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Abstract

Because of the limited number of antibiotics available and the similarities in their activity and
mode of action, considerable nonclinical and clinical research is being spent in the discovery
and development of new and non-conventional anti-infective medicines. Interestingly, the
polymyxins have piqued the interest of researchers as promising new antibiotics to control
infectious pathogens arising from MDR Gram-negative bacteria [1, 2]. In reality, only a few
polymyxins have been utilized in “real-world” application, with the most clinically relevant
being colistin. While efficacious in the clinical setting, there were subsequent studies that
reported severe toxicities with use of colistin as a therapeutic option, especially nephrotoxicity

and neurotoxicity as uncommon adverse event

The disadvantages associated with colistin can be mitigated by encapsulating the peptide in
nanocarriers like block copolymer micelles. However, there is a scarcity when it comes to core-
shell assemblies by peptide-polymer conjugates, and in particular the assemblies of peptides
assembled with neutral-polyanion DHBC. Moreover, the relation between the release of the
peptide and the nanocarrier structure and dynamics is lacking. Therefore, the overall aim of the
research presented in this thesis was to develop novel nanomedicines based on the peptide
colistin. This includes a systematically investigation of the phase diagram of colistin/PEO-b-
PMAA mixtures as a function of pH, charge ratio and total concentration. The overall goal will
be to find optimal conditions under which stable core-shell colistin-polymer complexes are
formed. In the second part of the project, different formulations of colistin-polymer
nanoparticles where investigated in vitro for their bacterial killing activity against few
multidrug-resistant Gram-negative bacteria isolates, which were compared to that of free

colistin.
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1 Introduction

Because of the limited number of antibiotics available and the similarities in their activity and
mode of action, considerable nonclinical and clinical research is being spent in the discovery
and development of new and non-conventional anti-infective medicines. Interestingly, the
polymyxins have piqued the interest of researchers as promising new antibiotics to control
infectious pathogens arising from MDR Gram-negative bacteria [1, 2]. In reality, only a few
polymyxins have been utilized in “real-world” application, with the most clinically relevant
being colistin. Colistin, also known as polymyxin E, is one important member of the polymyxin
family, and is a cationic peptide-based antibiotic produced as a secondary metabolite of the
Gram-positive soil bacterium Paenibacillus polymyxa subsp. Colistinus. Colistin was first
identified in 1947 for its in vitro activity against several MDR gram-negative pathogens, in
particular Klebsiella pneumoniae, Acinetobacter baumannii and Pseudomonas aeruginosa[3].
Later on, colistin was used in clinical settings as an antimicrobial agent against Gram-negative
bacteria due to its efficient bactericidal activity for treatment of various types of infections,
including infectious diarrhoea and urinary tract infections. While efficacious in the clinical
setting, there were subsequent studies that reported severe toxicities with use of colistin as a
therapeutic option, especially nephrotoxicity and neurotoxicity as uncommon adverse event
[4, 5]. In the 1970s, colistin ended up with being phased out in favor of newer agents that were
thought to be 'less toxic' at the time. As a result, colistin has been consigned to the status of a
last-resort antibiotic, to be used only when all other therapeutic alternatives have failed.
However, in the 1990s clinicians was forced to reintroduce the clinical use of colistin due to an
escalating prevalence of infections caused by MDR Gram-negative bacteria P. aeruginosa, A.
baumannii and Klebsiella pneumoniae which are showing resistance to most commercially
available antibiotics [6, 7]. Management of these “super bugs” with newer antibiotics is not a
viable option as few antibiotics are in the drug development pipeline as a consequence of
industry consolidation, challenging regulatory guidelines and increase in research and
development (R&D) costs [8, 9]. This has been highlighted in the USA over past decade showing
a drastic decrease in newly approved antibiotics by the Food and Drug Administration (FDA)

regulatory body; as of 2020, there were only three new antibiotic agents that were approved



for clinical use [10]. Therefore, as mentioned previously, clinicians are having to reappraise the
clinical value of colistin which maintains significant in vitro activity against these MDR Gram-

negative bacteria.

However, this does not change the reality that there are still biological hurdles to overcome
before colistin can be used in clinical settings. To ameliorate those issues, there has been a
considerable interest in developing topical delivery systems for colistin, where a targeted
delivery to the site of infection would enable colistin to achieve a higher local concentration,
hence increasing its antibacterial effectiveness. Additionally, this method of delivery avoids
"first-pass" metabolism, which may help reduce the toxic side effects associated with systemic
administration of the drug. These novel therapeutic approaches to improve the drugability of

colistin will be discussed further in this thesis.

1.1.1 Chemical structure of polymyxins

Polymyxins are a group of polypeptide antibiotics that includes several chemically different
compounds (polymyxins A-E, M, etc.). Of these, only polymyxin B and polymyxin E (also known
as colistin sulfate) are used in clinical settings [11]. Generally, the polymyxins have a fairly
similar structure, consisting of a cyclic heptapeptide ring with a linear tripeptide sidechain that
is connected to an N-terminal fatty acid tail, this is also shown in Figure 1 [11, 12]. However,
the specific composition of amino acids in the peptide portion and fatty acid group can vary.
From the ten amino acids presents, the ones in position 3, 6 and 7 may vary. While the fatty
acid group can range from seven to nine carbon atoms in length, they can also be methylated,
hydroxylated, or sulphonated [13]. Despite the fact that the specific composition of each
polymyxin varies, the amphipathic structure of polymyxins is maintained. All of the hydrophobic
properties of polymyxins are conserved, including their hydrophobic properties in the fatty acid
group and the hydrophobic characteristics of the variable amino acids in position 6 and 7.
Polymyxin’s hydrophilic nature is due to the hydroxyl side-chains of L-Threonine (Thr) in
position 2 and 10, and also the polar amine side-chains of L-2,4-diaminobutyric acid (Dab)
groups in position 1, 3, 5, 8 and 9 [13]. The primary amines are crucial residues in polymyxin

because they cause the net-charge of the polymyxin molecules to be positive at physiological



pH. The hydrophobic and hydrophilic features of the polymyxin molecule allows the molecule

to fold into an amphipathic form, which is important for the molecule’s mechanism of action.
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Figure 1: General polymyxin molecule composition. Polymyxins have a cyclic heptapeptide ring (amino acid 4-10)
with a linear tripeptide sidechain (amino acid 1-3) that is connected to an N-terminal fatty acid tail. The main
differences between the polymyxins are attributed to the different component of polymyxin B and colistin, and
also another commercial available form of colistin, which is sodium colistin methanesulfonate (CMS). The
differences are caused by the listed amino acid or side chain alternation (A-C). The abbreviations used in the
illustration are as follows; L-Dab: 2,4-diaminobutyric acid, D-Phe: Phenylalanine, L-Thr: Threonine, D-Ser: Serine
This figure is created by the author of this document using BioRender.



In terms of their primary sequences, colistin shares the same central structure as the other
polymyxins. However, it is essential to note that colistin refers not to one singular structure but
rather a set of structures. In total, colistin is recognized as a mixture of thirteen highly similar
compounds, with only significant difference being the composition of amino acids and the fatty
acid. Two of the major active components of colistin are colistin A (polymyxin E1) and colistin
B (polymyxin E2), compromising approximately 85% of the total mixture. The only difference is
on the N-terminal fatty acid group; colistin A is acylated by 6-methyl-octanoic acid (6-MOH) and
colistin B is acylated by 6-methylheptanoic acid (6-MHA). As depicted in Figure 1, term A
denotes the variation in fatty acid chain between the distinct components of. By virtue of the
five L-Dab residues situated around the heptapeptide ring and on the tripeptide side chain,
colistin is cationic at physiological pH due to protonation of these amino groups. Colistin is
amphipathic due to the fatty acid chain and the five free y-amino groups which gives colistin
both hydrophobic and basic characteristic, respectively; this enables colistin to distribute into
polar and non-polar environments in the body i.e., water, blood and eukaryotic, prokaryotic

lipid membranes. Figure 2 shows a more thorough representation of the compound colistin A.

H 9 H §
\/'\/\/\H/N\/U\N N\)J\N\\“‘ HN NHZ +

: H : H I\/

o) o)

\ NH |, HNTO
+ B . N N}H\/\NHz
o)

HO +

Colistin A

Figure 2: Chemical structure of Colistin A. Where the fatty acid tail is acylated with 6-MOH, and illustrated in the
color orange. Position 6 that differ from polymyxin B, is highlighted in the color purple. Colistin also cationic at
physiological pH with a net charge of +5. This figure is created by the author of this document using BioRender is
based on information retrieved from [14].



The high prevalence of colistin-induced nephrotoxicity and neurotoxicity necessitated the
introduction of the inactive prodrug colistin methanesulfonate sodium (CMS) into the market.
Colistin is administered intravenously as the inactive prodrug CMS, which undergoes
transformation to a variety of partially sulfomethylated derivatives before being converted to
colistin, which is the entity that is responsible for the killing of bacteria [15]. CMS is formed
when the free y-amino groups of L-Dab residues in colistin are reacted with formaldehyde and
sodium bisulfite, resulting in the attachment of a sulphomethyl group to the primary amines of
colistin [16]. This is also highlighted under Figure 1 as term B. In comparison to colistin, the
inclusion of sulphomethyl groups in CMS results in an anionic state at physiological pH. Several
studies have discovered that polymyxin antibiotics lose their antimicrobial activity when more
than one amino group has been subjected to the sulphomethylation procedure. Bergen et al.
recently established that the formation of colistin following CMS administration is necessary

for antimicrobial activity [17].

1.1.2 Mechanism of antimicrobial activity of colistin

While it is well established that colistin exhibits rapid in vitro bactericidal activity against

major MDR gram-negative pathogens, nevertheless, the precise mechanism by which colistin
exerts its antimicrobial activity is still being debated. The gram-negative bacteria consist of two
layers of protection against the outside world: an outer cell membrane and an inner cell
membrane (Figure 3). To kill the Gram-negative bacteria, colistin must punch holes in both of
them. It was very soon established that the antibacterial properties colistin displayed originated
from its ability to disrupt the outer membrane (OM) by selectively binding to the negatively
charged lipid A portion of the lipopolysaccharide (LPS) on the surface of the Gram-negative
bacteria, but it is unclear how this results in cell lysis and bacterial death. It is hypothesised that
damage to the LPS monolayer enables colistin to traverse the OM via a process of ‘self-
promoted uptake’, although this has not been demonstrated experimentally. It has been

proposed that the surfactant activity of colistin conferred by the positively charged peptide ring



and hydrophobic tail, is sufficient to compromise the phospholipid bilayer of the OM via a

detergent-like effect.

Gram-Negative Bacteria Cell Wall Structure

Lipopolysaccharide Structure
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Figure 3: lllustration showing the structure of the Gram-negative bacteria membrane. The Gram-negative bacteria
consist of two layers of protection: an outer cell membrane and an inner cell membrane. The outer membrane is
composed of an inner phospholipid leaflet and an outside leaflet that contains LPS, lipoproteins, and integral outer
membrane proteins. Where the LPS is made up of a repetitive polysaccharide O-antigen chain, an inner core of 2-
keto-3-deoxyoctonoic acid (Kdo), and a conserved lipid A moiety. This figure is created by the author of this
document using BioRender and is based on information retrieved from [18, 19].

Clausell published a paper in 2007 demonstrating the relevance of the lipopeptide's two
hydrophobic domains (N-terminal acyl chain and D-Phe-Leu region), as well as the five positive
charges of Dab in colistin via polymyxin B analogs. Polymyxin B and colistin are almost identical,
with the exception of the amino acid at position 6 (see Figure 1), which is D-Phe in polymyxin B
and D-Leu in colistin. It was argued in the article that a polymyxin B analog lacking an acyl tail
exhibited no antimicrobial activity despite its ability to bind to LPS. In contrast, it was
demonstrated that another polymyxin B analog containing D-Phe6-L-Dab7 instead of D-Phe6-
Leu? did not bind to the LPS, which was most likely caused by the hydrophobic domain being

replaced by the L-Dab residue. These significant findings show that the hydrophobic domains



of colistin, as well as the acyl tail and the D-Leu6-L-Leu7 region, are required for colistin to be
able to disrupt the OM.

Once across the OM, colistin permeabilise the cytoplasmic membrane (CM), which is required
for bacterial lysis and killing. However, the precise mechanism by which colistin damages the
CM is unclear. The vesicle-vesicle contact pathway has been proposed as a possible explanation
for the surfactant activity of colistin. This mechanism suggests that once colistin penetrates the
OM, the hydrophobic fatty acyl tail and cationic L-Dab residues engage with the periplasm-
facing leaflets of both the OM and the IM, promoting vesicle interaction between the two. It is
anticipated that this interaction will promote phospholipid interchange between the
membranes, resulting in a reduction in the specificity of the phospholipid composition. If this
occurs, it has the potential to result in an osmotic imbalance, which can ultimately result in cell

death.

An alternative mechanism by which colistin kills bacteria is through a mechanism called
membrane lysis. According to this idea, once colistin enters the periplasmic region, it disrupts
the IM's physical integrity by straddling the interface between the phospholipid head groups
and fatty acyl chains (the region where the phospholipid head groups are attached to the fatty
acyl chains), resulting in a decrease in IM thickness, cytoplasmic content leakage, and
consequent cell death. However, to the best of our knowledge, this theory has not been
explicitly established and does not explain colistin's inhibitory activity against Gram-positive

bacteria which also has CM formed of a phospholipid bilayer.

Recently, another explanation of how colistin impacts the IM was proposed, and this theory is
based on the lipid A biosynthesis pathway. Briefly stated, lipid A is generated in the cytoplasm
from a precursor molecule known as UDP-N-acetyl-glucosamine, which goes through a series
of sequential transformations before reaching its ultimate form, which is lipid A. In the following
step, the core of LPS attaches to the final lipid A, then the MsbA transporter transports the
entire lipid A-LPS core to the IM's outer leaflet. A simultaneous production of the O antigen
occurs in the cytoplasm, which is then flipped to the outer leaflet of the IM, where it attaches to
the lipid A-LPS core. The newly synthesized LPS, which is now on the periplasmic side, is

transported across the periplasm and inserted into the outer leaflet of the OM by the Lpt (LPS



transporter) complex. Sabnis et al. (2021) reasoned that, despite colistin's affinity for lipid A in
the OM, it might also target lipid A in the IM prior to its transit to the OM. This assumption was
supported by additional research that confirmed the high presence of lipid A in the IM and also
established that the interaction between lipid A and colistin in the IM is required for colistin
antimicrobial activity. With this theory in place, we can begin to understand why colistin is
particularly successful against Gram-negative bacteria but ineffective against Gram-positive

bacteria that lacks an outer membrane.

Beyond killing bacteria directly as antibiotics, colistin have also been linked to having other host
defence effects that potentially are important for their therapeutic activity towards infectious
diseases in patients. The release of LPS (also termed ‘endotoxins’) from Gram-negative bacterial
cells stimulated a series of inflammatory responses that are a major contributing factor in the
onset of bacterial infection. As noted above, colistin molecules have been shown to bind to LPS
via a specific interaction with the phosphate groups on the lipid A region of the molecule. The
binding of the colistin molecule to LPS neutralizes the endotoxic effects of LPS, thereby

minimizing fever and inflammation associated with the onset of infections.

As discussed in this section, a variety of models for the antimicrobial mode of action for colistin
have been proposed. Stating a universal mode of action hypothesis is therefore difficult and
probably unrealistic. The effect of colistin seems to be highly complex where both membrane
disruption and intracellular targets may play important roles in the full picture. However, while
these alternative mechanisms of action are all considered, it is possible that alle these
phenomena occur as downstream consequence of colistin-mediated CM disruption. As such,
there is a need to further study the colistin-membrane interactions to provide the foundations

for novel approaches to enhance therapeutic outcomes.
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Figure 4: Colistin kills gram-negative bacteria by disrupting the outer membrane of the bacterium by
selectively targeting LPS. The proposed mechanism of action for colistin is depicted in the following diagram: (1)
Colistin binds to the LPS on the outer membrane, (2) where there is displacement between Mg2+ and Ca2+ and
colistin, which leads to a destabilization of the outer membrane. (3) Because of the weakening of the
intermolecular connections in the LPS, it will be able to break free from the leaflet's outer membrane. (4) The
hydrophobic moites included in colistin will interact with the outer membrane, causing more harm. (5) Disruption
in the membrane causes colistin to reach the periplasmic region and interacts with the LPS in the periplasmic
membrane. (6) As with the outer membrane, colistin binds to the LPS, causing cations to be displaced, and disrupts
the cytoplasmic membrane, (7) causing the membrane to become permeabilized and the contents of the cell to
leak out, resulting in cell death. This figure is created by the author of this document using BioRender and is
inspirated by illustration retrieved from [20].
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1.1.3 Potential adverse side effects

The efficacy of colistin against antibiotic-resistant strains from gram-negative bacteria is
unquestioned. Nevertheless, well-controlled clinical trials conducted over the last 50 years
have documented systemic adverse effects of CMS following its intravenous administration,
implying that current clinical use is likely suboptimal. The most frequently seen adverse effects
are neurotoxicity and nephrotoxicity, with acute renal failure being the most serious
consequence of this drug. However, the term “renal failure” is very ambiguous term, so many
nephrologists use the alternative “acute kidney injury (AKI),” based on the RIFLE (risk, injury,
failure, loss, and end-stage kidney disease) classification. Understanding the propensity of
colistin to cause nephrotoxicity requires a full recognition of it disposition in the body and

particularly its handling by the kidneys.

1.1.3.1 Drug-induced kidney injury

The kidney is often the key organ that limits antimicrobial therapy. Kidney damage due to
antimicrobials often manifest as AKI, which can be monitored by measuring the creatinine
levels in the patient’s serum. Several factors play a role in microbial-induced renal impairment,
including increased cardiac output that intensifies the blood flow through the kidneys. This can

result in enhanced exposure of the kidneys to significant amounts of soluble drugs in the blood.

Renal elimination is the end result of three processes: the glomerular filtration, tubular
reabsorption, and tubular secretion (Figure 5). Both reabsorption and secretion occur by a
variety of facilitative transport systems that drive vectorial transport of solutes and drugs across
the tubular epithelium. While many transporters are expressed in the proximal tubule cells,
most can be generally classified into the organic anion transporter (OAT) and the organic cation
transporter (OCT) families, which function as polypeptide transporters (PEPT1/2) or efflux
pumps (MRP). These transporters are finely tuned to maintain the homeostasis of water,
nutrients, and electrolytes. However, when it comes to the polymyxins like colistin, suboptimal

transport by these transporters often causes tissue injury. For instance, when CMS is filtered
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through the glomerulus into the primary urine, water reabsorption must be accompanied by a
partial reabsorption of the converted active colistin entity or the concentration of the colistin
might become sufficiently high to be detrimental during passage through the loop of Henle and
the distal tubules. The resulting intracellular accumulation can activate apoptotic pathways or
cause irreversible cell damage, leading to apoptosis or necrosis. These processes are suspected

to play a role in the renal nephrotoxicity of colistin.

1.1.4 Colistin-induced nephrotoxicity

Colistin primarily accumulates in the renal cortex regions, and its toxic effects at the cellular
level include heavy damage to the kidney cell mitochondria. One suspected mechanism of
kidney damage involves the colistin chemical structure, specifically the y-amino L-Dab residues
and fatty acid chains that have detergent-like qualities and may induce cell membrane leakage.
Studies on bacteria, whose cell membranes are comparable to human cellular membranes,
have shown that these detergent-like materials can be inserted into the cell membrane, leading
to disruption of the lipid bilayer. A low cytoplasmic content of colistin might be tolerated by
eukaryotic cells, as it is in bacterial cells, and any membrane disruption could be compensated
by cellular repair mechanisms. However, high cytoplasmic drug levels would likely put too much
stress on the structure of the lipid bilayer and cause the membrane to disintegrate. The
subsequent uncontrolled passage of ions across the membrane would then disrupt the delicate
osmotic homeostasis of the proximal tubular kidney cells and probably serve as a trigger that
would invoke a cascade of signals leading to apoptosis or necrosis of the cell. Nevertheless, this
hypothesis does not yet have experimental support and is based solely on the assumption that
colistin can destroy the eukaryotic plasma membrane as well as it does with the bacterial
membrane. The theoretical and experimental limitations of this hypothesis are: (i) bacterial
membranes and eukaryotic membranes differ greatly in their lipid composition, as bacterial
membranes consist largely of phosphatidylethanolamine and negatively charged lipids,
whereas eukaryotic membranes contain large amounts of cholesterol; (ii) colistin is selectively
toxic to proximal tubular cells; and (iii) red blood cells treated with colistin show no signs of

hemolysis. Yun and colleagues used fluorescently labeled polymyxins to show that the renal
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damage induced by polymyxins occurs upon drug entry into the kidney cells. However, the
mechanism of cell damage cannot be identified definitively without knowing the ways by which

colistin enters the cells.

Colistin is administered intravenously as the inactive pro-drug CMS, as mentioned in the
previous section. A small quantity of the CMS that is excreted through the kidneys is retrieved
in the urine as the active colistin entity, implying that at least some of the CMS-to-colistin
chemical conversion happens in the renal tubule. In reality, due to avid reabsorption by the
proximal tubule epithelial cells, only a small amount of the colistin that is filtrated into the renal
tubule is excreted by the kidneys. Colistin is positively charged; therefore, it diffuses only weakly
across the plasma membrane. Consequently, its movement necessitates the employment of
facilitative transport systems. Improved colistin clearance has been demonstrated following co-
incubation with other cations, such as tetraethylammonium (TEA) and the dipeptide glycine-
glycine (Gly-Gly), implying that OCTs and peptide transporters may be involved in the renal
reabsorption of colistin. Lu and colleagues recently found that the oligopeptide transporter 2
(PEPT2, SLC15A2) could transport [3H]-polymyxin B1 and that this uptake was reduced by co-
incubation with colistin. Another group recently identified the carnitine and organic cation
transporter 2 (OCTN2, SLC22A5) as a novel transport system that recognizes colistin as a
substrate and may contribute to colistin reabsorption at the apical side of the proximal tubule

cell (2).
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Figure 5 : A simplified representation of renal excretion of colistin. Filtration occurs as the renal artery approaches
the glomerulus, allowing mostly small molecules to pass through and enter the renal tubule. Colistin falls within
this category as well. The nephrotoxic effects result from colistin being reabsorbed into the blood artery and
accumulating within the epithelial cells, where the permeability of the epithelial cell membrane increases,
resulting in an increase in cation, anion, and water influx, which leads to cell swelling and death of the epithelial
cell, also known as tubular necrosis. This figure is created by the author of this document using BioRender and is
based on information retrieved from.
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1.1.4.1 Colistin-induced neurotoxicity

Unlike the well-known nephrotoxicity of colistin, its neurotoxicity is a relatively under-
documented but highly relevant side effect. The overall incidence of colistin neurotoxicity is
less than 7%, and even multiple recent studies have not reported any cases. Among the wide
range of neurotoxic side effects, paraesthesia has been the most frequently reported (7% to
23%). Reports of other neurotoxic effects are scarce, with only three cases of
respiratory/ventilatory failure reported since 1970. This low number of reports could be linked
to difficulties of objectively interpreting neurological symptoms, so that clinical nephrotoxicity

and neurotoxicity reports may have overlooked potential associations with colistin.

Colistin-induced neurotoxicity is thought to arise due to drug interactions with neurons in the
central nervous system (CNS). The accumulation of colistin in the brains of mice after multiple
injections demonstrates that this low-molecular-weight compound is capable of crossing the
blood—brain barrier (BBB) and then being absorbed by the neuronal cells in the brain tissue. By
contrast, single-dose colistin injections yield negligible neuronal cell concentrations, implying
that colistin absorption is still minimal. Large hydrophilic molecules cannot pass through the
BBB because of the tight junctions of the interendothelial regions, and this is thought to be the
primary explanation for polymyxins restricted BBB penetration (the molecular masses of
colistin and polymyxin B are 1155 Da and 1,203 Da, respectively). Organic cation transporters
are also found in the BBB, which regulates the flow of chemicals into and out of the CNS. OCTN1
and PEPT are the two of these proteins that are strongly thought to be the key mediators of
colistin absorption. These are expressed in both kidneys and the BBB, supporting the suspicion
that these two proteins play a significant role in the side effects colistin produces. However,
these are still only speculations that need to be confirmed by additional research. Nevertheless,
the mechanism by which colistin operates on brain cells is not fully understood, as neurological
symptoms usually last temporary. While various theories about how colistin affects brain cells

have been offered, no consensus has yet been achieved.
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Figure 6: A simplified illustration of the central nervous system (CNS), peripheral nervous system (PNS), and
blood brain barrier (BBB), where neurotoxicity is mostly associated. Colistin is absorbed into neuronal cells in the
brain tissue via the blood-brain barrier (BBB). Only tiny, hydrophilic molecules can get across the membrane's
tight junctions. Where colistin's molecular weight is insufficient to penetrate through. This figure is created by
the author of this document using BioRender and is based on information retrieved from.
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1.2  Therapeutic approaches to overcome challenges

As discussed so far, the efficacy of colistin as a therapeutical drug against infections arising from
MDR gram-negative pathogens is unquestionable. Nevertheless, the drug’s side effects of
nephrotoxicity and neurotoxicity pose safety concerns that have led to limitations for its usage
in clinical settings. As colistin is a last-line antimicrobial against MDR gram-negative bacteria,
researchers started to look for alternative methods that would improve the safety of colistin
while preserving its efficacy [21]. The common approach was to use the knowledge regarding
the relationship between the structural features of colistin that are responsible for its
bactericidal activity and the postulated colistin-induced nephrotoxicity to design drug variants
with reduced toxicity and enhanced activity. This prompted researchers to reduce the number
of cationic residues and their amphiphilic character or to synthesize pro-drugs in which the
cationic groups of colistin are masked to form negatively charged derivatives [22, 23]. However,
this approach has turned out to be rather slow, and only CMS has been so far clinically approved
to treat MDR gram-negative infections [6]. Additionally, it has some drawbacks that have been
briefly mentioned in the previous sections. While the reduction in charge helps to reduce the
toxicity by minimizing the possibility of CMS interacting with internal targets, it is also
accompanied by significantly reduced antimicrobial activity [24, 25]. Second, the slow and
variable rate of release of colistin from the prodrug also complicates its pharmacokinetics,
resulting in variable therapeutic outcomes for patients [24, 25]. This has led to a shortage and
confusion in dosing regimens, leaving clinicians unable to make evidence-based decisions
regarding dosing and route of administration to achieve optimal therapeutic efficacy. This is of
great concern because subtherapeutic doses of colistin are not only inadequate but may also
contribute to the development of bacterial resistance. Although the incidence of colistin
resistance is relatively low at present, there is concern that it may increase in the future,
potentially rendering this drug of last resort ineffective [22]. To address these issues,

alternative and improved therapeutic approaches have been proposed [26].
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In recent years, the development of topical delivery systems such as polymeric nanoparticles
has emerged as an interesting solution to the challenges conventionally associated with the
clinical utility of colistin [27]. Among the many possible drug delivery strategies, complex
coacervate core micelles have been the one of particular interest. It was first observed that
proteins with a high degree of opposing charges could form tight complexes where the protein
remained flexible and accessible for its biological functions. This phenomenon has been studies
as well for macromolecular assembly in the form of coacervation, in which opposingly charged
polyelectrolytes electrostatically complex into micelles. Given the polycationic characteristic of
colistin, it can easily go through coacervate complexation with an oppositely charged polyanion,
where the resulting nanocomplex serves as a carrier for delivery of colistin to the targeted
site[28]. It has been revealed that by loading colistin into drug delivery systems such as
nanocomplexes, the therapeutic index of the drug can be significantly improved [29]. Lie et al.
showed that when comparing loaded nanocomplexes of colistin with its corresponding free
drug, the antimicrobial activity was increased substantially in the nanocomplex. Additionally, in
vivo evaluation of a mice model revealed prolonged circulation times and decreased liver
toxicity for the colistin nanocomplex [23]. Beyond the assembled nanocomplexes effect on
antimicrobial activity and toxicity, it may also affect the pharmaceutical properties of the drug.
It has been proposed that the nanocomplexes may be tuned to provide targeting properties
and can be engineered to have a stimuli-responsive mechanism for control-triggered release
of the drug [27]. For instance, Lane et al. demonstrated that a pH-sensitive depot system for
the antibiotic ceftazidime was effectively retained until acidification of the endosomes led to
spontaneous disassembly in which the drug was explosively released, and the endosomes
broke. This reduced systemic exposure and enriched antibiotic activity at the site of infection
[30]. These favorable attributes support the coacervation-induced nanoassembly approach for
colistin delivery and catapult their use for treating MDR gram-negative bacterial infections

without the concern of inducing toxicity upon administration.

In the next section, we will discuss the mechanism behind the encapsulation of colistin, which

is the origin of the work presented in this thesis.
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1.2.1 Nanoparticles by self-assembly of double hydrophilic

block — copolymers

Two major classes of self-assembled nanoparticles are lipid nanoparticles, which offer simplicity
and familiarity with cell membranes, and polymeric nanoparticles, that provide precise control
over physical and chemical characteristics and surface modification for targeting [31].
Polymeric nanoparticles can be many shapes but are typically polymersomes or micelles that
are assembled from diblock copolymers that are either amphiphilic or polyelectrolytes [32].
While the aforementioned assemblies are remarkable for many applications, however, they
rely on the use of organic solvent and additionally the synthetic hydrophobic moieties are not
very biocompatible [33]. Therefore, a particular polyelectrolyte block copolymer that has
attracted more and more attention is a class of material known as double hydrophilic block
copolymers (DHBCs), which consists of at least two different water-soluble polymer blocks [34].
Although the chemical nature of the two blocks can be diverse, most classical DHBCs consist of
one permanently hydrophilic block to promote solubilization in water and a second hydrophilic
block that is more generally pH responsive [34]. Because of their hydrophilic and charged
nature, DHBCs offer delivery capabilities that differ from hydrophobically driven assemblies, as
they can sequester different molecules and travel more freely throughout the body [35]. This
has shown advantageous for delivering charged molecules such as the drug colistin to target

the desired infected cell without harming any host cells [26, 36].

The main question arising now is how block copolymers formed by charged-neutral hydrophilic
blocks can act as a transport system for the delivery of colistin. The first study on this type of
drug delivery system was done in the 90’s by Harada and Kataoka where they discovered that
by mixing to oppositely charged polymer in an aqueous solution, they would electrostatically
interact to form colloids, which is another word for nanoscale sized particles [37]. On the
microscopic level, the attractive forces drive the polyelectrolyte complex to aggregate
spontaneously to form charge-neutralized aggregates that have a droplet like structure [38].

However, on the macroscopic level, these aggregates will coalesce with time to form two
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immiscible liquid phases, a polymer-dense phase and a polymer-dilute “supernatant” phase.

Where the dense, polymer-rich phase is simply referred to as the coacervate (Figure 7) [38, 39]
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Figure 7: Schematic presentation of complex coacervation. The resultant coacervation liquid-liquid phase

separation is depicted on both microscopic level (forming liquid droplets) and macroscopic level (droplet

aggregates together) creating a dense phase. This figure is created by the author of this document using BioRender

and is based on information retrieved from [38-40].
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Coacervates spontaneously assemble due to a combination of several factors [39]. Essentially,
it was believed that the only driving force for complexation was due to cooperative electrostatic
interactions between the two oppositely charged polyelectrolyte [41]. However, it has since
been shown that the thermodynamic driving force lies with the counterion species that are
initially located near the backbone of the involved polyelectrolytes. These are generally highly
soluble low molecular ions such as sodium and chloride. Before the two polyions with opposing
charges are mixed together, their counterions bind themselves electrostatically to the chains
of the polyelectrolyte, which results in the chain being more stable. The counterions are
replaced by the oppositely charged polyelectrolyte during complexation, destabilizing the
chains as the counterion contacts are lost and then re-stabilizing by the polyion [38, 39].
Because the counterions are constrained in there movement and position before
complexation, they will upon complexation gain a significant entropy when they are released
into the solution [36, 39] (Figure 7). Additionally, since water is highly polar, water molecules
in the solution could interact with the ions and form a shell of water molecules around them
[36, 41]. Therefore, the driving force for complexation derives not only from the increase in
entropy during the release of the counterions from the polyelectrolytes, but also the release of
water molecules from the hydrogen shells during complexation. In this case, the coacervates
contains not only the oppositely charged polymers, but also a significant amount of “hydration”

water from the original solution .
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Aside from complexes of synthetic polyelectrolytes, these attributes for spontaneous
coacervate assembly are also accessible to complexes of block copolymers with charged
segments, as well as pharmaceutical molecules. Therefore, this phenomenon can be applied to
DHBCs, where the charged polyelectrolyte block of a neutral-ionic DHBC can electrostatically
interact with an oppositely charged molecule to form small complex coacervates in solution
[36]. They have a core-corona spheroidal morphology, where the nonionic segment of the block
copolymer will form a hydrophilic corona around the complexed core that is composed of the
two oppositely charged segments [42, 43]. The coacervates that are formed by using DHBCs,
resembles the amphiphilic response in an aqueous solution, and is therefore called complex
coacervate core micelles (C3Ms) [42, 44]. The size of these coacervates is limited by repulsion
between the neutral polymer blocks at the periphery of the complexes and are stabilizing the

coacervates towards large-scale aggregation.

For this thesis, we propose such core-shell structures by complexation between a neutral-
anionic diblock copolymer poly(ethylene oxide)-block-poly(methacrylic acid) (PEO-b-PMAA)
and the cationic drug colistin. Coacervation is formed in a precise intermediate pH range,
essentially at pH values lying between the pKa values of PEO-b-PMAA (pKa 5.5) and colistin (pKa
10-11), which is due to an increase in ionic strength on both PMAA and colistin at this pH-range
[21, 34, 45]. However, as PMAA is a weak acid, it will change charges upon pH alterations
causing the micelle to either assemble or disassemble in a pH-responsive manner [21, 46]. This
feature can be taken advantage of given that the intracellular pH of cells is very low, which
means that the drug can be released at the precise location of the infected cell. The effect of

pH and other important factors on the C3Ms will be discussed in more detail in the next section.
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Figure 8: Simple illustration of the co-assembly of the DHBC PEOss-b-PMAA49 and colistin into C3Ms. The exact
chemical composition of colistin can be found under Section 2.2.1 Figure 2. The neutral-anionic diblock copolymer
used was PEOss-b-PMAA49, the subscription denotes the degree of polymerization for each block. The diblock
copolymer and colistin associate to form C3Ms, where the neutral block forms a hydrophilic corona around the
core. This figure is created by the author of this document using BioRender and is based on information retrieved

from [47].
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1.3 Kinetics for the formation of C3Ms

Since these coacervates are used for drug delivery purposes, understanding the driving forces
behind the assembly of these C3M is important for controlling the exposure of the cargo. While
initiation of C3Ms is known to be duo to the electrostatic interactions between the oppositely
charged polyelectrolytes, however, the mechanism following this is in dispute. While there is a
consensus that large-scale aggregates are initially formed due to spontaneous charge
neutralization after mixing, the charge distribution and the size of these aggregates are unclear.
The formation of large-scale aggregates is explained by the fact that they may not be charge
neutral due to an inhomogeneous charge distribution in the complex core, which leads to
excess of charges on the surface of the coacervate that can form aggregates by electrostatic
interactions between the oppositely charged coacervates surfaces [48]. A study by Amann and
co-workers suggested that the initial aggregation formation occurred within 2.6ms after mixing
a charged-neutral diblock copolymer and an oppositely charged polyelectrolyte [48]. For
another case study, Wu and co-workers reported formation of the assembled coacervates with
spherical morphologies with a rather narrow size from the first 10ms to 5s, these grew rather
over time due to merging clusters [49]. The different observations can be reasoned by the
different polyanion used in each case, where Amann et al. used poly(styrene sulfonate) (pSS)
and Wu et al. used poly(acrylic acid) (pAA), and for both these polyanions they were complexed
with the same diblock copolymer poly(ethylene oxide)-block-poly(vinyl benzyl
trimethylammonium chloride) (PEO-b-PVBTMA). It was shown PVBTMA+PAA would form
liquid-like coacervates, while PVBTMA+PSS forms solid-like coacervates that are large
aggregates at first but breaks apart into smaller spherical-core coacervates over time [48, 49].
Amann et al. reasoned this by two things: 1) a fast step involving internal charge neutralization
that would lead to a homogenous charge distribution, where the coacervates from the
aggregates would pinch off, and 2) a slow step where a continuous rearrangement would lead
to form single core-shell coacervate complexes. The observations between Altmann et al. and
Wu et al. suggest that the formation of the coacervates is highly dependent on the nature of
the polyelectrolytes in the core of the coacervates. In addition, another point of view that was

made was that the block length of the block polyelectrolytes may affect the rate at which the
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coacervate complexes forms aggregates and also the rate at which they will break apart from

the larger aggregates to form single coacervate complexes.

1.4 Key parameters influencing polyelectrolyte complexation

The size and morphology of the C3Ms are vital for their success as a nanocarrier for
therapeutical drugs. For instance, micelles that are smaller than 10 nm may be removed from
the bloodstream by the kidneys, whereas micelles with a size above 200 nm are more prone to
accumulate in the spleen and the liver [49, 50]. Additionally, the morphology of the micelle can
have an impact on its distribution and cellular uptake [38, 40]. Therefore, control of the size
and morphology is important in order to develop efficient C3Ms nanocarriers. Theoretical
predictions show that the morphology of the coacervate complex depends on a variety of
parameters such as the lengths of the neutral-charged diblock copolymer, the charge
stoichiometry i.e., concentration, mixing ratio, salt concentration, temperature, and pH [21, 34,
40, 51]. For the sake of this thesis and factors that have been evaluated, we will only focus on

the effects of stoichiometry and concentration, order of mixing, and pH.

1.4.1 Effects of block length on the structural properties

The length of the diblock copolymer chain plays a critical role in the formation and activity of
colistin containing particles. It has been shown over the years that a critical length of the
polymer is desired to efficiently bind colistin [52]. Additionally, the length of the diblock
copolymer will determine the stability of the complex coacervate particle but also the

dissociation and release of colistin [53, 54].
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While there was little time to investigate different lengths of the diblock copolymer (PEO-b-
PMAA) in our work, we had to choose between three block lengths of the charged block of the
diblock copolymers: PEO54-b-PMAAY, PEO54-b-PMAA17, and PEO54-b-PMAA49. The choice of
the length of the charged diblock was reliant on former theoretical predictions on the effect on
the morphology [55]. Initial studies were done on the formation of C3Ms, which is AB + C
system, where A is the neutral block and B is the charged block in the diblock copolymer and C
is the oppositely charge homopolyelectrolyte [49]. These theories predicted that if the length
of the neutral block A (NA) was roughly larger than the length of the charged block B (NB), it
would form spherical micelles, while other elongated morphologies were observed if NA was
shorter than NB. However, if NA was significantly shorter than NB it would rather lead to
aggregation than stable complexes on the nanoscale[54]. These predications summed up are
stating that a more symmetric DHBC is beneficial for the formation of micelles with spherical
morphologies. Additionally, it was shown that the diblock copolymer length had an effect on
the size and inner structure of the formed C3Ms. These studies observed that the radius of the
core (Rcore) increased proportionally with NB, whereas NA had little effect on the Rcore.
However, NA drives the thickness of the corona H, and thereby the hydrodynamic radius (RH)
or the, which is a crucial component to the biodistribution. For instances, it was shown that if
NB is short, smaller cores would form, which would increase the curvature of the core and
thereby increasing the corona density since the C polymer chain will now be stretched
outwards. The increase in the core curvature allows for spherical micelles to form [49, 53, 54].
Other experimental work suggested that the aggregation number or the number of chains in a
given micelle (P) increased with increasing NB and decreased with increasing NA. The C
polyelectrolyte length (NC) has shown to not influence any of the parameters, all agreeable
with the theory given [54]. However, the charge ratio between the charges carried by
polyelectrolyte C and polyelectrolyte B have a great impact on the formation and properties of

the C3Ms. This will be discussed in more detail in the nest section.
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Figure 9. : Illustration of structural properties that can be effected by the different lengths of the block, where C represents
the positively charged colistin and from the diblock copolymer we have A which is the neutral segment and B that is the
negatively charged segment. The parameters of hydrodynamic radius (RH), radius of the core (Rcore) and corona thickness (H)
will be evaluated in this thesis. This figure is created by the author of this document using BioRender and is based on

information retrieved from [54].

The insight into this information gives us an idea about the relationship between each polymer
block length and the morphology of the resulting micelles, which is beneficial when we are
choosing the length of the diblock copolymer for our work. Based on these predictions, it was
important to use a diblock copolymer where the neutral block (PEO) was briefly larger than the
charged block (PMAA) to be able to form spherical micelles. For micelles of finite size, it was
also kept in mind that NB should not be too long due to its correlation to Rcore, additionally to
avoid formation of large clusters. Therefore, the diblock copolymer length used in this work
was PEO54-b-PMAA49. It is important to note that these are only assumptions, and it is not

given that we would form spherical micelles of finite sizes by complexation with colistin.
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1.4.2 Effects of stoichiometry

The charge ratio between NH; groups carried by colistin and the COOH groups carried by the
PMAA block is an important parameter in the micelle formation [47, 56]. The counter-

polyion/copolymer charge ratio can be expressed as a mixing fraction Z, with

__ [NH;]
Z= [COOH] @

where [COOH] and [NH,]| are the monomer concentrations of the negatively charged
copolymer and the positively charged counter-polyion in the solution, respectively [56].
Typically, C3Ms forms at a relatively narrow composition window around the so-called
preferred micellar composition (PMC), which corresponds to a mixing fraction of 1:1 where
there is an equal amount of positive and negative charges of the polyelectrolytes [47]. Most
studies have focused on this stoichiometric charge balance, but more recently non-
stoichiometric conditions have also attracted attention due the formation of rather loose
aggregates than micelles. Typically, aggregation into larger and more dense objects is because
of an excess charge on these aggregates. In literature, these structures are called soluble
complex particles (SCPs), and their charge sign is determined by the excess component. For
instance, upon addition of the diblock copolymer consisting of a negatively charged block, there
will be an excess of these negative charges (Z < 1), and anionic SCPs will be formed. By the
addition of an oppositely charged molecule, the anionic SCPs will be consumed until PMC is
reached (Z = 1) and now C3M is formed. It is believed by increasing, excessively, the positively
charged molecule (Z > 1), the C3Ms dissociate into singular polyelectrolytes again. In this case,
there will be an excess of positive charges and cationic SCP are formed [56]. It is important to
note that these predictions are given for a system with a constant pH, ionic strength and mixing

ratio. The reason behind these conditions will be explained in the nest sections.
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1.4.3 Effects of pH and disassembly

In the case of C3Ms, the presence of controlled strong interactions between the charged
segment of the diblock copolymer and the drug is the key to construct efficient system in terms
of stability and controlled drug release. In order to form C3Ms, the pH-sensitive segment of the
diblock copolymer and the drug have to be fully charged at a given pH to bind electrostatically
to each other [21, 34]. Additionally, the disassembly of C3Ms is caused by interrupting the
binding interactions, which occurs at a pH where the charges are “turned off”. Therefore, pH is

considered to be an important factor in both the assembly and disassembly of C3Ms.

A good example of this pH-responsive behavior of C3Ms was reported by Boudier et al., where
the authors studied the complexation behavior between a weak polybase (oligochitosan, pKa
6.5) and a weak polyacid (PEO-b-PMAA, pKa 5.5) as a function of pH [35]. From this study, it
was observed that micelles were first formed at pH 6.5, and they remained stable between pH
5 and 7 after changing the pH of the solution. Additionally, a disassembly of the complex was
observed at pH<5 due to the decrease of charges on the copolymer, PMAA, preventing
electrostatic interactions. A more recent study by Abouelmagd and co-workers was done for
the complexation of tannic acid (TA) with colistin [21]. The phenolic hydroxyl groups on TA gives
the characteristics of a weak acid (pKa 5 — 8.5), where it can facilitate hydrogen bonding and/or
electrostatic interactions depending on the pH of the solution. Typically, at pH below pKa, weak
acids are only deprotonated to a small extent so that more swollen and loose complexes are
formed. Abouelmagd et al. observed that the interactions within the complexes at pH 5.2 were
stabilized by additional hydrogen bonding between amine groups of colistin and the hydroxy!
group of TA. Nevertheless, the complex completely dissociated upon exposure to pH 4.5. At
this low pH-level, it was considered that the electrostatic interactions were completely lost
within the complex. While the hydrogen bonding was not disturbed by lowering the pH, it might
have not been strong enough on its own to maintain the assembled complex. This observation
indicates the importance of cooperativity between the different modes of interactions for

formation of stable complexes.
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The theoretical aspects of these studies resemble the work in thesis and has been taken into
consideration when attempting to form C3Ms. Coacervation is said to occur at pH values lying
between the pKa values of PEO-b-PMAA (pKa 5.5) and colistin (pKa 10-11) due to an increase
in ionic strength on PMAA and colistin at this pH-range [21, 34, 35]. However, as PMAA is a
weak acid, it will change charges upon pH alterations causing the micelle to either assemble or

disassemble in a pH-responsive manner.
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Figure 10: A schematic presentation of the effect of pH on C3Ms. Colistin is has a pKs value of 10-11 and is only
charged at pH values that are lower than its pKa. For PMAA that has a pKa value of 5.5, it is only charged at pH
value that is above its pKa value. For the system we have investigated, colistin and PMAA are fully charged at pH
7.4, which is a pH between the two compounds pKa value, therefore at this pH they form C3Ms. This figure is
created by the author of this document using BioRender and is based on information retrieved from [21]
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First, since the pH of the solution has an important effect on the polyelectrolytes charge
density, it can also impact the stoichiometry of the complexes formed, where the mixing ratio
(Z) will vary for the same mixture of polyion at different pH values [57]. In order to control the
degree of ionization, the complexation must occur in a buffer solution, where the desired pH
value remains constant over the entire course of binding. Another aspect to consider regarding
the solution of the complexation is the ionic strength . Where an increased ionic strength will
screen the electrostatic interactions between the two polyelectrolytes and prevent the
formation of C3Ms. Moreover, the salt concentration can cause the structure of the complexes
to rearrange to form smaller particles at low salt concentration but aggregation at higher salt
concentration [40]. Therefore, the ionic strength of the medium must be relatively low (< 100
mM) in order to successfully form C3Ms [58]. It is important to keep in mind that the ionic
strength in biological media is typically very high and may lead to a decrease in the colloidal
stability of the system leading to either aggregation or decomplexation. In this work, we mainly
used phosphate-buffered saline (PBS) as the buffer solution at pH 7.4, which had an ionic

strength of approximately 160 mM [59].

1.4.4 Effects of mixing order

Different ways of mixing the PEO-b-PMAA copolymer with colistin to form C3Ms are possible,
and the variety of the mixing conditions used makes it difficult to rationalize their role on the

morphology and properties of C3Ms [40].

As discussed under the kinetics, the association of the polyelectrolytes occurred within
milliseconds after mixing a charged-neutral diblock copolymer and an oppositely charged
polyelectrolyte. With this in mind, C3Ms are preferentially obtained with a fast mixing of the
two components. Additionally, the mixing of the two components was performed under stirring
to allow a good homogenization of the two solutions and avoid local over concentration during
the complexation step. Unfortunately, this aspect is not always mentioned in the formulation

process of C3Ms. It is also important to consider the order of which polyelectrolyte is added,
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since it will dictate what polyion is in excess at the beginning of the assembling process. For
example, at a non-stoichiometric mixture( Z = 2), if the polyanion is added to the polycation
there will always be an excess of positive charges in the complexes, and the repulsive forces
between them will help maintain the stability of the particle. However, if the polycation is
added to the polyanion, the excess negative charge of the complex will be neutralized halfway
through the addition of polycation, resulting in aggregates [57]. Therefore, the most reliable

formulation pathway is when the component in deficit is added to the one in excess.

1.5  SAXS as a characterization technique

When characterizing such core-shell structures, two factors must be considered: 1) whether or
not the complexation process between the diblock copolymer PEO-b-PMAA and colistin was
successful, and 2) the physiochemical properties of the formed micelles, such as morphology
and size, which play an essential role in the biological activity of the nanoparticles. Therefore,
various characterisation methods have been introduced as valuable tools to probe these
features. In this thesis, small-angle X-ray scattering (SAXS) is one of the key techniques
employed to study the colistin-polymer interaction. In general, scattering techniques are some
of the most powerful non-invasive methods used for structural characterisation of materials
whose size is between 1-100 nm [60]. Because of the non-invasive nature of scattering
techniques and the micelles diameter being in the order of 10-30 nm, scattering techniques are
a natural choice for studying the structure of micelles. The following sections will briefly discuss
general scattering techniques before taking a closer look at small-angle scattering with X-rays.
For detailed reviews and theoretical background, the reader is referred to standard textbooks

[61-63].
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15.1 General Theory of Small-angle Scattering

Scattering theory is a big field, and a large amount of techniques are based on these
fundamental principles, including small-angle X-ray scattering (SAXS), which is used in this work.
Figure 11 illustrates a general scattering event. The underlying principle of any scattering
technique involves the radiation of an incident monochromatic beam with the wavevector k;
on a sample. In the case of SAXS, high energy X-ray photons will interact with the outer part of
the electronic cloud of an atom. While most of the radiation is transmitted through the sample,
some of the beam will be scattered away from the incident direction. The scattered intensity is
recorded by a 2D detector at a given angel 8 with respect to the incident radiation resulting in
a scattering pattern on the detector. The scattered intensity is recorded by a 2D detector at a
given angel B with respect to the incident radiation resulting in a scattering pattern on the
detector. The scattered intensity consist of different wavevectors, 6 By implementing Braggs

equation, it can be shown that the wavevector has an inverse proportionality to the real length-
scales (d), d = %" Where smaller wavevectors will hence correspond to larger structures. By
radially averaging the scattering pattern from 2D to 1D pattern, we can subtract the scattering
from the buffer with the sample. After this we are left with the scattering pattern of the

structure we want to study. This scattering pattern can be compared to theoretical scattering

from analytical models, and in this way, we can obtain valuable structural information.
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Figure 11. lllustration of a small angle X-ray scattering setup with an X-ray source and monochromator that gives a direct beam

that scatters in a sample, giving a scattering pattern on the 2D detector.

15.2 Elastic small-angle scattering

An important feature to distinguish is if the scattering is elastically or inelastically. In inelastically
scattering, the kinetic energy of the particles is not conserved, and typically it has less or more
energy than before the scattering event. Elastic scattering occurs when there is no loss or gain
of energy in the scattering event, meaning that the energy of the scattered waves and the
incident beam is equal, E; = E5;. When it comes to X-rays, the electric field caused by the
incoming wave of photons makes the electrons in the sample oscillate and emit photons. If the
emitted photons have a spherical electric field with the same energy as the incoming photons
which is caused the oscillation, the scattering process is said to be elastic. Therefore, we will

only consider elastic scattering in SAXS.
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20

Figure 12. lllustration of the key elements in a basic scattering event. The cone represents the solid angle with area df2. This

figure is modified from [81].

A simplified sketch of the scattering geometry is depicted in Figure 12. In terms of scattering
experiments, it is more practical to describe the radiation as waves instead of particles. We can
therefor say that the incident and scattered beam wave have the same energy, and their
interference will only affect the amplitude of the wave. The wavefunction is defined using the

maximum amplitude A as

Y7, t) = Aexp (i(Ei? - wt)) (2)

where I_c)l- is the wavevector of the incident wave, and w is the angular frequency in the medium.
In Figure 12, d( is the solid angle, which is the angle in which incoming particles with a cross-

sectional area of do are scattered into. The magnitude of the incident and the reflected waves

are characterised by wave vectors, , E E, respectively, which is given by:
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where Ais the wavelength of the incident and scattered radiation [79]. These wavevectors
however are dependent on different parameters like wavelength , detector distance, scattering
angles and radiation type. To be able to compare results measured using different parameters,
a more convenient parameter is used. The scattering vector, 6 expresses the momentum
transfer and is defined as the difference between the scattered wavevector (kg) and the

incident wavevector (k;) [79]:

1G] = [ks] = [Fee] = Fsin(o) (4)

where 0 is the scattering angle. From Equation (4) it is clear that the observed scale in a
scattering experiment is inversely proportional to the wavelength. Figure 13 displays a simple

scattering event and the corresponding scattering vector.

36



Q= Ki—K
K, 26

Incident X-rays

Scattered volume

Figure 13. lllustration of a simple scattering event in a sample volume. The scattering vector Q, which is the momentum transfer

in the scattering event. The vector is not illustrated in this sketch, for correct see Equations (2) and (3).

For an assembly of N particles at individual positions # with fixed orientations (for example
colloids or micelles), the scattering pattern recorded arises from the incident monochromatic

plane waves interacting with the particles in the solution. The amplitude of the plane waves at

position D are expressed as:
Ai(ﬁ) = A, exp(iﬁsﬁ) (5)

where 4, is the amplitude of the incidental wave. The interaction leads to the emission of

spherical secondary at position D with wave functions A;. But since the sample and the
detector distances are large compared to the dimensions of the sample, the detected waves
can be considered to be planar. This distance is referred to as the scattering length (b;), and is
a measure of the interaction strength that describes how well a given material scatters the
probing waves. Which also determines the amplitude of the scattered waves at position 5, and

can be given as:
AS(B) = A, exp(iﬁsﬁ) -% (6)

In comparison the incident beam, the scattered beam will have a number of particles i per unit

area that will decrease with distance D, hence the 1/D dependency. The scattering length b;
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depends also on the type of radiation source and electron density of the nuclei of the sample,

and is therefore proportional to the atomic number. The scattering length b; is defined as
b(q,t) = fV]_ A(r;, t) exp(—iq’D;) d? - 7 (7)

where the integrations is run over the entire sample volume that contains all scattering particle
Jj. This is because for realistic samples, containing free particles, there will be a large amount of
scatterers, and the amplitude measured at the detector distance D will rather be an average of
all of these scattering amplitudes. Additionally, it will also be interactions between other
scatterers and the scattered waves. Therefore, for assemblies of micelles, a more relevant
quantity used is p(1;, t), which is also described as the total scattering length of the atoms per
unit volume and can be thought of as the local density of scattering material. If there is no
change in the dielectric constant or no difference in the scattering pattern between the sample

and solvent, Ap(r;, t) and b; will be zero, and no scattering event occurs.

However, by using Born approximation, which is an assumption that only single scattering
processes occur, and that the incoming field is not perturbed by the sample such that the
scattered field can be assumed to equal to the incoming field. The total scattering event can be
considered as a superposition of each individual scattering amplitudes This can be described

as:

A(Q) = Zibexp (—iQm) (8)
where 1; is the position of each scattering particle.

Unfortunately, there is no experimental access to the scattering wave vector amplitude. The
detector is only able to measure the scattered intensity, I;. The relation between these two

parameters are

1,(0,6) = |a,(Q.0)° ©)
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Therefore the scattered intensity is:

(Q,6) = 25N, b (T0) exp[-iQ [ ®]] - (@) exp[-@ T (0] (10)

- -

where Tig =1 — ¢ - The term before the sum is merely an instrumental constant, and the

k
intensity depends only on the scattering lengths and positions of the scatterers.

In dilute samples where the interactions between particles are negligible, they experimental

scattering intensity can be written as:

(1,(@, 1)) = N{|b,(@)]) = N(Ib(0)I?) P(Q) (11)

where P(Q) is the form factor defined so that P(Q) —» 1 as Q — 0. The form factor is also

dependent on the distribution of the scattering material, is therefore expressed as

P(Q) = M@lj) (12)
(|p;(0)[")

Given that the density of the scatterer depends on the samples morphology, the form factor is
used to determine the structural information of the sample, meaning the size and shape of the
particle. Not all particles will have the exact same size but a range of different sizes. This will
cause a smearing of the oscillations in the P(Q), where the form factor of each Q-value will
rather be an average of the form factor of differently sized particles. To take in account the
polydispersity in the form factor, a integration is run over a normalised size distribution, D(N),

and is given by:
P(Q) = [ D(N)P(Q,N)dN (13)

The detector measures the intensity by counting the flux of photons hitting the detector. The
intensity is proportional to the differential scattering cross-section da/dQ (Q), which
represents the probability of a X-ray photon of the incident beam being scattered out from unit

sample volume into the solid angle df). One can than normalise with respect to the number of
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transmitted photons since some of the incident beam will be absorbed in the material. The

scaled absolute intensity is

Lops =5 _(Q) = (14)

T CoMQTeg

where C and C, represents the flux collected at the detector and of the incident beam, T is the
sample transmission, ey is the sample thickness and d{ is the area of the solid angle the wave
is scattered into. Higher electron density will give stronger scattering, meaning that heavier

atoms have larger scattering lengths.

The scattering cross-section per particle at small angle can also expressed using
do 1 .
-5 (@) =~ [X; b exp(iQD)]? (15)

where b; is the scattering length of the particle at position D in the sample and N is the number
of particles. Another alternative is to use the scattering length density (SLD) p(r) = Y, p(r);b;
to express the previous equation:

. 3 2
|1, pi(r) exp(iQD) d®r| (16)

1
N

2@ =

For X-ray scattering the scattering length density is defined as

p() = (£) na() (17)

where e?/mc? is the Thompson scattering length of an electron and n,;(r) is the electron

number density in the sample which for SAXS is the number of electrons divided by the volume

VA
of a scatterer: n,; = o

The term contrast or excess scattering length can also be introduced and is defined as the
difference in scattering length density of the sample and the solvent, Ap = p — p,. This excess
scattering gives scattering intensities sensitive to the sample studied. For a binary system (i.e.
solvent and micelles only), the scattering intensity is a function that depends on Q, the number

density of scatterers (n,), the contrast, the volume of the single particle of component 1 (V;),
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the inter-particle structure factor S(Q), the form factor P(Q), and a constant background (B)

originating from solvent and incoherent scattering:

1(Q) = n,Ap?V,P1(Q)S1(Q) + B (18)

The form factor P(Q) can be expressed in terms of the form factors P;(Q) and form factor

amplitudes 4;(Q) of the different components in the sample.

I(Q) =n, Ap < V2« P(Q) < S(Q)

VR RN

Contrast Form factor Structure factor
Difference in scattering Single particle Interactions of particle
length density properties like size and shape
pparticle / \
Psolvent

Figure 14. Schematic illustration of the different parameters for the scattering intensity I(Q) on an absolute scale. The equation
is given by I(q) = n,ApV2P(q)S(q). Where the n, is the density number, V, is the volume of the particle, Ap is the contrast,

P(q) is the form factor and S(q) is the structural factor.

The intensity of the measured radiation depends on whether the scattering process is
constructive or destructive. The interference, in turn, depends on the phase difference
between the incoming and scattered radiation. By superposition of the scattering from each

nucleus, the average effect of the phase difference is given in the form factor amplitude:

A@Q) = £ XNy (exp(—iQ - 17)) (19)

where Q - 1; is the length of the path of the scattered radiation compared to the incoming
radiation and (. ) is the average over alle orientations of the particle. The amplitude cannot be
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measured independently. Instead, the form factor P(Q) = A(Q)A*(Q), where A*(Q) is the

complex conjugate of A(Q), is measured. The form factor can now be written as

P(Q) = = X)Ly BN-y (exp[—iQ - (15 = m]) (20)

For non-uniform objects with multiple possible configurations a probability distribution must

be applied to describe the density distribution.

The correlations between the positions of the scattering particles in the sample is included in
the structure factor S;(q). The interactions become less prominent with fewer particles,
S:(q) — 1 asthe concentration approaches zero. For dilute samples, one can assume the form

factor and contrast to be the only contributors to the scattering curve.

The scattering data analysis can be done by both using models and by model-independent
analysis. In this thesis, the analysis were performed using analytical models. The analytical
model used will be presented in the next section, and the idea is to fit the analytical function

to the obtained data to fin structural information.
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1.6  Theoretical modeling for SAXS data

To comprehend the workings of the world around us, we require suitable tools to describe it
accurately. A model should strike a balance between being detailed enough to represent the
real-world behavior we are investigating and not being too complicated to interpret the results

effectively.

For C3Ms systems, the choice of model and how we describe them using analytical models is a
delicate balance between representing the relevant properties of the micelles and the actual
scattering data. To understand the interactions occurring in the complexation process, it is
essential to gather as much information as possible about the drug colistin itself and the diblock
copolymer PEO-b-PMAA. This includes determining the size and shape of the individual
components in solution. However, when it comes to particles that contain two or more
components, the scattering observed is usually not easily described. Therefore, a more
sophisticated model is needed to find the correct structural parameters. Initially, it was
assumed that the micelles obtained from the complexation between colistin and PEO-b-PMAA
were spherical, and a model for spherical core-shell particles was used. However, this model
did not fit our data, and thus, we had to resort to using a more general model from the software

PRIMUS, which will not be described in this thesis.

In the following section, we will explain the form factors employed in various models, followed
by the presentation of the analytical model for free chains. As mentioned in Section 1.5.2, the

scattering intensity for a dilute sample can be expressed as follows:

1(Q) = nAp?V1 P (Q)S1(Q) + B (20)

In order to describe the scattering behavior from the sample, it is important that the analytical
model can accurately describe the density and the SLDs, and also they must have the correct

form factor.
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1.6.1 Scattering model for unmixed polymer and colistin
solution

The scattering from an unmixed polymer and colistin solution can be analyzed by using the
analytical model for free chains, called the Beaucage model, to determine the Rg. This model is
developed by Greg Beaucage and is used to fit experimental data obtained from SAXS to
describe the intensity scattered in the Guinier regime [64]. The model contains three
parameters: a Guinier scaling factor G, a radius of gyration Rg and a fractal dimensions ds. The
form factor Ppoymer (Q), for a random, unstructured polymer and peptide chain is given by the

Debye expression for Gaussian chains:

Q2'R2 d d f((QR V6)13 af
P(Q)polymer = exp (_ 3 g) + (Q-R;)df F({) ([er « Qg)/ ) ) (21)

where Q is the scattering vector, Rg is the radius of gyration and I(x) is the gamma function.
The ds is the fractal dimension, which can be 1.7 for a polymer in a good solvent condition or 2
for a theta solvent. Since the Guinier regime applies at low Q and Porod form applies at high Q
(given by the Porod exponent d), the term erf(x) which is an error function provides a smooth
transition between the two regions. The scattering length density p, and p,, for the solvent

and polymer, respectively, was calculated accordingly to the given equation:

where Na is Avogadro’s number, M is the molecular weight of the average polymer repeat unit
or solvent molecule, d is the corresponding density of respective (do and d, is the density of the
solution and polymer, respectively), Zi is the number of electrons of element i and ro is the

radius of the electron.
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Assuming that the free diblock copolymer forms coacervates was modeled as a spherical object
of mean size <R,> with the idea that the coacervate had an “fuzzy” outer surface (typically the
PEO shell) that was characterized by a roughness parameter, og. This parameter is taken into
consideration, and also the fact that it is assumed that the nanoassemblies size have a Gaussian

distribution. Therefore, the total scattering intensity is given by:

I @)na = 5o = po)* [y VIV F(IP(Q ) nadr (23)

where ¢ is the volume fraction of the polymer given by ¢ = c¢/d, , and the do is the density of
the solution and c is the concentration in g mL™1. The form factor P(q) for the individual

spheres with a given radius, r, is given by:

3:(sin(Qm)-@-rcos (@] —Q2-0g?
P(Q,")na :[ (sin e cos @D]". exp(-@*ox’) (24)

The corresponding size distribution, f(r), is:

Where (R,,) is the mean size of the nanoassembly and app, is the Gaussian width of the particle

distribution. The volume of the nanoassembly is then:
(V) = [V f@dr (26)
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Where V(r) is volume that is occupied by the diblock copolymer within the nanoassembly, that
has a radius, r, of V(1) = V(r) = 4mr3/3- (1-®,). For the sake of simplicity, the model will not
consider the effect of the solvent within the assembly, we assumes that it is independent of

the size. The amount of the solvent is given by:

_ _ 1 _ Mnp
by =P, =1 Wiay (27)

Where Mnp is the average molecular weight of the nanoassembly and dp is the density of the

diblock copolymer. Moreover, the density of the nanostructure can be calculated:

n(r) = (1 — o) fooo 6(r—r'—R, );exp (— (r' - Rp)Z/ZU,% )dr (28)
where the r' is only considered as a dummy variable. The excluded volume interaction is a
common effect for coacervates, where there is a competition between the electrostatic
attraction between the oppositely-charged blocks and the local fluctuations within each blob
(see Figure 14 forillustration) [65]. Additionally, given the hydrophilic PEO-shell, there are also
repulsive forces present between the shells of the nanoassemblies minimizes contact between
them and stretches the polymer block outwards. This has a significant effect on the overall
confirmation of the nanoassemblies which causes it to swell. By considering the swelling, we

include the internal polymer-like scattering phenomenon by adding a “blob scattering” term:

1(Q) =U(@))na+1(@pion (29)

We can describe the blob scattering by a polymer-like contribution at high Q and parametrized

by a Lorentzian term:
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1(@)pior = 170%9 (30)

where lpa prefactor given with the units of cm™ and € is described as a “mesh” size and is given

by:

{~fxg (31)

where g is number of repeating units of the charged block inside the blob and f is the charge

fraction.

negative charges in blob
fxg

e

Positive charges in a blob
fxg

@

Figure 15. lllustration of the «blob», where the length scale of each blob consist of f x g charges (i.e., is number
of repeating units of the charged block inside the blob and the charge fraction, respectively). This figure is created
by the author of this document using BioRender and is based on information retrieved from [65]
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2 Aims of the thesis

As described in the introduction of this thesis, the disadvantages associated with colistin can
be mitigated by encapsulating the peptide in nanocarriers like block copolymer micelles.
However, there is a scarcity when it comes to core-shell assemblies by peptide-polymer
conjugates, and in particular the assemblies of peptides assembled with neutral-polyanion
DHBC. Moreover, the relation between the release of the peptide and the nanocarrier structure
and dynamics is lacking. Therefore, the overall aim of the research presented in this thesis was
to develop novel nanomedicines based on the peptide colistin. This includes a systematically
investigation of the phase diagram of colistin/PEO-b-PMAA mixtures as a function of pH, charge
ratio and total concentration. The overall goal will be to find optimal conditions under which
stable core-shell colistin-polymer complexes are formed. In the second part of the project, we
will analyze the release and stability of the nanoparticles by using liquid chromatography-mass
spectrometry (LCMS). In a collaboration with the department of Bioanalytical Chemistry, the
analytical LC method was developed by Harald Rgsand Moe. Lastly, the different formulations
of colistin-polymer nanoparticles where investigated in vitro for their bacterial killing activity
against few multidrug-resistant Gram-negative bacteria isolates, which were compared to that
of free colistin. This part of the project was conducted in Dr. Havard Jenssen’s lab at Roskilde

University, Department of Science and Environment/ Center for Molecular Interactions.

The specific aims were as following:

e Preparation of the nanocomplexes based on the interaction of double hydrophilic block

copolymer PEOss-b-PMAA4g with the oppositely charged cationic drug colistin.

e |Investigate the conformation and nanostructure using small-angle X-ray scattering
(SAXS). This includes a systematical investigation of the influence of pH, charge ratio

and total concentration on the properties of the co-assembled nanocomplex.

e |nvestigate the release of colistin from nanoparticles using analytical methods (dialysis

and LC-MS).
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e Investigate the in vitro antimicrobial activity of the different formulations of colistin-
polymer nanoparticles against multidrug-resistant Gram-negative bacteria isolates,

such as Pseudomonas aeruginosa and Escherichia coli.

Colistin-polymer core-shell nanoparticles

Charge ratio

+ Copolymer com_position
concentration
@X
Emeeee o ’?
@ 4 )
Colistin

Clustering into large-scale aggregates

Figure 16. illustration of the self-assembly of cationic antimicrobial peptide and a polyanion-PEO block copolymer into core-
shell nanoparticles. The screening of the phase behavior depends on the charge ratio, copolymer composition and

concentration
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3 Experimental section

3.1 Chemicals, materials, ad equipment

Materials

The copolymer Poly(ethylene oxide)-block-methacrylic acid) (PEO-b-PMAA) with molecular
weight PEO2000-b-PMAA1300 were purchased from Polymersource Inc (Quebec, CANADA) and
stored at -20°C. The copolymer was characterized by a polydispersity index, PDI, of 1.1
(MN/MW = 1.1), where the asymmetry degree was determined by calculating the ratio
between the molecular weight of the PEO block and that of the PMAA block of the copolymer.
Hence for the PEO2000-b-PMAA1300, it was equal to 2000/1300 i.e., 1.53.

Polymyxin E1 sulfate (10 mg, 96.1% purity) were purchased from TOKU-E (Gent, Belgium) and
stored at -20°C. Phosphate Buffered Saline (PBS) pH 7.4 (1X) modified, without calciumchloride
and magnesiumchlorid, liquid, sterile-filtered was purchased at ThermoFisher Scientific (Oslo,
Norway). Type 1 water was obtained from a Milli® Integral water purification system from

Merck Millipore (Billerica, MA, US).

For the antibacterial activity, minimum inhibitory concentration

The bacterial strains used where Escherichia coli ATCC 25922, Pseudomonas aeruginosa H102
Canada (wild type), and Staphylococcus Aureus ATCC 25923. Ultrapure water (18MQcm) was
obtained from a Milli-Q® integral water purification system from Purelab flex, Denmark. The
broth used was Mueller Hinton Il (MH-II) broth (Becton Dickinson BV, Vianen, The Netherlands).

The Agar was purchased at Sigma-Aldrich (Lot: BCCD6501).
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Consumables

The 96-well polypropylene microtiter plates (Cat. No. 3879, COSTAR ) and 96-well Greiner plate
were purchased from Sigma Aldrich. Sterile pipette tips, Test tubes (1.5 mL), Falcon tubes (10,
15, 50 mL) and syrringe filter (w/0.2 um Cellulose Acetate membrane) were purchased from
VWR. F1 Finnpipettes with delivery volume ranges of 100-100 pL, 20-200 uL, and 5-40 pL from
Thermo Scientific were used. 1000 plL and 200 plL pipette tips were purchased from Sarstedt

(Oslo, Norway).

3.1.1 Buffer preparation protocol

Buffer solutions used where Tris (50mM, pH 7.2), citric acid/phosphate (50mM, pH 5.5) and
PBS (50mM, pH 7.4). For the citric acid/phosphate buffer (50 mM), 3.55 g sodium phosphate
dibasic (Na,HPO,) was dissolved in 500 mL Milli-Q water, where 5.75 g citric acid was added
afterwards to the solution. The pH was then adjusted by adding small amounts of the buffer
component. The approximate pH was determined using the pH strips described in section 4.1.
The same procedure where done for the Tris buffer, the amounts of the buffer components

required is given in Table 1.
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Table 1. The amounts of the buffer components to make citric acid/phosphate buffer (50mM

pH 5.5) and Tris buffer (50mM, pH 7.4).

Component Amount (g)

Sodium phosphate dibasic

Na,HPO,
(mw: 141.96 g/mol)

3.55

Citric acid monohydrate C¢HgO- -
H,0
(mw: 210.14 g/mol)

5.76

Tris
C4H{1NO;
(mw: 121.14 g/mol)

30.29

Hydrochloric Acid
HCl

7.66
(mw:36.46 g/mol)
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3.1.2 Preparation of pure polymer and colistin solutions,
and encapsulated colistin solutions

Solutions of the free PEO2000-b-PMAA1300 , free colistin and their complexe PEQz000-b-
PMAA1300/colistin, were prepared at different charge ratios which corresponds to their total
charge at given pH. For the first sample PEO2000-b-PMAA1300 copolymer solutions were
prepared at 3.3 mg/mL and the colistin concentration was either 2.8, 5.7 or 11.3 mg/mL (see
Table 2). Total charge was calculated on the basis of the copolymers and colistin’s molecular
weight, pKa and number of carboxylic groups of TA and amines of colistin at given pH (Table 2).
The mixture was prepared by two different methods, 1) the polymer was dissolved in a 1 mL
PBS solution, and 5.7 mg colistin was added directly to the solution, and 2) the two components
were dissolved separately in a 1 ml PBS, and where mixed together after 2 hours of being
shaken at room temperature. For both methods the mixtures were prepared by adding the
same volume of the two components to have a ratio of charges, R = [NH2]/[COOH], of 1. This
charge ratio was changed by decreasing and increasing the concentration of colistin (2.83
mg/mL and 11.4 mg/mL, respectively). The final concentration of the PEO2000-b-PMAA1300 and
colistin in the micellar suspensions was 9, 6.1, 14.6 mg/mL). All of the suspensions were gently
shaken at room temperature overnight in a rotator (Labroller®, Labnet, USA) and stored at 4 oC

until use.

53



Table 2. Calculations that were used when making polymer-drug samples for colistin and PEO-

b-PMAA. For pH 7.4, the charge ratio Z, corresponds to 1:1 for a concentration of 9 mg/mL.

Solvent

Polymer

Sample 1

Sample 2

Sample 3

Sample 4

54

compound

PBS pH7.4 1M

PEOs4-PMAA49

Colistin sulphate

Colistin sulphate

Colistin sulphate

Colistin sulphate

m

(mg).

N/A

3,3

5,66

2,83

11,32

MW

N/A

6600

1155

1155

1155

1155

n

(mmol)

N/A

0,0005

0,0049

0,00245

0,0098

€q

N/A

9,8

4,9

19,6

Charge

N/A

(+5)

(+5)

Number
of

charges

49

49

24,5

98

charge ratio,

Z

0,5



3.2  Small Angle X-ray Scattering

Most of SAXS experiments carried out in relation to this work were conducted at beamline
BM29 BioSAXS, located at the European Synchrotron Radiation Facility (ESRF) in Grenoble,
France. In the following sections, a comprehensive overview of the instrument set-up,

specifications, and the data treatment procedures will be presented.

EA)

detectorﬁ

N Ry

Figure 17. Picture of the setup for the BM29 BioSAXS instrument at ESRF, the image is depicted from the ESRF website. The

image shows an overview of the optics.

The setup of the beamline is shown in Figure 18. The synchrotron produces a high X-ray beam
that goes through multiple slits with different purposes to create highly monochromated beam
with a pinhole configuration. The spacing between the sample and detector is a fixed distance

of 2. 96 nm. The instrument possesses a moveable detector with three sample-to-detector
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distances yielding a combined g-range of 0.025 — 6 nm™!

which corresponds to a maximum
detectable size of 200 nm. This makes it ideal for studying the structures of micelles, which
have a size of roughly 10-30 nm. The sample handling system automatically injects the samples
into the exposure cell, which is a 1.8 mm thick quartz glass capillary. The sample continuously
flows through the capillary during the measurements, where 10 frames of 0.02 s was
performed for each samples. This was to minimise radiation damage, and therefore the 10
obtained frames was tested and detected by changes in the scattering pattern which exceeds
a calibrated threshold, relative to the first frame. Alle frames with radiation damage were
neglected for further analysis. In case of strong radiation damage, the exposure time, flow

speed and attenuation were changed accordingly. The PEO-b-PMAA/colistin samples were run

at 20°C, and the buffer was measured before and after each sample.

3.2.1 Data analysis

The primary data obtained from a scattering experiment is the 2D detector image. There are
several treatment steps which are common for the instruments that must be performed on the
raw detector images before the data can be used in analysis. First, the pixel data must be scaled
according to the data collection, transmitted intensity and incident beam intensity. Unwanted
pixels such as beamstop, intermodulus gaps, and hot pixels are removed by using a mask,
leaving only the scattered beam. Typically, this is achieved by calibrating with a homogeneous

scatterer such as glassy carbon.

The 2D pattering contains more data than necessary, and can be reduced by azimuthal
integration (radial averaging) of every frame, yielding a 1D image. This is done by taking an
average of all pixels at a given radius 1get = dgetector * tan 8, where derector is the detector
distance and 6 the scattering angle, the average of every pixel in that area is taken. This

expression is found from geometrical considerations, and the center of the radius is found from
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direct beam measurements. The average scattering vector (Q) is calculated for each radius and

is given by

__ 4msin(0)

Q) ==

(31)

As seen from this equations, one needs the calibrated wavelength of the X-rays, beam position
and sample-to-detector distance. These steps yields the scattered intensity from the sample

as a function of Q.

After the radial averaging, one must convert the data to an absolute scale to obtain the absolute
intensity of the sample. For this, the data must be background corrected by subtracting the
background and normalising the date. The background scattering comes from the buffer,
capillary and other sources. After subtraction we are only left with scattering coming from the

particles of interest and the excluded volume. Normalisation of the flux and the instrumental
. . . . . . . . dz
setup is done by using a internal standard with a known differential scattering cross-section 20

and thickness dg. During our measurement at BM29, the internal standard used is water at

20°C, which has a differential scattering cross-section of
ds 1
d—Q(Q) =(Q=0)=1.632-10 (32)

By measuring the scattering from the empty cell with and without water, we can calculate an
absolute intensity which is independent of the instrument used and allows for the comparison
of scattering data with data obtained from other instruments. The differential scattering cross

section per unit volume is given by

dz = —
ds _ =) 15¢(@)—BGs 33
a0 (Q) - (Ist(a)—BGst) dasT ( )
Stie) 7St st s+cell
dstTst+cell

where I and I, are the measured intensity of the sample and standard respectively, ds and dg;

are the thicknesses of the sample and standard, Tsyce; and dgiycerr are the transmissions of
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the sample and standard in the cell respectively, and BGg and BGg are the background

scattering.

At last, since the sample are measured at several frames, radiation damage may occur causing
altered scattering, especially at low g-values. The software at BM29 compares the frames, and
detects radiation damage. Frames that deviates with more than a certain amount from the
average are removed. The final scattering data was obtained by subtracting the scattering from
the buffer with the sample. The software at BM29 was used to remove some of the radiation
damage for the samples of PEO-b-PMAA/colistin, other than that the rest of the samples were
subtracted by using BioXTAS RAW software.

The final step is to analyse the final scattering data qualitatively and quantitatively. For
quantitative analysis, the analytical model introduced in Section 1.5.4 was programmed using
C++ in the QtiKWS software developed by Vitaly Pipich. Typically, the Nelder-Mead simplex
algorithm was used as a fitting algorithm, however it is sensitive to local minima, so in these
cases it was supplemented with the Levenberg-Marquardt algorithm. The size-polydispersity

was calculated with a built-in option which uses Gaussian distribution of the radii.

In addition, we carried out Indirect Fourier Transform calculations and fittings of the small angle
scattering data using the PRIMUS software package, which utilizes the GNOM program. For this
analysis, we employed the "arbitrary monodisperse" system, which covered the full g-range
and utilized around 200 splines. If the automatically chosen parameters failed to yield a
satisfactory fit to the data, we manually varied the Dmax parameter until an acceptable fitting

was achieved.
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33 Drug release study

In order to investigate the results of colloidal stability study, the in-vitro release of Colistin from
their corresponding complexes was studied at pH level of 7.4 For this experiment we could
also evaluate the coacervate micelles ability to disassemble at acidic pH (endosomal pH) in
order to release the entrapped drug. The micelles prepared according to the previously
described protocol were assessed in buffer solution with different pH . Briefly, freshly prepared
polymer/colistin  complexes were dispersed in 1 mL of phosphate buffer (pH 7.4, 10 mM),
citrate buffer (pH 5.5, 50 mM) or Tris buffer (pH 7.4, 50 mM). The micelles were transferred
into 10 mL dialysis bags (MWCO 3500 kDa) in 1L Milli-Q water at 37 C. The polymer solution
inside the bag was sampled around at different timepoints (2h, 5h, 10h, 24h etc.) The drug

concentration in the nanoparticle was determined using HPLC.

Start of dialysis At equilibrium

Dialysis
membrane
Free drug
Solvent '
Concentrated Drug—loagled
solution nanoparticle

Dialysis is a biochemical method that allows the separation of small molecules from a mix of
different size molecules. The sample is added to a dialysis membrane that has a specific pore
size, in these studies a membrane of 3.5 kDa was used. Small molecules diffuse through the
pores into the solvent and bigger molecules remain in the membrane.

Figure 18. The process for performing dialysis on the complexed sample. This figure is created by the author of this document

using BioRender, where information on the Figure is provided by BioRender (included the text below the illustration).
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3.4  Antimicrobial activity assay

3.4.1 Spot plating technique

The spot plating technique is a method used to quantify the amount of bacterial numbers of
the bacteria, and also the antibacterial activity of the antimicrobial again those pathogens. This
is done by the agar overlay technique, which is demonstrated in Figure 19. Where a serial
dilution of each bacterial suspension was made with MH broth media for the two-bacteria E.
coliand P. aeruginosa. From this overnight culture (ON), the bacterial culture was first diluted
at 1:500 to obtain bacterial inoculum ranging between 2 - 8 - 10 cfu/mL. When this was
achieved 10 pL of each dilution was spotted on the MH broth agar plates (Figure 20). The agar

plates were incubated for 24 h in 37°C.

Agar plate Pipette bacterial sample Spread sample evenly 4
@ @ onto surface @ over surface
4
- ] o
_ = D = o =\
= s 7/
/ \ / \\ { | \‘

Spot 10 pL of
sample

i — —
/ \ X Incubator
/ \
| E |
{ )

Zone of inhibition

Bacterial growth

Figure 19. Agar overlay technique demonstrates the antibacterial activity of colistin Sulphate. This figure is created by the

author of this document using BioRender.
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(unknown concentration)
90 pL broth

|
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1:10 1:100 1:108 1:10%

Plate 10 pL
27 colonies
Colonies:

Calculation: Number of colonies on plate x reciprocal of dilution of sample = number of bacteria/mL

27 colonies x 10pL x 10* = 2.7 x 10° CFU/mL in sample

Figure 20. Spot plating technique to quantify bacterial numbers of E.coli. The bacterial culture was diluted at 1:500

to obtain bacterial inoculum ranging between 2 - 8 - 10 cfu/mL. This figure is created by the author of this

document using BioRender, where the information on the Figure is provided by BioRender.
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3.5 Minimum inhibitory concentration (MIC)

The antimicrobial activity of free colistin and co-assembled colistin was tested using a serial
dilution titration method, to determine the peptides minimal inhibitory concentration (MIC)
against two different pathogenic bacterial strains: Escherichia coli ATCC 25922, Pseudomonas
aeruginosa H102 Canada (wild type). The MIC assay was performed in sterile 96-well
polypropylene microtitter plates). Overnight (ON) cultures were prepared by using autoclaved
media of Mueller-Hinton (MH) Broth (typically 5 mL) and these were left over at night at 37°C
in a water bath with shaking. The next day, the ON culture was diluted 1:50 in fresh MH broth

that was usually stored at -4°C, this is depicted in Figure 21.

E.coli overnight
culture
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5000 pL
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1:500

Figure 21: Spot plating technique to quantify bacterial numbers of E.coli. This figure is created by the author of this document

using BioRender, where information on the Figure is provided by BioRender

The optical density (OD) of the samples was measured at a wavelength 600 nm on the
spectrophotometer. The desired OD was 0.4 nm, the ON culture of E. coli and P. aeruginosa
were allowed to grow until they reached an OD of 0.4 (this could take more than 6 h of
incubation with 37°C with shaking). The bacterial culture was diluted again at 1:500 to obtain
bacterial inoculum (concentration of the bacteria) ranging between 2 — 8 - 10) cfu/mL, see

Figure 22 for the description of the process.

For the MIC assay, we tested the activity of free colistin, co-assembled colistin with polymer
into nanoparticles, and released colistin from the nanoparticle that was obtained from the drug
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release study. The plate was prepared by adding 10 pL serial dilution of the compounds and 90
ulL of the bacterial suspension. A positive control was the 1:500 bacterial culture and MH broth
was used for sterility control (negative control) and growth control was bacterial suspension.
The microtitter plate was then sealed and placed at 37°C for 24 hours approximately. The MIC
concentration was determined by the lowest concentration with no visible growth after being
incubated for 24 hours. For a detailed description, see Figure 22. The MIC results are given as

the median value of three experiments.
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with "
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Incubate bacteria and test © Growth
compounds o
0000000000 2 No growth
000000000006
080000000000
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Figure 22. Minimum Inhibitory Concentration (MIC) of colistin against E.coli and Pseudomonas Aeruginosa.
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4 Results and discussions

The overall aim of the study was: can we encapsulate colistin in PEO-b-PMAA polymer matrices
through coacervation to obtain active colistin nanoparticles. A major part of the study was
therefore dedicated to developing methodologies to obtain stable peptide-polymer
coacervates and physiochemical characterization of these using scattering methods.
Subsequently, to evaluate the performance of PEO-b-PMAA polymer as a drug delivery system
for colistin, the antimicrobial properties, drug release kinetics and cytotoxicity of the peptide-

loaded nanoparticles have been investigated.

The results are arranged in chronological order, beginning with the structural characterization
of pure colistin and polymer in aqueous solution. Following that, an in-depth characterization
of colistin-polymer coacervates is presented, as well as the small-angle scattering structural
model used to fit the scattering pattern of coacervates micelles. In addition, the findings of drug
release studies will be discussed in detail. The final section of this thesis will discuss the
preliminary assessment of the antimicrobial activity of the coacervates micelles against a
variety of bacterial cultures and compare the results to those obtained with free colistin to
determine if there were any differences in antimicrobial activity between free and complexed

colistin.
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4.1  Structural characterisation of Pure Polymer and Colistin
Solutions

The core focus of this thesis lies in the comprehensive structural analysis obtained using SAXS.
For the pure diblock copolymer, PEOss-b-PMAA4g, and colistin the Beaucage model presented
in section 1.6.1 was used to fit our experimental SAXS data, this sections that follows a detailed

explanation of the fitting process is explained.

The scattering curve shown in Figure 23 indicates which structural features of the micelles
contribute to which features of the scattering curve. Typically in the low Q-region (also known
as the Guinier region), the scattering is primarily influenced from structures around 10-100 nm.
In this area we get an idea about the size and polydispersity in the sample, and is characterised
by the radius of gyration (Rg). Moving to the middle Q-region, referred to as the Porod region,
we get details on the structure and shape the gradient. Finally, the high Q-region provides

information about the radius of the core of the C3Ms (Rcore).

Guinier region Shape Porod region
Size Surface fractals

@)~ g
d: fractal dimension:

— —

Interparticle

terfarerice [ Inter-atomic structure
I

Scattering intensity 1(q)

Radius of gyration
I(a) ~ exp(-g’Rs* /3)

— Larger structure Smaller structure —————»

Scattering vector q

Figure 23. lllustration of the whole scattering curve for two interparticle interaction potentials. The very low g region contains
information about interparticle interactions among two particles. When the intensity reaches a plateau (Guinier regime) in the
low Q regime, the overall size (Rg) of the particle can be determined. The Porod law describes the relationship between the

slope of In I(g) vs. In (g) and the fractal dimension of the scattering particle.
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4.1.1 Structural characterisation of PEOss,-b-PMAAqg

The Beaucage model was performed to investigate the structural evaluation of the pure diblock
copolymer. In Figure 24 a), the scattering curve is shown for the pure PEOss-b-PMAA4g diblock
copolymer in PBS solution, where the concentration of the diblock copolymer is 0.5 mM. The
black line that goes through the scattering data is a representation of the model used to fit the
data. In comparison with the generalized polymer-like scattering model, Equation 23 in Section
1.6.2, it is shown that PEOss-b-PMAAus is nicely described with this model. From this model we
can extract a number of parameters, which can quantitatively describe the scattering curve.
The parameters used to produce the curves can be seen in Table 20 in the Appendix Section

6.3.

All scattering curves exhibited a clear Guinier-liker regime at low Q-values, however, they also
had an upturn at lower values (Q < 0.01 A1), showing that the polymer solution is not
completely homogeneous, which is an indication of the formation of larger clusters. If this was
not the case, one would expect a plateau-like behavior at the lowest Q-values which is not
observed. However, by diluting the diblock copolymer concentration it was observed that the
steep declines with lower concentration. It is probably because at lower concentrations the
interactions between the diblock copolymer and solvent are decreased. It is important to note
that the clustering might arise from other intramolecular interactions such as hydrogen
binding, van der Waals forces or hydrophobic interactions. This can also be seen in Figure 24,
where the concentration of the diblock copolymer used where 0.5, 0.4, 0,3 and 0.1 mM. These
interparticle interactions were taken into consideration into the fitting model by using a second
virial coefficient, A2, which was adjusted by the fitting algorithm until an optimal fit was found.
Moreover, for the high Q-values we observe that the anionic polyelectrolyte has a polymer-like
scattering with a smooth decay of Q dependency of Q2. Also the radius of gyration, Rg, can
affect the scattering curve in this region. The extracted Rg values from the model were 18, 20,
22,21 nm for concentrations of 0.5, 0.4, 0.3 and 0.1 mM respectively. Indicating that Rg values
is inverse proportional with the concentration, where a higher concentration gives a lower Rg

value.
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Figure 24. SAXS intensity as a function of the modulus of the scattering curve, Q, of a) PEOss-b-PMAA4g diblock copolymer at
concentration 0.5 mM (3.3 mg/mL), b) PEOss-b-PMAA,g diblock copolymer at concentration of 0.5, 0.4, 0.3, 0.1 mM. The blue

and black curve in both a) and b) respectively represents the Beaucage model fit.
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4.1.2 Structural analysis of pure colistin

Like PEOss-b-PMAA4g, Colistin was dissolved in PBS solution and the same model was used to
fit the scattering data. The observed scattering curves for Colistin resembled the scattering
curve for the diblock copolymer, where at low Q-values it had an increase in the steep of the
scattering. Unlike the diblock copolymer, we used a higher concentration for the Colistin
samples, and also made sure to dilute them down. Figure 25 shows the scattering curves with
its corresponding fitted model at concentrations of 10, 8 and 2 mM. The corresponding Rg
values where found to be 6.22, 6.19 and 5.99 nm. Meaning that the concentration did not have
any effect on the Rg values as it did for the diblock copolymer. The parameters used to produce

the curves can be seen in Table 6 in the Appendix.
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Figure 25. SAXS intensity as a function of the modulus of the scattering curve, Q, of Colistin at concentration 10, 8 and 2 mM.

The black curve represents the Beaucage model fit.
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4.2  Analysis of the scattering curves for the formation of

C3Ms by complexation between PEO-b-PMAA and Colistin

The investigation of the formation of core-shell coacervates formed by the anionic block-
copolymer, PEOss-b-PMAA4g, and the cationic polyelectrolyte, Colistin, was one of the most
important aspects of this thesis. The core of these coacervates consist of interpolymer
electrostatic coacervates of Colistin and the PMAA block and the outer shell is composed of the
PEO blocks. It is this PEO block that stabilises the coacervates against aggregation and
macroscopic phase separation by steric repulsion. From the study done by Atman et al. [48],
they found that typically coacervates aggregate to clusters, which subsequently redistribute
into stable spherical core-shell particles. In this study and many other studies on nanostructures
that were formed by self-assembly of oppositely charged polyelectrolyte it was used spherical
core-shell model. With the theoretical knowledge we had, we attempted to use the same
model for the data we obtained for our samples given that we did form coacervates.
Interestingly, the core-shell model was not able to produce fits which overlapped satisfyingly
to the experimental data. An attempt was to vary the parameters manually and perform the fit
procedure using a different code to rule out potential sources of error, but this also failed to
describe the data. It was suspected that Colistin might not be as stable as once thought, despite
this not being reported in the most published articles on Colistin. A deep look at this gave
surprising results that Colistin was neither stable at low temperatures nor inert against
surfaces. However, the scattering pattern that we obtained throughout the work in thesis
showed to be reproducible and stable over time. This hypothesis had to be ruled out, but was
taken considerably into consideration during the rest of the work. While micelles or clustered
structures might be present, the failure of the core-shell model to explain the data can be
explained by the presence of other large structures in the solution which dominate in the

scattering signal.
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Unfortunately, it was not until the final month of my thesis that we arrived at the
implementation of a generalized model to accommodate a portion of our data. For us the most
important aspect was that we could present and documentate the formation of
nanocomplexes arising from colistin and PEOs4-b-PMAA4g. Moving further in the subsequent
analysis, we will present the scattering curve for a mixed solution along with the corresponding
fitted parameters. However, we cannot present the fitted model for the remaining scattering
curves collected during this thesis. Nevertheless, it is noteworthy that the majority of these
curves exhibited reproducibility, and we can deliberate on the observed changes in the data

through comparative analysis.

In general, for this model the intensity for the particles can be written as:

Iy = C/dp -1073 "M, - (pNP - pO)Z/Navo (34)

where My is the molecular weight of the nanoparticle, c is the concentration of the solution
containing both Colistin and PEO-b-PMAA, dp is the density of the polymer, N, is Avogadro’s
number, and pyp and py is the scattering length density of the polymer and solvent

respectively.

Figure 26 illustrates the scattering patterns of pure Colistin and pure PEOss-b-PMAA4g, each at
concentrations of 2.8 mg/mL and 3.3 mg/mL, respectively. Additionally, the scattering pattern
of the mixture of these two components, which forms polyelectrolyte coacervate micelles, is
also presented. Before delving into the analysis of the coacervate micelles, it is worthwhile to
briefly compare the scattering curves obtained in Sections 4.1.1 and 4.1.2 with those of the
pure Colistin and pure polymer blocks. The scattering curve in Figure 26 for Colistin, a more
plateau-like behavior is observed at lower Q-values, in contrast to the upward trend seen in
Figure 25. This discrepancy suggests the absence of aggregation in this particular sample, but
rather the presence of free Colistin chains. On the other hand, for PEOss-b-PMAA4g, although
some upturn of scattering at lower Q-values is still observed, it is not as pronounced as depicted

in Figure 24.
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Figure 26. Black curve indicates SAXS profile of polyelectrolyte coacervate formed by Colistin and PEO-b-PMAA,
whit a concentration of 2.8 mg/mL and 3.3 mg/mL respectively. The blue curve is the SAXS profile for pure Colistin
at 2.8 mg/mL, and the brown cure is the SAXS profile for pure PEO-b-PMAA at 3.3 mg/mL. The red line is the

Model fit that was used to fit to our scattering data.
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Moving to the analysis of the coacervate micelle depicted in Figure 26, the shape of the
scattering curve display typical features of spherical aggregates. Notably, a significant
enhancement in scattering intensity is observed at lower Q-values when compared to the
scattering profiles of the individual polyelectrolytes. Conversely, at higher Q-values, the
scattering intensity follows a power law decay with an exponent of Q' , indicative of polymer
chain scattering behavior in both the coacervate core and corona. This behavior aligns with the
anticipated scattering patterns in a good solvent environment. In the subsequent section, we
will investigate the impact of stoichiometric variations on the scattering profile of the

coacervate micelles, as depicted in Figure 26.

4.3  The effect of stochiometric charges

Various trends can be observed when different amounts of Colistin and PEO54-b-PMAA49 are
combined. In Table 3 we have kept the PEOss-b-PMAA49 concentration constant at 3.3 mg/mL,
while increasing the Colistin concentration with 2.8, 6.9 and 13.8 mg/mL. For sample 1 it is
considered that the final coacervate has a net charge of zero, meaning that all charges on the
polyelectrolyte chains are neutralized by the oppositely charged polyelectrolyte. While for
sample 2 and 3, the net charge will be negative and positive respectively. Than the total
aggregation number Nagg is simply the sum of positively and negatively charged polyelectrolyte

chains forming the coacervates.

Figure 27 shows the SAXS profiles from coacervates by the variation of Colistin concentration,
where Z < 1 (pink graph) describes the system at excess of negative charges on these
aggregates. It is said that C3Ms is formed during the so-called preferred micellar composition
(PMC), which corresponds to mixing ratio of 1:1 where there is an equal amount of positive and
negative charges. This is shown for the grey graph, where Z = 1. Further by increasing the excess
of positively charged species, Z> 1 (blue graph) it is believed that C3Ms dissociate into singular
polyelectrolytes again. However, we can observe this phenomena for our samples. This
believed is because the difference in negative charges are not large enough, in this case we

have to have larger difference between Colistin and PEO-b-PMAA.
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Table 3. Concentrations of pure Colistin and PEOss-b-PMAA4s for the scattered

curved shown in Figure 27, and sample 1 describes also the black curve in Figure

26.
Concentration
Polymer
mg/mL
Sample 1 3.3
Sample 2 33
Sample 3 33

Concentration Total concentration
Colistin mg/mL mg/mL
2.8 6.2
6.89 10.19
13.78 17.08

Table 4. Fit Parameters of Polyelectrolyte Coacervates for the Generalised Core-

shell model
Nagg
Polymer
Sample 1 9.55E+00
Sample 2 3.46E+00
Sample 3 7.87E-01

Nagg Nagg Re

Colistin Total nm
2.67E+02 2.76E+02 7.89+01
2.38E+02 2.41E+02 111.7
1.08E+02 1.096E+02 84.63
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PEOs4-b-PMAA s mixed with Colistin Sulphate
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Figure 27. The scattering curve for mixture of Colistin with PEO-b-PMAA, where PEO-b-PMAA had a constant concentration of
3.3 mg/mL and the Colistin concentration was 2.8, 6.9 and 13.8 mg/mL. The Z ratio is an indication of the charge balance in the
sample, where Z=1 indicates that the positive charges are equal to the negative charges presents. While Z<1 indicates that

there is an excess of positive charges, and Z>1 has an excess of negative charges.
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To gain insights into the charging behavior and the concentration range at which Colistin-
Polymer Coacervate Micelles (C3Ms) form, we conducted experiments using various polymer-
to-colistin ratios. The calculations behind the ratios are given in Appendix 6. Figure 28
illustrates the results, demonstrating a distinct change in scattering intensity at low Q values.
In the cases of ratios 10:1, 5:1, 2:1, and 1:1, the polymer component greatly surpasses the
colistin component in abundance. Notably, it is only when reaching a ratio of 1:1 that the
formation of C3Ms becomes evident. This observation confirms the theoretical prediction that
C3Ms exhibit a relatively narrow composition window, predominantly near a mixing fraction of
1:1. Furthermore, as we approach a charge balance, i.e., closer to the 1:1 ratio, an increase in
scattering intensity is observed at low Q values. This suggests the presence of clusters formed
during the complexation process, with the size of these clusters growing as more C3Ms are

formed, particularly when nearing the 1:1 ratio.

In contrast, for the mixing ratios of 1:2, 1:5, 1:10, 1:20, and 1:35, colistin is present in excess
compared to the diblock copolymer. For all of these ratios, the scattering curves show the

formation of core-shell coacervates with large-scale aggregations occurring in the low Q-region.
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4.4  Drug release studies of the formed nanocomplexes

In order to examine the pH-dependent drug release of Colistin and the colloidal stability of the
coacervate micelles, it was intended to investigate buffer solutions with varying pH levels.
Initially, citrate buffer (pH 5.5, 50 mM) and Tris buffer (pH 7.4, 50 mM) were prepared for this
purpose. However, due to time constraints, drug release studies using these buffer solutions
could not be conducted. Throughout this study, only PBS (pH 7.4, 10 mM) was utilized to assess

the stability of the micelles.

Based on the analysis performed on the scattering curves obtained from the Colistin-PEO-b-
PMAA complexation, a specific mixing ratio of 1:1 was chosen for further investigations. Section
4.3 demonstrated that this particular ratio could generate coacervate micelles encapsulating
Colistin, as well as larger aggregations of these micelles. To assess the physical stability of the
complexes dissolved in PBS, a 48-hour testing period was conducted (Figure 29). The initial
sample, taken prior to the drug release studies, is represented by the blue scattering curve,
reflecting the observations presented in Section 4.3 regarding the Colistin-PEO-b-PMAA
complexation. Excellent stability of the complexes was observed for up to 5 hours, with no
noticeable changes in the scattering curve. However, changes in the scattering curves were
observed in samples taken at 12 hours, 24 hours, and 34 hours. At lower Q-values, these
scattering curves resembled those obtained from pure polymer and pure Colistin, while
minimal alterations were observed at higher Q-values. These data indicate that something
occurred between the 5-hour and 12-hour sampling intervals, where it is evident that Colistin
has been released and the complexes have disassembled into free chains. For future
investigations, it would be of interest to collect additional samples within this timeframe to gain

a more comprehensive understanding of the release kinetics.
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Figure 29. SAXS profile of a 1:1 mixing ratio of polymer to colistin, with concentrations of 3.3 mg/mL and 5.7 mg/mL,
respectively. This graph serves to illustrate the physical stability of the coacervate complexes following incubation in
phosphate-buffered saline (PBS). Samples were extracted at various time points, specifically after 5 hours, 12 hours, 24 hours,

34 hours, and 48 hours, enabling an examination of the temporal evolution of the coacervate complexes.
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4.5 In vitro antimicrobial activity of nanocomplexes against E.

Coli and P. Aeruginosa

As mentioned early in the thesis, Colistin has demonstrated rapid bactericidal activity in vitro
against various Gram-negative multidrug-resistant (MDR) isolates, including Klebsiella
Pneumoniae, Acinetobacter baumannii, and Pseudomonas aeruginosa. Despite its efficacy in
clinical settings, subsequent studies reported severe toxicity associated with the use of Colistin
as a therapeutic option. The reduction of toxicity and the fact that Colistin serves as a last-resort
antibiotic motivated the focus of this thesis, which aimed to encapsulate Colistin in order to

reduce its positive charges and, consequently, its toxicity.

Moving forward in this section, we aim to present the bacterial killing effect of Colistin against
two different pathogenic bacterial strains: Escherichia coli ATCC 25922 and Pseudomonas
aeruginosa H102 Canada (wild type). By demonstrating that the antimicrobial effect of Colistin
remains intact even after encapsulation, we provide evidence supporting the potential of
nanocomplexes to mitigate its toxicity. To assess the in vitro antimicrobial activity of the

nanocomplexes, we employed the spot plating technique previously described in Section 3.4.1.

First, we conducted a simple investigation to determine the antimicrobial activity of the
nanocomplexes. Figure 30 displays the agar plating results for various nanocomplexes
prepared at concentrations of 2.8, 5.7, and 11.3 mg/mL, along with pure colistin and pure
polymer at concentrations of 2.8 mg/mL and 3.3 mg/mL, respectively. In Figure 30, we also did
a test on the Gram-positive bacteria Staph. Aureus to show that Colistin has no antimicrobial
activity against Gram-positive bacteria. It was evident that the pure polymer did not exhibit any
antimicrobial activity. However, both pure colistin and the nanocomplexes demonstrated a

pronounced killing effect on both E. Coli and P. aeruginosa.
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Figure 30. nanocomplexes of colistin and PEO-b-PMAA were evaluated against E. coli and P. aeruginosa at concentrations of
11.3, 5.7, and 2.8 mg/mL. Condition a) represented the bacterial strain E. coli, including the Gram-positive bacteria Staph.
aureus, demonstrating the absence of antimicrobial effect of colistin on gram-positive bacteria. Dilutions (conditions b) and c))

revealed that the nanocomplexes lost their activity at 0.1 mg/mL for both E. coli and P. aeruginosa.
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In order to obtain more precise results, we decided to further dilute the samples. Upon dilution,
we observed that the nanocomplex at a concentration of 0.11 mg/mL lost its antimicrobial
activity against the E. Coli bacterial strain. Similarly, for P. aeruginosa, the antimicrobial activity

was lost at a concentration of 0.1 mg/mL. These findings are visually represented in Figure 30.

4.6 Minimum inhibitory concentration

To evaluate the antibacterial efficacy of the colistin nanoparticles, we measured the minimum
inhibitory concentration (MIC) of the nanoparticles against the two isolates of E. coli and P.
aeruginosa. Figure 31 illustrates the number of bacterial colonies counted for E. coli and P.
aeruginosa, as determined using the method described in Section 3.4.1. In the MIC assay, we
compared the activity of free colistin with that of co-assembled colistin with a polymer into
nanocomplexes. To assess any solvent-related effects, the bacterial culture was diluted with

both water and PBS.

The MIC concentration was determined as the lowest concentration at which no visible growth
was observed after 24 hours of incubation. The nanocomplexes containing colistin exhibited
MIC values of 0.009 mg/mL for E. coli and 0.018 mg/mL for P. aeruginosa, as depicted in Figure
2. Additionally, for E. coli, this finding was confirmed by spotting the samples of the MIC on
agar plates, which revealed a matching MIC value of 0.009 mg/mL. We compared these results
to the result that we found in Section 4.5 by just spotting the nanocomplexes samples at the

agar plating with the bacterial strains.
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Figure 31. The amount of bacterial numbers were calculated by 1:500 dilution to reach the bacterial inculum ranging between
2 —8-10cfu /mlL. For Pseudomonas and E. Coli it was shown to have bacterial number of n 7108 cfu /mL and n 1-

108 cfu /mL in the sample respectively.
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Figure 32. The figure shows that the minimum inhibitory concentration (MIC) of the nanocomplexes against E. coli was 0.009

mg/mL, while for P. aeruginosa it was 0.018 mg/mL. We examined the MIC using both water and PBS as dilution solvents, but

observed no significant difference in their effects.
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As discussed in the preceding section, the experimental results clearly indicate that the
nanocomplex exhibited a loss of activity at a concentration of 0.011 mg/mL for the E. Coli strain,
as illustrated in Figure 30. This finding is further supported by the determination of the
minimum inhibitory concentration (MIC), which yields a value of 0.009 mg/mL, which can be
approximated to 0.01 mg/mL. Similarly, for P. Aeruginosa, the data presented in Figure 30(c)
indicates a loss of antimicrobial activity at 0.01 mg/mL, while Figure 32 demonstrates that it
loses its antimicrobial effectiveness at a slightly higher concentration of 0.018 mg/mL, which
can be rounded up to 0.02 mg/mL. Although there exist slight variations, these differences are

considered to be minor. The difference is shown in Figure 33.

1:500 dilution

Figure 33. This figure presents a comparison between the spotting techniques used for determining the minimum inhibitory
concentration (MIC) and the direct spotting of nanocomplexes onto the bacterial strain of E. Coli. Notably, both approaches

reveal that the antimicrobial activity of the nanocomplexes ceases at a concentration of 0.01 mg/mlL.
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5 Conclusion and outlook

The failure of conventional antibiotics to effectively treat infected patients is a growing
concern due to the emergence of antibiotic-resistant bacteria worldwide. Consequently,
there is an urgent need for the development and testing of new approaches. Among the
various drug delivery systems explored, complex coacervate core micelles have garnered
significant interest. Additionally, due to its polycationic nature, Colistin can readily form
complexes with oppositely charged polyanions. In our study, we employed a pH-sensitive
double-hydrophilic block copolymer (PEO-b-PMAA), where the PEO shell acts as a protective

corona around the core, safeguarding it from enzymatic degradation.

The primary objective of this thesis was to create innovative nanomedicines based on the
peptide colistin. This involved a comprehensive investigation of the phase diagram of
colistin/PEO-b-PMAA mixtures, considering variables such as pH, charge ratio, and total
concentration. Specifically, our aim was to identify optimal conditions that would lead to the
formation of stable core-shell colistin-polymer complexes. While several parameters were not
examined in this research, two particular factors were taken into consideration: the charge
ratio and the total concentration. The structural properties were characterized using SAXS,
and two analytical models were employed to extract information from the scattering data
obtained for pure polymer, pure colistin, and their nanocomplexes. The analysis revealed that
the pure samples existed mainly as free chains, albeit with some evidence of aggregation.
Furthermore, we closely monitored the formation process of polyelectrolyte coacervates by
varying the concentration and charge ratio of colistin and PEO-b-PMAA. Our findings

demonstrated that a 1:1 mixing ratio yielded coacervate micelles.

The other objective of this study was to evaluate the antimicrobial activity of the
nanocomplexes, which was successfully demonstrated against both E. coli and P. aeruginosa.
It was observed that the complexation of colistin inhibited its activity, yet it effectively
screened the charges, thereby reducing toxicity. Naturally, further investigations are required
to explore the particle shape and other crucial parameters that can influence the

complexation process.
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7 Appendix

Table 5. Definitions and units of parameters used in analytical models describing coacervate

micelles.

Parameter Definition
Mp Molecular weight
[g/mol]
Rg Radius of Gyration [A]
dp Density polymer
[g/cm?]
RhoPO Scattering length
density solvent
[cm?]
RhoP Scattering length
density polymer
[cm™]
RhoCol Scattering length
density Colistin
[cm™]
df Fractal dimension
C Cluster prefactor
Xi Fractal cluster size
fpfree Fraction of free
chains that is BCP: 1
or0
fcfree Fraction of free
chains that of colistin
expo Exponent cluster 2
default
xiC Cluster size
fo Fraction of solvent
fOped Fraction of solvent
Sigma Outer roughness
Mcol MW Colistin
Rp Radius of particles [A]
P Aggregration number
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7.1 Structural characterisation of PEOss-b-PMAA4g

Table 6. All parameters used for the Beaucage model to fit the scattering data at different

concentrations.

Mp

Rg

dp

RhoPO

RhoSolv

A2

Xi

expo

bcg

dsol

0.5mM

6600

17.981262

1.33

1.096e+11

9.39e+10

500

1.3

5e-05

0.55

0.4 mM

6600

20.0192599

1.33

1.096e+11

9.39e+10

550

1.9

3e-05

1.5

0.3 mM

6600

21.8051162

1.33

1.096e+11

9.39%e+10

0.009

500

2e-05

0.2

0.1 mM

6600

21.4103863

1.33

1.096e+11

9.39e+10

500

1.5

5.2e-05

0.02
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7.2 Structural characterisation of Colistin

Table 7. All parameters used for the Beaucage model to fit the scattering data at different

concentrations.

10 mM 8 mM 2 mM
Mp 1155 1155 1155
Rg 6.22031231 6.19215429 5.98903258
df 2.1 2.1 2.1
dp 1.33 1.33 1.33
RhoPO 1.096e+11 1.096e+11 1.096e+11
RhoSolv 9.39e+10 9.39e+10 9.39e+10
A2 0 0.0019 0
Xi 1000 1000 1000
expo 2 1.9 2
bcg 0 0 0
C 10 15 2.5
dsol 1 1 1
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7.3 Calculation for Mixture of PEOs4-b-PMAA4 with Colistin

Table 8. Calculations for the charge ratio. Different polymer : colistin compositions were used, and these are only calculation for the scattering
curve shown in Figure 28, Section 4.3.

Polymer

konsentrasjon
(mg/mL) Masse (g) MW (g/mol)  n (mol) Number of molecules (48,8) Number of charges

5,00E-07 3,01E+17 1,47E+19

Colistin (mg/mL) MW (g/mol) Mass (g) n(mol)
3,3 1155 0,0033 2,85714E-06

Mass (g) Mass (mg) Buffer (mL) Consentrasjon (mg/mL)
Standard polymer 0,0297 23,1 7 3,3

Polymer : Colistin n_colistin (mol) m_colistin (g) m_colistin (mg) consentrasjon colistin (mg/mL)

1:1 5,00E-07 0,000578 0,5775 0,58
2:1 2,50E-07 0,000289 0,2888 0,29
5:1 1,00E-07 0,000116 0,1155 0,12
10:1 5,00E-08 0,000058 0,0578 0,06
1:2 1,00E-06 0,001155 1,1550 1,16
1.5 2,50E-06 0,002888 2,8875 2,89
1:10 5,00E-06 0,005775 5,7750 5,78
1:20 1,00E-05 0,011550 11,5500 11,55
1:35 1,75E-05 0,020213 20,2125 20,2125









