. Polymeric micelles imaging

The polymeric micelles were visualized using transmission electron microscopy (TEM) by negatively
staining with uranyl acetate. A carbon-coated grid was glow discharged, after which 3 uL of nanoparticle
dispersion was deposited on the surface. After air drying it for 1 min, 3 uL of 0.5% w/v uranyl acetate solution
was added, 2 min after the grid was rinsed once and blotted with filter paper. Afterwards, samples were
visualized using a CM100 (a) TWIN microscope (Philips/FEl, Hillsboro, OR, USA). The size of the micelles

was measured using Image J software (161).

3.5. Peptides encapsulation efficiency

To determine the encapsulation efficiency (EE) of the peptides in OL-HA micelles, the amount of
residual peptide in the aqueous bulk phase after particle production was measured. The micelles dispersions
(200 L) were centrifuged at 500 000 g for 30 min to obtain a particle-free supernatant (50 uL). Quantification
of EE was performed three times as triplicates on three separate days. Calculations of EE are based on the

total amount of peptide used to prepare each batch (Equation 1).

Theoretical conc. B _ Measured conc. He
mL mL

Theoretical conc. He
mL

EE% = x 100% (1)
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3.6. Peptides release from polymeric micelles

The release studies were performed in HEPES buffer (10 mM, pH 7.4) with the ionic strength adjusted
to 150 mM NaCl. Briefly, the polymeric micelles were diluted in miliQ water, added to a dialysis device
(Spectra-Por® Float-a-Lyzer® G2, MWCO 100 kDa, Spectrum Labs, Breda, the Netherlands) and placed in
the release buffer, with stirring at 225 rpm, approximately. The temperature was maintained at 37 °C in an
incubator throughout the 96 h of the assay. At each time point, 50 uL were withdrawn from the outside of
the membrane and replaced with release buffer, maintaining sink conditions. The cumulative peptide release
(%) was calculated according to Equation 2, where Ve is the volume release media removed each time
point, Vo is the total volume of the release media (19 mL), Ci is the peptide concentration in the release

media and Mo is the total peptide amount.

: : Vo X171 Ci + VoCy
Cumulative peptide release (%) = x 100% (2)
0

3.7. Peptides quantification

Peptide concentrations were quantified using reverse phase high performance liquid chromatography
(HPLC) on a Shimadzu Prominence HPLC system (Kyoto, Japan) using a Kinetex XB-C18 column, (50 x 2.1
mm, 2.6 um, Phenomenex, Torrance, CA, USA) measuring the absorbance at 218 nm. The mobile phase
consisted of eluent A [95% (v/v) acetonitrile: water] and eluent B [5:95% (v/v) acetonitrile: water], both
containing 0.1% (v/v) TFA. Samples were run with a gradient of 0 — 80% eluent B over 13.50 min at 0.8

mL/min at 40 °C. A calibration curve was performed beforehand.

3.8. Cellular viability

Cellular cytotoxicity was determined by using the MTS/PMS assay. HepG2 cell line was cultured in
treated flat-bottomed 96-well MicroWell™ plates (NUNC, Roskilde, Denmark) at a seeding density of 3 x 10°
cells/well under standard culturing conditions (37 °C, 5% COz2, humidified air). DMEM supplemented with
penicillin (100 U/mL), streptomycin (100 ug/mL), L-glutamine (2 mM), sodium pyruvate (1 mM), non-

essential amino acids (1% v/v), and FBS (10% v/v) was used. HUVEC and Caco-2 cell lines were cultured in
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collagen-coated flat-bottomed 96-well MicroWell™ plates (NUNC, Roskilde, Denmark) at a seeding density of
3 x 10° cells/well in DMEM supplemented with penicillin (100 U/mL), streptomycin (100 pg/mL), L-
glutamine (2 mM), non-essential amino acids (1% v/v), and FBS (10% v/v) under standard culturing conditions
(37 °C, 5% CO2, humidified air).

The cells were grown until confluency of 80-90% before use. On the day of the experiment, cells were
washed twice with Hanks Balanced Salt Solution (HBSS) (Gibco, Paisley, UK), supplemented with 10% (w/v)
HEPES (AppliChem, Darmstadt, Germany), the buffer that was also used throughout the assay. The free
peptides and the loaded micelles were diluted in HEPES-HBSS with a peptide concentration range 10 — 300
pg/mL and immediately applied to the cells and incubated for 3 h at 37 °C and 50 rpm. The HEPES-HBSS
buffer was used as a negative control, defined as 0% cell death (AbSneg), while 0.2% of Sodium dodecyl
sulfate (SDS) in HEPES-HBSS was used as the positive control, defined as 100% cell death (AbSpos). The
solutions were removed after the incubation period, the cells were washed twice with HEPES-HBSS and 100
WL of MTS/PMS in HEPES-HBSS (240 ug/mL MTS to 2.40 ug/mL PMS) was applied to the cells. The cells
were further incubated (37 °C, 50 rpm) until an absorbance of approximately 0.5 for the negative controls
was reached.

Absorbance was measured on a microplate reader (FLUOstar Omega, BMG Labtech, Ortenberg,
Germany) at 492 nm. Tests were performed in triplicates on two different passages. The relative viability was

calculated according to (Equation 3):

x 100% (3)

AbSsample - Abspos
Viability (%) =
v Absyeg — Abspog

3.9. Hemolytic effect

The lysis of RBCs was determined to evaluate the toxicity of the particles towards erythrocyte. Briefly,
horse RBCs (Statens Serum Institut, Copenhagen, Denmark) were washed twice with 10 mM HEPES-HBSS
pH 7.4 followed by centrifugation at 5 000 g for 5 min. Two-fold serial dilutions of the free peptides or peptide-
loaded micelles in HEPES-HBSS were added to each well in a flat-bottom 96-well plate (Nunc, Thermo
Scientific, NY, USA).
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A 1% (v/v) RBC suspension in HEPES-HBSS was added to each well to reach a total volume of 100 uL
in each well, obtaining final peptide concentration range 5 — 400 ug/mL. The plate was incubated for 1 h at
37 °C, and then the supernatant was transferred to a second well-plate (flat bottom polystyrene 96-well plate
(Nunc, Thermo Scientific)) to measure the absorbance of the released haemoglobin at 414 nm on the plate
reader (FLUOstar Omega). The absorbance after incubation of the cells with 0.2% SDS defined 100%
hemolysis (AbSpos) and the cells incubated with HEPES-HBSS defined 0% hemolysis (AbSneg). The

hemolysis was calculated according to (Equation 4).

Abs — Abs
sample neg % 100% (4)
Abspos — Abspeg

Hemolysis (%) =

3.10. Antibacterial activity

Bacterial growth inhibition of the peptides and peptide-loaded micelles was determined using broth
microdilution, according to Clinical Laboratory Standards Institute guidelines (162). Solutions of the peptides
and the peptide-loaded micelles were prepared in two-fold dilutions in the concentration range of 128 - 1
pg/mL in MHB. 100 uL of each sample was placed in separate wells of a 96-well polypropylene round bottom
plate (Costar Corning®, Vordingborg, Denmark) and inoculated with £. coli S. aureus or P. aeruginosa in log
phase to yield a final bacterial concentration of 2 - 5 x 10° CFU/mL. The inoculated plates were incubated
statically for 20 h at 37 °C in ambient air before visual inspection of growth. The MIC values were determined
as the lowest concentration showing no visible bacterial growth. This assay was performed as two biological
replicates (three technical replicates) on two different days.

For assessment of biofilm prevention activity, peptide and peptide-loaded micelles solutions were
tested as previously described (163). Briefly, 100 L of each concentration was placed into separate wells of
a 96-well polypropylene round-bottomed plate. The wells were then inoculated with £. aeruginosa to yield a
final concentration of 2-5x10° CFU/mL and incubated statically at 37 °C for 20 h. To quantify the formed
bacterial biofilm, the contents of each well were removed and the wells were washed with pre-warmed (37
°C) PBS to remove non-adherent bacteria. The remaining biofilm was stained with 100 uL of the aqueous
solution of crystal violet (1 mg/mL) for 5 min, after which the plates were washed twice with pre-warmed

PBS. The cell-bound crystal violet was dissolved by adding 200 uL of 96% ethanol to each well, and the
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absorbance was measured using a POLARstar Optima spectrophotometer (GMBLabtech, Offenburg,
Germany) at 540 nm. Bacteria grown in absence of peptides or peptide-loaded micelles were used as growth
control. The growth control wells were stained with crystal violet and their absorbance was taken as 100%.
Experiments were performed at least as two biological replicates (three technical replicates each) on two

different days.

3.11. Statistical analysis

For the particle optimization, one replicate was performed for each condition, due to time limitations,
except if, is differently indicated. For the particle characterization, three replicates or more were performed.
For in vitro experiments, three independent experiments were conducted and are presented as mean +
standard deviation (SD). For each graph, the number of technical replicates is indicated by N and mean +
SD where relevant. Statistical evaluations and data modelling of /n7 vifro experiments were performed using
GraphPad Prism 8.4.2 (GraphPad Software, La Jolla, CA, USA). One-way analysis of variance (ANOVA) with
Dunnett’s post-test was carried out to compare the means of different data sets within the loaded micelles

characterization experiments. A value of p < 0.05 was considered statistically significant.
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4. Results and discussion

This project consisted of two main parts: establishment and optimization of the preparation method
for the formation of small OL-HA micelles capable of encapsulating the peptides, followed by evaluation of
the physicochemical properties and /n vitro performance of the formed delivery system. The result section

has been divided accordingly.

4.1. Establishment and optimization of the preparation method for
formation of OL-HA micelles

The preparation method for the formation of the OL-HA based particles was based on the available
literature, in which the particles were prepared by solvent evaporation using 2-PrOH. This method has
previously resulted in spherical micelles, loaded with paclitaxel with about 70 (wt.%) loading efficiency, with
a size range of approximately 60 — 80 nm, determined by Cryo-SEM (137). However, when measured by
DLS, the micelles presented a fully hydrated size almost 10 times larger (137). Another study used chloroform
instead of 2-PrOH for the preparation of these particles, and the hydrodynamic diameter of the loaded
nanoparticles was approximately 200 nm (133). The use of chloroform was disregarded for this study due to
possible residual solvent contamination in the sample that could result in toxicity (164). Additionally, this first
part aim is to optimize and establish the particles preparation method to obtain the desired particle size

(<200 nm) to be administrated intravenously.

4.1.1. Evaluation of emulsion mixing method

Particles composed of OL-HA were initially prepared using the solvent evaporation method as previously
described, with a starting polymer concentration of 10 mg/mL and using 2-PrOH as the organic solvent. A
range of solvent to drug/polymer solution ratios were evaluated to establish the most appropriate ratio for
the formation of small particles. Additionally, the influence of the emulsion mixing method on the formation
of particles was assessed by comparing two methods, namely vortexing and magnetic stirring. The findings
on obtained particle hydrodynamic diameters and PDls are summarized in Figure 4. The results showed
that the particle z-average and PDI slightly decrease when increasing amounts of 2-PrOH and vortexing are

using for particle formation. This effect is more preeminent in the PDI values than in the z-average. Overall,
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the PDI is higher when the emulsions are mixed using magnetic stirring. As a result, vortexing was chosen as
the emulsion mixing method for the following experiments. Both mixing methods resulted in micelles with

smaller hydrodynamic sizes than those reported in the literature (137), which could be due to the lower

measured concentrations or the loaded content.
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Figure 4 - Influence of solvent ratio and emulsion mixing method on particle Z-average (nm) and PDI. Z-average is illustrated in

form of bars whereas the PDI is shown as points connected with a dotted line. Two mixing methods were utilized: Vortex (blue) and

Magnetic stirring (red). N=1.

The role of emulsion mixing method or the ratio of aqueous phase to organic solvent on particle
diameter and PDI needs further investigation. NeSporova et al. reported the encapsulation of curcumin into
OL-HA micelles using magnetic stirring at an unspecified speed to mix the emulsion, which resulted in a
bimodal size distribution with a diameter around 15 - 50 nm and 200 - 300 nm (134). However, the filtration

of the polymeric nanoparticle suspension could explain why smaller micelles were obtained.

4.1.2. Determination of the polymer concentration

In an attempt to reveal the polymer concentration most suitable for the preparation of these particles,
the micelles suspension was diluted and the particle size at various concentrations was measured (Figure
5). The results showed that decreasing the polymer concentration from 10 mg/mL to 1 mg/mL decreases

the size of the formed polymeric micelles from 400 nm to approximately 200 nm. Although the ratio of solvent
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to water phase used did not affect the particle size at various concentrations, it did have an effect on the PDI
of the formed particles. The 2:3 ratio showed substantially higher PDI than the 1:3 ratio, independent of
polymer concentration. As particles at 1 mg/mL polymer resulted in the smallest particle size, the polymer

concentration for particle preparation was set to 1 mg/mL.
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Figure 5 - Influence of OL-HA concentration (mg/mL) and solvent to water ratio on particle (A) Z-average (nm) and (B) PDI. N=1

4.1.3. Determination of solvent to water phase ratio

In order to evaluate the effect of solvent to water phase ratio in more detail, particles were prepared
using 10 mg/mL and 1 mg/mL of polymer and various ratios of organic to water phase mixing the emulsion
by vortex. 10 mg/mL concentration was used for comparison purposes. Results showed that using different
polymer concentration and solvent ratios has an opposite effect on the size of the micelles (Figure 6). While
using 10 mg/mL OL-HA with increasing amounts of 2-PrOH in the emulsion ratio resulted in a decrease in
particle size, the opposite was observed when particles were formed using 1 mg/mL OL-HA. The ratio of
aqueous phase to organic phase chosen to proceed with the optimization was 1:1 since it is the ratio with

the best compromise between the size of the micelles and the PDI.
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Figure 6 — Influence of solvent ratio and polymer concentration on particle Z-average (nm) and PDI. Z-average is illustrated in

form of bars whereas the PDI is shown as points connected with a dotted line. N=1

HA is a hygroscopic polymer that possesses a high capacity for water retention (165), which could
possibly explain the larger hydrodynamic sizes of the micelles made at higher polymer concentrations
(166,167). The polymer solubilization time was also evaluated but results showed that it is not a relevant

parameter to the diameter or PDI of the micelles (data not shown).

4.1.4. Evaluation of probe sonication method and solvent evaporation
methods for particle preparation

Sonication is commonly used for dispersion of nanomaterials in aqueous media, improving
homogeneity, suspension stability and decreasing nanoparticles diameter (168-170). A probe-sonication
method was used to improve the size results obtained with solvent evaporation method and was followed by
evaporating the emulsion in the fume hood with magnetic stirring instead of using the rotary evaporator.
Various evaporation times were evaluated to determine the influence of this factor on the size of the micelles
and PDI. The micelles size decreased almost 600 nm when the evaporation time was increased by one hour,
from 60 min to 120 min (Figure 7), but the size did not change in comparison to when the samples were
left to evaporate overnight. The samples left to evaporate overnight resulted in complete evaporation and

formation of a thin film which required rehydration with ultrapure water. Additionally, leaving open vials in a
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fume hood overnight may result in some contaminations during evaporation. The excessive heat generated
by the sonication probe tip may have caused chemical degradation (171) of both the polymer and peptide,

which can explain the high PDI values. Using this method the evaporation over 120 min is the best option.
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Figure 7 - Influence of the evaporation time on particle Z-average (nm) and PDI. Z-average is illustrated in form of bars whereas

the PDI is shown as points connected with a dotted line. N=1

Subsequently, the production method with evaporation with magnetic stirring (in the fume hood) was
compared to evaporation on the rotary evaporator. Combining the sonication technique with the evaporation
on the rotary evaporator (by vacuum) slightly improved the results in comparison to evaporation in the fume
hood, from a z-average of approximately 250 nm to 215 nm and a PDI of 0.4 to 0.3. However, the
combination of these methods still resulted in particles larger and more polydisperse than if the rotary
evaporation method alone was used. As a result, this method was determined to be better than sonication
combined with evaporation in the fume hood or sonication combined with evaporation using a rotary

evaporator (Figure 8).
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Figure 8 — Comparison between different polymeric preparation methods: Z-average (nm) is illustrated in form of bars whereas
the PDI is shown as points connected with a dotted line. Solvent evap. method (N=1) refers to the procedure previously described;
Sonication (evap. in fume hood) (N=1) describes the addition of a sonication step to the previously described method followed by
evaporation in the fume hood; and Sonication (rotary evap.) (N=2) refers to the procedure with an extra sonication step followed

by evaporation in the rotary evaporator.

4.1.5. Evaluation of microfluidics-assisted self-assembly for particle
preparation

The microfluidic microchannels can provide dynamic control over the flow and the mixing that can be
manipulated to optimize the characteristics of the nanoparticles, due to a continues formation process (172-
174). These controlled conditions can lead to more homogeneously nano-sized particles and avoid self-
aggregation (173). Bicudo and Santana described the synthesis of HA nanoparticles cross-linked with adipic
dihydrazide and chloride carbodiimide by nanoprecipitation at the interface of organic solvent/ water phases
using microfluidics methodologies, with sizes ranging from 140 to 460 nm (175). This method has also been
used by Klodzinska et al. to form monodisperse HA-based nanogels for delivery of azithromycin (176) and
the peptidomimetic LBP-3 (140).

As the polymer used in this project is an amphiphilic derivative of HA with potential to self-assemble,
the optimization of the micelles preparation also included microfluidics assisted self-assembly method in
various conditions in order to evaluate whether it is possible to prepare smaller and monodisperse micelles

without the use of organic solvents. The particles were prepared at room temperature (=~ 25 °C), in ultrapure
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water or a 50% solution of 2-PrOH in water and at two different flow rates. The particles solutions prepared
in 2-PrOH were measured before and after evaporation. The results are presented in Figure 9. Higher flow
rates showed bigger micelles size and higher PDI values. On a second instance, it seems that 2-PrOH only
makes a difference at the lowest flow rate, since after evaporation the size decreases. At lower temperatures,

the particle suspension was more polydisperse and with bigger sizes (data not shown).

600+

450+

300+

Z-average (nm)
Iad

150+

OL-HAiInH,0 OL-HAin2-PrOH50% OL-HA in H,0
(After Evap.
of 2-PrOH)

Flow Rate: == @ Low =22 mL/minmm ® High=11mL/min

Figure 9 - Influence of the microfluidic flow rate and the dispersion solvent of the polymeric suspension. Z-average (nm) is
illustrated in form of bars whereas the PDI is shown as points connected with a dotted line. OL-HA in H20 (after Evap. Of 2-PrOH)

describes the size and PDI of the micelles obtained after evaporation of 2-propanol followed by rehydration with H20. N=1

This method was also used to encapsulate L-Pmax but resulted in very low encapsulation efficiency
and some white precipitate was visible within the microchannels, which could indicate that the peptide is

sticking to the microfluidic chip material (177).

4.1.6. Determination of the ratio peptide to polymer

Based on the previous results, the solvent evaporation method was used to load the L-Pmax into the
micelles, with the comparison of different ratios to optimize the formulation and to achieve the highest
encapsulated amount of peptide in well-defined micelles (Table 2). Here, L-Pmax was chosen as a model

peptide for the encapsulation assays.
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The highest ratio of L-Pmax to OL-HA showed the highest amount of encapsulated peptide (94.3% +
1.1). However, it was observed some particle precipitation in the suspension, indicating that this value could
be the result of the particle aggregation and sedimentation and not the actual peptide encapsulation (Figure
18, section “Appendix’). This proposed explanation is also supported by the fact that the ZP of this
suspension is less negative than the empty micelles and other formulations, likely due to a large amount of
cationic peptide present. The 0.3 ratio was the ratio chosen to continue with the studies since it has the best
characteristics to be used in drug delivery, smaller sizes, lower PDI and higher encapsulation efficiency.

This ratio was also tested with a slightly different method: first preparing empty micelles and then use
a peptide solution in ultrapure water to rehydrate the thin film, followed by encapsulation of the peptide after
the formation of the particles. Unfortunately, this method has a substantially lower encapsulation efficiency,
larger sizes and higher PDI, likely due to the presence of empty micelles as well as loaded micelles. For those

reasons, we discarded this methodology for future tests.

Table 2 - Influence of the different peptide to polymer ratios on the formation of empty and L-Pmax-loaded micelles The assessed parameters include

Z-average (nm), size (nm) by number distribution, PDI, zeta potential (ZP) and percentage of encapsulation efficiency (EE%). *Different method of

preparation: peptide encapsulation after preparing empty micelles.

Peptide,/Pol z
eptide/Polymer  Z-average o (nm) PDI ZP (mV) EE% N
ratio (nm)
Empty 0 1906+28.1 1262+333 023+0.09 -50.68+2.30 _ 8
OL-HA
OL-HA1 0.1 3052+27.8 2469+19.0 025+0.03 -4845+2.67 609+05 24
OL-HA3 0.3 0355+44.4 1658+47.0 0.19+002 -4678+1.18 7874117 7.12
OL-HA3* 0.3 36504418 14824259 0474011 -4450+1.20 497+75 5
OL-HAS 0.5 2549+957 14424550 0294008 -39.15+¢175 943+11 25
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The method for preparation of the micelles was optimized according to the results obtained for the
empty OL-HA micelles. It was determined that the solvent evaporation method was the best option among
the methods tried, using vortexing to mix the emulsion with a 1:1 solvent to water phase ratio and a polymer
concentration of 1 mg/mL. With the optimized procedure of micelles formation, it was possible to achieve
the main goal of this first part of the project: small, anionic micelles capable of efficiently loading CPPs to

tackle possible bacterial infections.

4.2. Evaluation of the physicochemical properties and in vitro performance
of the formed particles

4.2.1. Physicochemical characteristics of the micelles

The formulations encapsulating the peptides L-Pmax, D-Pmax and Syn 2, as well as non-loaded
formulations, were prepared using the solvent method with the parameters previously optimized and
established in part 1 of the project. The size of the particles was first measured using dynamic light scattering
(DLS) and are presented as both z-average and size by number distribution (Figure 10 A). Particle size can
be affected by numerous factors such as solution pH, ionic strength and viscosity, the thickness of the
solvation shell and by extension the size is also influenced by all substances adsorbed on the surface of the
micelles (178,179).

The DLS technique is a very practical technique and recommended for size measurements in agueous
conditions, since it considers the particle diffusion, although it is still not completely representative of an /n
vivo situation (179,180). During administration /n vivo and independently on the chosen route, the particles
may suffer alterations, for example, due to opsonization by serum proteins the particle diameter can increase
(154,181). The z-average size and the PDI are obtained from the cumulants analysis, calculated from the
intensity signal (182). However, detailed distribution size analysis of the results is recommended when the
sample is not monodisperse, indicated by a PDI above 0.1 (182). The intensity of scattering of a particle is
proportional to the sixth power of particle diameter, which means that larger particles scatter much more
light underestimating the proportion of the smallest particles (178,183). The corresponding number
distribution provides a mean size associated with the relative percentage of particles in each size class (182).

The z-average of the micelles loaded with the L- and D- form is 235.5 + 44.4 nm and 240.3 + 56.4

nm, respectively. The mean size based on the number of particles of the particles loaded with the L- and D-
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form is 165.8 + 47.0 nm and 165.9 + 29.6 nm. Despite the L-Pmax and D-Pmax micelles size being very
similar, the encapsulation efficiency is somehow different: 79% + 12 (N=7) and 63% + 12 (N=5) for L-Pmax
and D-Pmax, respectively. As expected, micelles encapsulating Syn 2 are significantly bigger (p < 0.0001)
than the other loaded ones, since this peptide has a C10 lipid attached and making the peptide bigger and
bulkier than the others. The encapsulation efficiency of Syn 2 micelles is 67% + 9 which can also be explained
by the differences between the sizes of the peptides and subsequently different folding.

The ZP of the empty micelles is -50.7 + 2.3 mV, a significantly more negative value when compared
to the loaded micelles (p < 0.05). The ZP of the loaded micelles is-47.0 + 2.0 mV, -46.0 + 2.4 mV and -47.3
+ 1.9 mV for L-Pmax, D-Pmax and Syn 2 respectively. The positive charge of the peptides is approximately
+35 mV (Figure 10 B), which explains the reduction of ZP observed in the loaded micelles, either because
the peptides are at the micelles’ surface or free in solution. The high absolute value of ZP of the loaded
micelles indicates very good stability in aqueous solution, due to the electrostatic repulsion preventing
aggregation (184). The ZP value is expected to decrease in salt solutions due to the ionic shielding, but still

maintaining a good stability (137).
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Figure 10 - Micelles size (nm) and zeta potential (mV) measured by DLS. (A) Size is illustrated in form of bars: Z-average (darker
colour) and the size by number distribution (lighter colour), N=8-10. (B) ZP of the free peptides, empty OL-HA and the peptide-
loaded micelles, N=7-9. Considering the empty OL-HA as control: ns, not significant, *p < 0.05, **p < 0.01, ***p < 0.001 and
****p < 0.0001.

Representative TEM micrographs of OL-HA and the D-Pmax loaded micelles are presented in Figure
11 A and B, respectively. TEM micrographs clearly show spherical micelles, with different sizes that explains

the obtained PDI in DLS measurements of approximately 0.2. As expected, the hydrodynamic size measured
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with DLS was larger than that observed by TEM, likely due to the dehydration of the particles. The size of the
micelles was measured using Image J software (161), with empty OL-HA micelles presenting a diameter of
63 + 38 nm and the D-Pmax-loaded OL-HA micelles showing a diameter of 54 + 29 nm. Despite the good
stability and electrostatic repulsion expected from the ZP results, the TEM images revealed a slight
aggregation on the D-Pmax-loaded OL-HA micelles. These findings could explain the size differences between
DLS and TEM measurements since the aggregates could be dispersing the light as big individual particles.
However, it is also possible that the particle aggregation occurs as a result of freeze-drying of the particles,
as this preservation process has previously shown to influence the stability of peptide and protein

formulations, especially when no cryoprotectants are used (185,186).

—_— e
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Figure 11 - TEM micrographs: (A) empty OL-HA micelles and (B) D-Pmax loaded micelles with a scale bar of 1 um and 500 nm,

respectively.

The release profile of all three different formulations was assessed over 96 h in HEPES a biorelevant
medium, pH 7.4 using a dialysis membrane. The experiment was performed using exactly the same
conditions for the free peptides as the control, to evaluate whether the dialysis membrane alone influences
the movement of the peptides. These results are presented in Figure 12 A and B, except for Syn 2 that was
not released from the dialysis membrane, probably due to its higher hydrophobicity and subsequently higher
adsorption to the dialysis membrane. The release results of the peptide alone showed that after 8 h only 55%

of the total amount of peptide could be quantified in the release medium. This amount was lower at later
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time points, possibly due to peptide degradation (Figure 12 A). After 48 h the peak at the retention time
corresponding to the peptide on the HPLC chromatogram was almost absent. Additionally, at this time point,
there was an increase of other peaks, when compared to the calibration curve (free peptide in HEPES buffer)
and to the 8 h time point (Figure 19, section “Appendix”). The increase in these peaks could be the result
of peptide degradation, appearing fragments at smaller retention times. The D-form of this peptide showed
to be more stable than the L- form during at least 72 h. The results also showed that after 6 h, the control D-
Pmax reaches about 68 % of release from the dialysis membranes. Analysing these results, it seems that the
membrane itself can influence the experiment, likely due to adsorption of the peptides to the device walls.

This could explain why 100% release of the peptides was not observed.
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Figure 12 - Cumulative peptide release (%): (A) experimental control release of free L-Pmax and D-Pmax in HEPES pH 7.4 at

37°C (B) release of D-Pmax from OL-HA micelles, in HEPES pH 7.4 at 37°C. N=1

The L-Pmax released from the micelles was not possible to calculate, since the peaks observed on the
HPLC chromatograms were not at the same retention time as in the calibration curve (4.7 min) (Figure 20,
section “Appendix”). Additionally, 8 h after release there were no peaks on the HPLC chromatograms. These
findings can be explained most likely due to /) a very strong binding of the peptide to the particles, /) peptide
degradation during the release or even a combination of both. Although, the lack of sensitivity of this method
can also hamper the quantification of the released peptide.

In D-Pmax case, the release from the micelles appears to start only 24 h after, reaching 15 % (Figure

12 B), in addition to other peaks that could be due to either polymer or peptide degradation products.
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Smejkalova et al. also reported a slow release from this kind of micelles, only 12% of the loaded paclitaxel
was released over 96 h of incubation (137). Despite the slow release, the cytotoxicity and antimicrobial activity

was evaluated to gain a better understanding of the system.

4.2.2. Cytotoxicity of the peptides and the respective formulations

Effects on the viability of eukaryotes by the three Pmax peptides and the respective loaded micelles
were assessed in hepatocytes (HepG2), endothelial cells (HUVEC), intestinal cells (Caco-2) and RBC. By
evaluating the cytotoxicity of the formulations towards a range of cells, it will be possible to obtain a better
understanding of the safety of the formulation when administered intravenously.

The results indicate that all three free peptides, both L-, D- form and the lipidated Pmax are not cytotoxic
towards hepatocytes cell line (HepG2) up to 300 pg/mL, with viability higher than 90%. The viability at 600
ug/mL peptide concentration declines to approximately 40% viability (Figure 13 A). The four-parameter
dose-response curve, a nonlinear regression model, was used to fit the data obtained for the cytotoxicity of
the loaded micelles and determinate the ICso of the peptides after 24 h. The results obtained equal to 361.5
pg/mL, 147 pg/mL and 285 pg/mL for L-Pmax, D-Pmax and Syn 2 respectively (Figure 13 C).

The results show that the encapsulation of all three peptides can increase the cell viability higher than
80% for at least 24 h incubation, as presented in Figure 13, B and D. Empty OL-HA micelles were also
tested indicating no cytotoxicity (cell viability >80%) in the range 3.9 ug/mL to 1000 ug/mL (Figure 21 A,
section “Appendix”). However, as this experiment was only performed once, this should be repeated having
more replicas and at higher peptide concentrations to allow a better understanding of the peptide and micelles

cytotoxicity profile.
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Figure 13 - Cytotoxicity towards HepG2 cell line of non-loaded peptides (A and C) and peptide-loaded micelles (B and D), after
1 h (A and B) or 24 h incubation (C and D); using MTS assay and represented as % cell viability related to the untreated control

(cells with no peptide/micelles treatment). N=1

The endothelial cell line (HUVEC) appear to be more susceptible to both peptides and respective loaded
micelles compared to the hepatic cells. The large variability in cell viability of this cell line, without an observed
substantial drop in viability that could be clearly attributed to the formulations, suggests that the cells were
not sufficiently confluent or attached to the wells to withstand the assay. Syn 2 have a higher cytotoxic effect
with a larger decrease in cell viability (approximately 70%) compared to both L- and D- forms of Pmax. Both
L- and the D- forms have the same tendency up to 300 ug/mL, but at 600 ug/mL the D- form show a higher
cytotoxic effect (Figure 14 A and C). The higher toxicity correlates with the higher stability of the D-form
showed above, which maintains the peptide active to exert both activity and toxicity. The empty micelles are

moderately cytotoxic for concentration higher than 300 ug/mL (Figure 21 B, section “Appendix”),
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explaining why every formulation seems to be slightly more cytotoxic than the free peptide at the same
concentrations (Figure 14 B and D). To obtain more reliable results, this experiment should be repeated

with additional passages of HUVEC cells and in more biological and technical replicates.
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Figure 14 - Cytotoxicity towards HUVEC cell line of non-loaded peptides (A and €) and peptide-loaded micelles (B and D), after
1 h (A and B) and after 24 h (C and D); using MTS assay and represented as % cell viability related to the untreated control. N=1

The cytotoxicity of all three peptides and formulations was also assessed towards the intestinal cell line
(Caco-2) in a peptide concentration range of 10 ug/mL to 300 ug/mL. As expected, the peptide with lower
cytotoxicity is L-Pmax, followed by its D-form and Syn 2 the peptide with higher hydrophobicity (Figure 15
A). A nonlinear regression model (four-parameter dose-response curve), was again applied to fit the results
and determinate the ICso of the peptides (N=6). L-Pmax ICso0 equals to 175 pg/mL, D-Pmax ICso is 91.6

pg/mL and for Syn 2, 82.4 ug/mL. All different formulations were also tested in the same conditions and
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with the same peptide concentrations. The percentage of intestinal cell viability was higher than 90% up to

300 pg/mL peptide concentration (Figure 15 B), eliminating completely any signs of peptide cytotoxicity.
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Figure 15 - Cytotoxicity towards Caco-2 cell line of (A) non-loaded peptides and (B) peptide-loaded micelles; using MTS assay

and represented as % cell viability related to the untreated control. Mean + SD; N=6

In general, encapsulating the peptides also reduces the hemolytic effect almost completely in the tested
range from 5 pg/mL to 300 pug/mL peptide concentration. Hemolysis data is most frequently presented as
IC10 and ICso, indicating the concentration of drug that results in lysis of 10 and 50% of RBC, respectively.
Both L- and D- form of Pmax presented a hemolytic effect lower than approximately 20% in the tested
concentration range. Despite an already low hemolytic effect of the peptides, their hemolytic effect was further
reduced after incorporation into the OL-HA micelles (Figure 16 A and B). For the peptide L-Pmax, an IC10
of 5 pg/mL was observed, but after encapsulation in OL-HA particles the IC10 increased to approximately
200 pg/mL, indicating a 40-fold reduction in RBC toxicity. For D-Pmax, the IC10 was also 5 pg/mL and
similarly increased to approximately 200 pug/mL after encapsulation, indicating substantially improved safety
of the peptides. According to the nonlinear regression fit, the four-parameter dose-response curve, a Syn 2
concentration of 144.2 pug/mL is enough to lyse 50% of the erythrocytes (Figure 16 C). Syn 2 is more
hemolytic than the other peptides, which is consistent with previous reports, that showed higher cytotoxicity

levels to greater hydrophobic peptides (187). Despite that, as for L- and D-Pmax peptides, Syn 2 cytotoxicity
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was reduced to half after encapsulation into OL-HA micelles. Both empty micelles and the polymer suspension

appear not to have substantial hemolytic effects (Figure 16 D).
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Figure 16 - Hemolytic effect of non-loaded peptides and respective loaded micelles (A) L-Pmax (B) D-Pmax (C) Syn 2 and (D)

polymeric suspension (OL-HA) and empty OL-HA micelles; % hemolysis related to the control treated with 0.2% SDS; Mean + SD;

N=3-9

In summary, the encapsulation of the peptides into micelles can improve their therapeutic effect. The

results indicate that these formulations can be used to deliver the peptides by intravenous administration at

a wide range of concentrations.
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4.2.3. Antibacterial activity

Bacterial growth inhibition is most frequently evaluated in form of MIC, which is the lowest peptide
concentration that inhibits bacterial growth. When the three bacteria strains were exposed to the peptides
and peptide-loaded micelles, the MIC generally remained the same, indicating that, although the peptide was
encapsulated, it exerted the same effect as a free peptide solution (Table 3). Here we tested a range of
concentrations that were sub-cytotoxic (< 128 ug/mL). In some cases, a two-fold increase in MIC is observed,
however, the precision of the broth dilution method is considered to be plus or minus 1 two-fold concentration
(188). S. aureus showed to be largely resistant to L-Pmax and Syn 2 and their corresponding formulations.
Studies reported that membrane-active cationic antibacterial peptides on their way to the cytoplasmic
membrane are exposed to different molecules, exhibiting different affinities which may reduce their
antimicrobial effect. (189). The interaction of the tested cationic peptides with the anionic lipoteichoic acids,
present on Gram-positive bacterial cell wall, may reduce the local concentration on the cytoplasmic
membrane (189), which cloud explain the lower activity against S. aureus. The lowest MIC values were
observed for D-Pmax and OL-HA(D-Pmax) particles towards all three pathogens, indicating the highest
antimicrobial activity of this peptide and this formulation. Manabe and Kawasaki also reported higher
antimicrobial activity of the antimicrobial peptide D-form KLKLLLLLKLK-NHZ2 than the L-form via a specific

association with bacterial cell wall components, including peptidoglycan (190).

Table 3 - MIC (ug/mL) of the three peptides and respective peptide-loaded micelles. N=6
MIC (ug/mL)

Sample
S. aureus 15981  E. coliATCC 25922 P. aeruginosa PAO1
L-Pmax >128 32 16
OL-HA(L-Pmax) >128 64 32
D-Pmax 8 16 4
OL-HA(D-Pmax) 16 16 8
Syn 2 >128 128 32
OL-HA(Syn 2) >128 128 64
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To our knowledge, the antimicrobial activity of these peptides has never been reported before.
Comparing these finding with the literature available on the antibacterial effect of Pen towards £. co/i (85), it
seems that both L-and D-Pmax has lower MIC values, even when encapsulated. When comparing the
antibacterial activity of these peptides against P. aeruginosa and S. aureus it is important to keep in mind
that the antibacterial assays may have been performed on different bacterial strains (Table 1, section
“Introduction’’). Despite that, these three peptides, encapsulated or not, present higher antibacterial
potential than Pen against some of the strains reported.

To assess whether bacterial biofilm growth can be inhibited at concentrations below MIC, a biofilm
inhibition assay on P. aeruginosa was performed. This bacterium was chosen as it is a better biofilm forming
pathogen than S. aureus or E. coli (191,192). Overall, the results were in agreement with the MIC results,
with biofilm formation occurring below MIC concentrations and sometimes also at MIC (Figure 17 A, B and
C). In general, D-Pmax and OL-HA(D-Pmax) resulted in less biofilm formation at sub-MIC concentrations in
comparison to L-Pmax and Syn 2 and their respective peptide-loaded micelles. An overproduction of biofilm
in response to low antimicrobial concentrations is a natural defence system of bacteria (193) and may indicate
that faster resistance will develop towards those antimicrobials. As a result, D-Pmax and OL-HA(D-Pmax)
particles are most favourable for antimicrobial therapies due to low biofilm overproduction at sub-MIC

concentrations.
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Figure 17 - Inhibition of P. aeruginosa biofilm formation after 20 h incubation with the peptides and peptide-loaded micelles; %

biofilm related to the untreated control (100% biofilm). Mean + SD; N=6.

Despite the slow release from the delivery system, these micelles can be an excellent option to tackle
bacterial infections, especially when using D-Pmax as the peptide. The D-Pmax peptides showed the highest
stability, medium cytotoxicity, best antimicrobial activity and low biofilm formation at sub-inhibitory
concentrations. After encapsulation, despite the limited release of the peptide from the particles, the
antimicrobial activity of the peptide was maintained and simultaneously the cytotoxicity of the peptide was
reduced. Altogether, these findings indicate that OL-HA micelles are a very good delivery system for improving

the properties of peptides with antimicrobial properties.
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5. Conclusion

The continuously need for highly efficient therapeutic antibacterial formulations motivated this
research aiming to develop and characterize novel micelles to encapsulate and deliver antimicrobial peptides.
In this work, a preparation method for peptide-loaded OL-HA micelles was established and optimized. The
OL-HA polymer was used to produce spherical anionic and hydrophilic polymeric micelles, with a
hydrodynamic diameter range of 100 - 300 nm depending on the peptide encapsulated. The high
encapsulation efficiency of these micelles indicates that they are well suited as a delivery system for these
peptides. In order to obtain best antimicrobial activity, the goal is usually for an antimicrobial formulation to
have a burst release of the therapeutic agent, to eradicate the pathogen as quickly as possible, which
decreases the possibility for bacteria develop antibiotic resistance (194). However, these micelles, which
show a very slow release over time, have shown to maintain the antimicrobial activity of the encapsulated
peptides. These findings may indicate a synergistic effect between the polymeric carrier and the peptide.

The cytotoxicity assessment of both non-loaded peptides and respective formulation showed that, in
general, the encapsulation of the peptides can substantially reduce their cytotoxicity towards hepatic,
endothelial, intestinal and RBC. All three CPPs, both L- and D-Pmax, and Syn 2, have antibacterial activity
against S. aureus, E. coli and P. aeruginosa, in some strains even higher activity than their precursor Pen
(85,87,88). The encapsulation of these peptides did not influence the MIC values, not more than one two-
fold dilution. The evaluation of the effect of these micelles on biofilm formation indicated that they can prevent
the growth of biofilm at concentrations higher than the MIC values.

In conclusion, these formulations reveal to have the potential to tackle bacterial infections while
reducing side effects associated with the peptides. The D-Pmax loaded micelles are the most promising of all
three, with small particles sizes, high peptide encapsulation and lower peptide degradation rates.
Encapsulation in OL-HA particles reduced the peptide cytotoxicity without compromising its antibacterial and

antibiofilm activity.
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6. Future perspectives

In order to further improve the formulation, additional optimization of the micelle preparation method
should be performed, ideally in triplicate to obtain the most reliable results. Other parameters or
methodologies such as different sonication amplitudes and duration, different flow rates using microfluidics
assay and also test its peptide adsorption could be included in the evaluation, which was not possible to
assess during this research project due to time constraints and the Covid-19 pandemic.

The therapeutic potential of these formulations could be further improved by boosting their release
profile to a faster release incorporating a trigger system, for example, temperature, pH or enzymes (194-
196). This could be done by forming the particles using a different polymer, such as chitosan or using the
same polymer but with different chemical crosslinks. Additionally, as the release for the delivery system is
thought to be triggered by the presence of salts, the formation of the particles in presence of salts could result
in looser binding of the peptide to the polymer, also allowing for faster release. Finally, the peptide-loaded
delivery system could be evaluated for other purposes or administration routes, as the slow release can also
be beneficial in some antimicrobial therapies, to ensure a proper antibiotic concentration for extended

periods, for example in tissue engineering and regenerative medicine (194).
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8. Appendix

Figure 18 - Comparison between the L-Pmax to OL-HA ratio, evidencing the aggregation and sedimentation of the nanoparticles

of the highest ratio (red circle). In each image, in the left is 0.3 ratio and in the 0.5 ratio.

Figure 19 - HPLC chromatograms of the release study: (A) concentration of 20 ug/mL L-Pmax in HEPES pH 7.4, normal retention

peak at 4.7 min (B) L-Pmax control after 8 h of release and (C) 48 h after. Xx axis is the retention time and yy axis is the absorption

intensity.
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Figure 20 - HPLC chromatograms of the release study: (A) concentration of 20 pug/mL L-Pmax in HEPES pH 7.4, normal retention

peak at 4.7 min (B) Release of L-Pmax from the OL-HA(L-Pmax) micelles after 8 h of release and (C) 24 h after. Xx axis is the

retention time and yy axis is the absorption intensity.
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Figure 21 - Cytotoxicity towards (A) HepG2 and (B) HUVEC cells of empty OL-HA micelles, after 1h and 24 h incubation; using

MTS assay and represented as % cell viability related to the untreated control. N=1

-74 -



	CAPA e contra capa TESE.pdf
	FOLHA ROSTO.pdf
	Master Thesis_Cristiana Cunha PG36913.pdf

