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Nanoparticle-based antibiotic delivery for targeting intracellular bacteria

by

Eleanor Porges

Intracellular bacterial infections, such as Burkholderia spp, are notoriously difficult to treat, in part
due to poor membrane permeability and intracellular bioavailability of antibiotics. Current
treatment options involve high doses of antibiotics for sustained periods of time, therefore
contributing to the issues of antibiotic resistance, and potentially causing off-target effects in the
patient. In the absence of novel antibiotic compounds, intracellular targeting polymersome (PM)-
encapsulated antibiotics may increase the efficacy of existing antibiotics by promoting targeted,
infection-specific intracellular uptake in otherwise poorly bioavailable antibiotics. In this study it
was hypothesised that PMs composed of widely available polyethylene oxide-polycaprolactone
(PEO-PCL) block co-polymers could stably encapsulate antibiotics and release them intracellularly
to reduce macrophage infection. PMs were generated via the nanoprecipitation method.
Antibiotics doxycycline and rifampicin were retained stably for 14 days within PMs under dialysis.
PM-antibiotic preparations did not inhibit the growth of free-living B. thailandensis, highlighting
their ability to sequester their payloads until at the target intracellular niche. On uptake by
murine macrophages, PMs co-localised with intracellular B. thailandensis and significantly
reduced bacterial burden (by factors of 100 and 10 for doxycycline and rifampicin-loaded
preparations respectively). It was concluded that PMs present a viable approach for the targeted

treatment of persistent intracellular B. thailandensis infection.
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1.1 Thesis overview

The aim of this thesis is to develop a method to deliver antibiotics to intracellular locations, using
polymersome (PM) nanoparticles, in order to improve the treatment of persistent bacterial
infections. Intracellular infections are challenging to treat for multiple reasons including poor
intracellular antibiotic bioavailability; antibiotic resistance; and the side effects associated with
the long and sustained medication courses currently used for treatment. This project aimed to
encapsulate a range of antibiotics within PMs, and subsequently show their ability to be taken up
by infected cells and inhibit bacterial growth once at this target location. Therefore, it is first
necessary to introduce bacteria and their relevance to human health, before reviewing the

literature on antibiotics and nanoparticles currently being used for drug delivery purposes.

1.2 An introduction to bacteria

1.2.1 Commensals, pathogens, and the human microbiome

Bacteria are single-celled microorganisms which are adept at surviving in every environment
found on Earth, including the human body. Recent work by Sender et al. (2016) demonstrated
that a reference human, containing approximately 30 trillion human cells, was found to play host
to approximately 38 trillion bacterial cells, a ratio of around 1:1. This work highlights the large
number of bacteria the body has to cope with. The human microbiome encompasses all

microorganisms living inside the body, including the different bacterial species.

Harmful bacteria, those which readily cause illness and disease, are called obligate pathogens.
Some have an extremely fast doubling time, for example Escherichia coli which doubles in as little
as 20 minutes (Fossum et al., 2007), whereas others take longer, for example Mycobacterium
tuberculosis which has a doubling time of 24 hours (Ginsberg and Spigelman, 2007). These
replication rates can impact the ways in which bacteria cause illness amongst people. For
example, in the case of E. coli the fast replication time means the pathogenic bacteria can quickly
(usually within a matter of days) cause illness (Lim et al., 2010), whereas M. tuberculosis causes a
much more slowly-developing illness in comparison, with the active bacteria causing detectable

symptoms after months (Heemskerk et al., 2015) or even years (Flynn and Chan, 2001).



Chapter 1: Introduction

However, there are also bacterial species which do not usually cause harm to their hosts. These
are known as commensals, and they often have beneficial effects. An example of such a species is
Bifidobacterium, a coloniser of the gut. This bacterium produces vitamins that the host can use,
and can create a barrier preventing pathogenic bacteria from attaching to and colonising the gut
surface (Picard et al., 2005). Despite this, any bacteria, when given the opportunity, may cause an
infection. Therefore, commensals are sometimes also referred to as being opportunistic, or
facultative, pathogens — bacteria which will only cause illness in the host when the opportunity
presents itself, for example through weakened host immune defences. Staphylococcus
epidermidis is an example of such a species, as it is part of the human body’s normal microbiome
and naturally colonises human epithelial cells without causing harm. However, it commonly
causes unpleasant infections involving medical device implants, when these become

contaminated with the bacteria from the skin of the patient, or health care worker (Otto, 2009).

Additionally, aside from the large number of bacterial species within the body, there are also
species that live externally in the environment which may also cause infection. Bacteria may enter
our bodies through a variety of routes, for example: dirty drinking water, cuts in the skin, and
inhalation, to name just a few. There is the potential for any of these situations to cause an
infection, and so this highlights the constant battle our bodies face against bacteria. This being
said, the balance between commensals and pathogens within the microbiome is important to
ensure a healthy host, and is also fragile — numerous things can alter the composition and disrupt

the balance, including antibiotics, which will be discussed in section 1.3.3.

1.2.2 Bacteria as bioweapons

In some situations, certain bacterial species can be used by humans in a detrimental way. If a
species possesses the correct characteristics, it can allow for them to be cultured and used for
biowarfare purposes to inflict harm on others. Some of the characteristics a bacterial species must
have in order to be considered a biological threat consist of the following: the ability to be
infectious even at low doses; rapid growth and short incubation periods; the ability to be mass
produced; stability after release into populations; and little or no existing immunity within the

population to the bacterium (Beeching et al., 2002).

Due to the ease of access and widespread locations of many dangerous pathogens, for example
soils, there are concerns for their use in bioterrorism. For example, Bacillus anthracis, the species
behind the infection anthrax, is a soil-borne organism which can be found across the globe. It

grows well, and quickly, on standard culture media, and it is thought that relatively little expertise
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is required to generate an aerosolised, and therefore easily disseminated, form (Christian, 2013).
For these reasons, there is a need for defences against these types of organisms. Whether for
soldiers visiting countries where these may have been used, or for civilians caught up in on-going

wars — the need for a treatment is potentially great.

1.2.3 Immune response to unwanted bacteria

Given the vast number of bacteria present within the body, and the huge array of bacterial
species outside the body, it is inevitable that occasionally humans will become infected, and will
need to mount an immune response to the infection. There are two arms of the immune

response: the innate response, and the adaptive response (Figure 1.1).

The immune response

|
I I
Innate, non-specific immunity Adaptive, specific immunity
] I
v v : v
Physical Phagocytes, cytokines, Humoral immunity -
barriers complement proteins antibody responses
=% d?’,, v N

Figure 1.1 — An overview of the immune response in vertebrates. The innate response is the
non-specific immunity which can act rapidly against invading pathogens, whereas the adaptive
response is specific to certain pathogens, and takes much longer to activate upon first exposure
to the pathogen. The adaptive response further branches into humoral immunity which involves
antibody production, and cell-mediated immunity.

The first line of defence to an infection involves physical barriers. These can include anything that
creates a block to the infection, such as the human body’s outer layer of skin. Chemical secretions
from the body also play a role, for example the low pH of stomach acid, which is harsh enough to
kill many types of pathogen. In terms of the immune system, the innate immune response tackles
infection relatively quickly. It is composed of numerous types of cells and molecules, for example
neutrophils, macrophages, cytokines, and proteins of the complement system, which work
together to coordinate a response to protect against infection. The innate response is able to act

quickly as it targets elements which are common to many types of invading pathogens, but not
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found in host cells. These elements are called pathogen-associated molecular patterns (PAMPs)
and are recognised by pattern recognition receptors (PRRs) on the surface of neutrophils and
other phagocytic cells, such as macrophages. Once recognised as foreign, phagocytic cells will
engulf the bacteria and process it, which in most cases will lead to its death (Figure 1.2). Once
activated, cells of the innate immune system can also stimulate the adaptive immune response by
producing signals, such as cytokines and chemokines, which will activate cells such as the T

lymphocytes (Janeway et al., 2001).

Invading ocvti
pathogen, ehagocytic ey eg

containing acr, oy,
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r}‘ A, A Phagolysosome
. A. A.-

Lysosome ™

ANDS
. Release of
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Figure 1.2 — Macrophages are capable of degrading invading pathogens by mechanisms such as
phagocytosis. Phagocytic cells will recognise specific regions of the invading pathogen, called
PAMPs, and will bind to these via PRRs. The pathogen will be taken up into a vesicle (phagosome)
by endocytosis, and this will then fuse with a lysosome to form a phagolysosome. The lysosome
contains hydrolytic enzymes which will break down and degrade the pathogen. This debris will
then be released from the cell via exocytosis.

Whilst the innate system can act rapidly and recognise a wide range of pathogens in a non-
specific manner, the adaptive response is specific for individual pathogenic species, and so can
take longer to act if the pathogen has not been encountered by the body previously. The
adaptive response is comprised of both the cell-mediated response, and the humoral response,
which involves antibodies (Figure 1.3). Antibodies are synthesised, exclusively, by the B cells
(Alberts et al., 2002), and have specificity unique antigens. When stimulated by an antigen, or by
the helper T cells, the B cells with correct specificity to the antigen will proliferate, so that
multiple cells with the correct antibody are made. Some of these may then differentiate into
effector B cells, the plasma cells. These are capable of secreting antibodies which go on to bind
the infective agent independent of the B cell. Other B cells may differentiate into memory B cells.

These are long-lived and can quickly produce antibodies to the same antigen, if encountered
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again within the lifetime. This concept of immunological memory is vital to ensuring a strong, and
fast, secondary immune response when the same antigen is encountered again (Reece et al.,
2011).

Humoral (antibody-mediated) response Cell-mediated response

Key
' == Stimulates

Antigen (1st exposure) engulfed
by antigen presenting cell (APC) Gives rise to

Figure 1.3 — A summary of the adaptive immune response. Includes both the humoral, antibody-
mediated response, and the cell-mediated response. Figure adapted from Reece et al. (2011).

One interesting point is how the immune system and commensal bacteria within our bodies have
built a symbiotic relationship with one another, and how the immune system does not attack
these commensals. This is a subject which has remained largely unanswered, but recent work is
beginning to shed some light. In short, the microorganisms present at birth, gained from the
mother’s own commensal flora, help to calibrate/tune the immune system. If a newborn is not
exposed to these upon birth, for example if born by caesarean, the immune system is not directed
to mature in a way that tolerates commensals. This may lead to diseases such as inflammatory
bowel disease, and susceptibility to allergies - conditions where the immune system mounts an

inappropriate response (Cash and Hooper, 2005).
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1.3 Antibiotics

1.3.1 What are they and what do they do?

The immune system constantly defends against pathogens, and efficiently keeps our bodies safe
from infection for the most part. However, sometimes the immune system is unable to kill the
bacteria, and as a result humans have developed medicines, specifically antibiotics, to help fight
these bacterial infections. Antibiotics are compounds which can kill or inhibit bacteria. They are
made naturally in the environment by microbes, however can also be synthetically generated in
laboratories. As long as they are functional against bacteria the term antibiotic can be used
(Davies and Davies, 2010). The benefits of antibiotics are enormous. Infections now perceived as
nothing more than a minor inconvenience, could once, in a time before antibiotics, have proven
fatal for a person. Indeed, in 1920 the average life expectancy of a person was around 54 years
old, versus nearly 80 years old in 2015 — this will be in part due to the availability of antibiotics

(Ventola, 2015).

1.3.2 Mechanisms of action

A key feature of antibiotics is that in general they are able to target bacterial cells without
damaging host cells from the body. They achieve this by either targeting elements of the bacterial
cell which are not present in the host, or by targeting elements which are more sensitive in
bacterial cells. Different antibiotics have different modes of action, but they all work overall in
one of two ways, by being either bacteriostatic or bactericidal. Bacteriostatic antibiotics inhibit
bacterial cell growth, so will only affect bacteria which are dividing and multiplying. Alternatively,

bactericidal antibiotics induce bacterial cell death (Kohanski et al., 2010).

Figure 1.4 shows a summary, however by no means a complete list, of some of the different ways
antibiotics can be used to selectively target bacterial cells. One of the most desirable targets for
antibiotics is the bacterial cell wall, as it is absent in eukaryotic (and therefore human) cells. The
cell wall is made up of peptidoglycan, which protects bacteria from the potential osmotic stresses
of their environments; without it most cells cannot survive. Transpeptidase enzymes are
responsible for the generation of new cell wall, and so are a target for a number of antibiotic
groups, including the B-lactams. These antibiotics irreversibly bind to the enzymes, blocking their
function, resulting in the inability to generate new cell wall and therefore for the bacterial cells to

grow and divide.
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Antibiotics may also target bacterial transcription, through classes of antibiotics such as the
rifamycins. These work by binding to the ribonucleic acid (RNA) polymerase enzyme - inhibiting its
function. This enzyme carries out RNA synthesis, leading to the production of RNA transcripts
which code for protein (Campbell et al., 2001). Despite the effectiveness of this mechanism,
antibiotics targeting the RNA polymerase enzymes of bacteria should be used with caution due to
the homology found with eukaryotic RNA polymerases. However, enough structural variation
exists for the drugs to work. Hence, this is an example of a mechanism by which antibiotics target

cellular machinery present in both host and bacteria, but with its effects being much more potent

in the latter.
DNA synthesis sC:tIII"\;:;:
Quinolones )[;-Iactams
Fluoroquinolones (eg levofloxacin) Cephalosporins
Carbapenems
Glycopeptides

Ribosome directed

mRNA
SN » W protein synthesis

mRNA synthesis (transcription) Protein synthesis
Rifamycins (eg rifampicin) (translation)
Aminoglycosides

Tetracyclines (eg doxycycline)

Macrolides

Figure 1.4 — An overview of a small number of cellular sites which antibiotics target. Different
antibiotics work in different ways, targeting different components of the bacterial cell. The
following list gives examples, but there are many others which exist and work in similar ways. The
B-lactams prevent new cell wall forming leaving bacteria vulnerable to osmotic stress; quinolones
act upon DNA gyrase to prevent the synthesis of new DNA, rendering the cell unable to replicate
and divide; transcription may also be targeted, for example by rifampicin, which binds to and
inhibits a subunit of RNA polymerase rendering it unable to synthesise new mRNA; protein
synthesis may also be halted by classes of antibiotics such as the aminoglycosides, which work by
binding to the ribosome and inhibiting its function. Figure adapted from Brown (2015).
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Deoxyribonucleic acid (DNA) gyrase is the bacterial enzyme responsible for introducing negative
supercoils into the DNA, and regulating the level of supercoiling throughout essential cell
processes such as DNA synthesis, replication, and transcription. The process of introducing a
negative supercoil involves cleaving the DNA and then later resealing. Antibiotics such as the
quinolones and fluoroquinolones function by binding to DNA gyrase and preventing the resealing
of the DNA strands after the cleavage has been performed. This ultimately leads to the DNA
replication machinery stalling, resulting in a blockage of DNA synthesis. This is what causes the

cells to die (Kohanski et al., 2010).

1.3.3 Antibiotics and the human microbiome

Although antibiotics target bacterial cells, they can still indirectly cause damage to the host by
disrupting the balance between pathogenic and commensal bacteria. Although this topic is
complex and beyond the scope of this thesis a general description is useful to understand the

limitations of antibiotics in human disease.

Commensal microorganisms offer the host a range of benefits — discussed previously in section
1.2.1. However, regardless of whether they are beneficial or not, many of these commensals are
bacteria, and will therefore possess the same targets for antibiotics as pathogens. The importance
of having a healthy microbiome can be seen even from the point of birth. Babies born naturally
are exposed to the birth canal microflora which contains, for example, the Lactobacillus species —
bacteria known to be present as commensals in a healthy gut flora. In contrast, babies born by
caesarean are initially exposed to skin resident bacteria, from the mother’s skin, including species
such as Staphylococcus. Although this may not necessarily cause infection, it may alter the make-
up of the microflora of the children born by caesarean, compared to by natural birth.
Furthermore, antibiotics are commonly administered to the mothers during a caesarean section
birth, and this is likely to cause an imbalance in the microflora of these babies (Langdon et al.,
2016). Indeed, the gut microflora of babies born by caesarean has been associated with increased
risk of immunological disorders such as asthma (Roduit et al., 2009), type 1 diabetes (Bonifacio et
al.,, 2011), and even more worryingly with methicillin-resistant Staphyloccus aureus (MRSA)
infections, in which up to 82% of reported cases in newborns stem from babies born by caesarean

versus from natural births (Centers for Disease Control and Prevention, 2006).

These effects are not limited to newborn babies. There is evidence that many antibiotics alter the
adult gut microbial composition, some even permanently (Dethlefsen and Relman, 2011). For

example, ciprofloxacin, a fluoroquinolone, lowers the general bacterial diversity of the gut, and
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also lowers the numbers of bacterial species which produce the short-chain fatty acids which the
host can exploit - indicating the indirect negative effect antibiotics can have on the host (Langdon
et al., 2016). Antibiotics can also eliminate commensal bacteria from colonising body regions,
such as the gut, which allows pathogenic bacteria to take over and colonise these surfaces,
leaving the host potentially susceptible to secondary infections, for example antibiotic associated
diarrhoeas (AAD) (Francino, 2016). The use of probiotics to alleviate some of the side effects
caused by antibiotics is a possible approach, as they may help to maintain a healthy microbiome
and prevent symptoms such as AAD (Angelakis et al., 2013). Furthermore, antibiotics create a
selection pressure for resistant bacteria. Bacteria which have survived the dose of antibiotics will
multiply and pass on their resistance genes, in turn increasing the number of bacteria possessing
such genes (Zaman et al., 2017). All of the above reasons suggest that the ultimate goal for

antibiotic use should be to use them for the shortest duration at the lowest efficacious dose.

1.3.4 Antibiotic resistance

1.3.4.1 How resistance arises and is spread

Before the discovery of antibiotics, and their use in the clinic, infectious diseases resulted in the
deaths of up to 25% of England’s population in the early 1900s. By 1928, Alexander Fleming had
discovered the well-known B-lactam antibiotic, penicillin, and by 1945 this was being mass
produced and distributed for medical use. As a result, by the mid-1900s the number of deaths in
England due to infectious diseases had dropped to less than 1% (Aminov, 2010). However,
bacteria are able to develop resistance to antibiotics with relative speed, and in the case of
penicillin as early as the 1950s resistance was so prominent that other antibiotic alternatives
needed to be developed. As it stands, resistance has been observed against nearly every antibiotic
available in use today (Ventola, 2015). Global deaths as a result of multidrug resistance are rising,
and as of 2019 it was thought that over 33,000 deaths yearly in Europe were a direct consequence
of antibiotic resistant infections (da Cunha et al, 2019). The World Health Organisation has
warned that without antibiotics there will be increased incidences of infections, and furthermore

that people may die as a result of seemingly minor injuries (Zaman et al., 2017).

The issue of antimicrobial resistance (AMR) is complex and multifaceted, however it is
exacerbated by the overuse and misuse of the drugs, from increased international travel, from the
release of antibiotics into the environment, and elements such as poor sanitation (Aslam et al.,
2018). Antibiotic compounds are produced by microorganisms as defence mechanisms against
bacteria in order to reduce resource competition. Therefore, bacteria have naturally evolved

resistance genes to overcome this. However, the sheer quantity of antibiotic drugs now present in
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the environment as a result of human activity, has created a huge selection pressure for any
bacteria which do possess these resistance genes. This, coupled with the fact that bacteria have
an extremely fast doubling time, has led to the rapid spread of these genes throughout the
bacterial population (Zaman et al., 2017). There is also a serious lack of new antibiotic drug
development and discovery, which largely stems from reduced economic incentives. In fact,
fifteen out of eighteen large pharmaceutical companies have completely withdrawn from the field
of antibiotic research, contributing to the reality that a new class of antibiotic has not been
discovered for 40 years (Bartlett et al., 2013). It is estimated that the cost of developing a new
antibiotic from research to the point of commercialisation is between $700 million to $1.1 billion,
and can take over 10 years (Renwick et al., 2016). However, with risk of resistance arising at any
point, and the fact that many newly discovered antibiotics are kept as a last resort, there is a
substantially lower return on this investment when compared to other drugs (da Cunha et al.,
2019). For example, London School of Economics reported that the net present value (NPV) of an
antibiotic project was +$50 million, whereas the NPV for musculoskeletal drugs was estimated to
be around +51.15 billion (Renwick et al., 2016). Alongside these economic factors, there are also
basic barriers to research, and a 2007 study concluded that when using high intensity throughput
antibiotic screening for antibiotic discovery, the success rate of an antibiotic progressing from
screening to Phase 1 clinical trials was only 2.6% (Payne et al., 2007). Overall, these statistics
highlight the challenges faced with novel antibiotic discovery, and the large reduction in such

advancement in recent years.

Resistance may initially arise through spontaneous mutation, whereby a DNA change is
introduced to a certain gene which may then give rise to a more resistant form of the bacteria.
These genetic changes will then be passed on to daughter cells when the bacteria undergo
replication. Indeed, work has been performed which shows a positive correlation between
mutation rate and antibiotic resistance. Oliver et al. (2000) used mutator and non-mutator
isolates from the bacteria Pseudomonas aeruginosa to show that there was a significant
difference in the resistance to various antibiotics tested; mutator isolates showed approximately

double the frequency of resistance to their non-mutator counterparts.

Another method through which resistance can arise is via horizontal gene transfer (HGT). HGT is
the process by which bacteria can share genetic information with one another, in a way which
differs from the standard transfer of information between parent and offspring. Although there
are various ways it can take place, the general pattern is that DNA is transferred from one
bacterium into another, where it then homologously recombines with the new bacterium’s DNA

to be incorporated as its own. Assuming the recombination process is not deleterious for the
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bacterium, it can benefit from the acquired DNA — for example if resistance genes have been
obtained. The main mechanisms by which HGT operates are via processes called transformation,

transduction, and conjugation (Figure 1.5) (Von Wintersdorff et al., 2016).

Donor Recipient
Transformation \% 13
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Transduction

Transfer as a
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|
Conjugation

Section of
chromosomal
genome transfer

Figure 1.5 — An overview of the different mechanisms of HGT. Transformation — some bacteria
are naturally competent, meaning they can take up free DNA from the environment around them.
Transduction - bacteriophages can infect cells, fragment the bacterial DNA, and during the
process of repackaging their own newly replicated genome can incorrectly package bacterial DNA
instead. They can then transfer this to a newly infected cell upon lysing of the old cell.
Conjugation - some bacteria contain mobile elements, such as plasmids, which can move
themselves from one bacteria to another, often via surface appendages such as pili. They
commonly contain antibiotic resistance genes. The transfer can involve conjugative plasmids
alone, or whole sections of chromosomal DNA if the conjugative plasmid has incorporated itself
into the main genome. Figure adapted from von Wintersdorff et al. (2016).
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1.3.4.2 Mechanisms of resistance

So far it has been shown some of the ways in which resistance genes can be spread. Perhaps more
interestingly is how these genes give rise to the phenotypic effect of antibiotic resistance, which is
determined by the properties of the proteins they encode. One mechanism bacteria have evolved
is to reduce intracellular drug concentration by increasing cellular efflux or by limiting cellular
permeability. Gram-negative bacteria are far more resistant to antibiotics than Gram-positive
bacteria, due to the extra layer of barrier protection offered from their outer membrane (Figure
1.6). However, despite this, antibiotics can still enter the cell via outer membrane porin proteins.
Bacteria can increase resistance to certain antibiotics by down-regulating these porin proteins,
thereby reducing the level of antibiotics gaining access into the cell. Similarly, if drugs do enter the
cell, the bacteria can cope by increasing the efflux of these compounds. Resistance can arise when
these pumps become up-regulated and allow high levels of the drug to be removed from the cell

(Blair et al., 2014).
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Figure 1.6 — A simplified illustration of the differences between the Gram-negative and Gram-
positive cell walls of bacteria. One notable difference includes the presence of a second
membrane in Gram-negative bacteria, which offers additional protection against incoming
antibiotics, for example. The peptidoglycan layer common to both types is far thicker in Gram-
positive bacteria, perhaps also creating protection for these organisms.
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Another resistance mechanism evolved by bacteria is to produce novel proteins that fulfil
equivalent roles to those targeted and inhibited by the antibiotic. One such example involves
MRSA. Methicillin is a B-lactam antibiotic which, (as shown in section 1.3.2), functions by
preventing transpeptidase enzymes from synthesising new bacterial cell wall. Methicillin
resistance in MRSA arises from the bacteria encoding a new, unique, transpeptidase called
penicillin binding protein 2a. This protein is able to compensate for the inhibition of the original
transpeptidase, but is sufficiently different so that it is not targeted by methicillin, or any other B-

lactam for that matter (Tenover, 2006).

A final example of a mechanism which causes antibiotic resistance is the modification, or
complete breakdown, of the antibiotic itself. Many bacteria contain enzymes which are capable of
breaking down and destroying the incoming antibiotics. An example is in the case of B-lactams
and B-lactamases (Blair et al., 2014). Figure 1.7 below illustrates all of the mechanisms discussed

within this section.
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Figure 1.7 — An overview of some of the different mechanisms of resistance coded for by
bacteria. Multiple methods are used by bacteria to increase resistance to antibiotics. They may
have a reduced uptake of the drug due to their cell wall, or due to down-regulation of influx
proteins in the membrane. Bacteria can also increase efflux of any drug which does enter the cell
by up-regulating efflux proteins. The antibiotic may be broken down via enzymes, and the drug
target itself may be altered to result in an inhibition of antibiotic functioning at the desired
location. Figure adapted from Allen et al. (2010).
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1.4 A background to intracellular bacteria

1.4.1 Intracellular lifestyle

Commensals are generally limited to colonising areas such as the surface of the skin, or the
gastrointestinal and respiratory tracts, leaving internal tissues as sterile environments in most
cases. However, some pathogens have evolved to overcome these host barriers and invade into

deeper tissues, causing serious, and sometimes fatal, infections.

If commensal opportunistic pathogens invade tissues they will encounter an immune response
against them. These bacteria do not always possess the ability to survive intracellularly, i.e. to
invade specific host cells and persist within them, and so in most cases are extracellular niche
species. These bacteria will be taken up by cells of the innate immune response and digested so
that they no longer pose a threat (see section 1.2.3). This process of internalisation and digestion
usually takes place within fifteen to thirty minutes (Ernst et al.,, 1999). Intracellular species
however are capable of penetrating these host cells, residing within them, and benefiting from
the conditions intracellular living brings. This section will focus on what these benefits are, and

how bacterial species can achieve this.

Epithelial cell boundary layers, such as those in the gut, are covered with a protective mucus
layer. This layer contains components, such as antimicrobial peptides, which are designed to
prevent bacteria from penetrating into the tissues below. Intracellular bacteria, and even in some
cases extracellular bacteria such as E. coli, have developed mechanisms to penetrate this mucus
layer. Some may produce proteases which are capable of breaking down the mucus to allow entry
to deeper layers (Ribet and Cossart, 2015). Vibrio cholerae is one such example, which secretes a

metalloprotease called vibriolysin to degrade the intestinal mucosa (Benitez and Silva, 2016).

Cells commonly infected by intracellular pathogens are the phagocytic cells as these cells are
specialised to take up foreign particles. However, as discussed above, the purpose of these cells is
to destroy internalised bacteria, and so the intracellular bacteria, unlike extracellular species,
must have mechanisms to block this action. One method of evading destruction involves
preventing the formation of phagolysosomes inside phagocytic cells. These contain the
degradative enzymes which destroy the bacteria. M. tuberculosis is an example of a pathogen
which prevents phagolysosome formation. Within the membrane of the host cells is a component
called phosphatidylinositol 3-phosphate (PI3P). PI3P is essential to the host for the generation of
the destructive phagolysosomes — it is thought to work as an attachment site for other proteins

involved in the maturing process of phagosomes into phagolysosomes. M. tuberculosis overcomes
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this process by inhibiting activity of the PI3 kinase hVP34, which generates PI3P, and in return
prevents generation of PI3P on the phagosomal membrane, inhibiting phagolysosome
biosynthesis. M. tuberculosis glycolipid lipoarabinomannan (LAM) is thought to be responsible for
this survival mechanism, as purified LAM was sufficient to prevent lysosome fusion with the

phagosomes (Pieters, 2008).

Another survival mechanism is bacterial tolerance of acidic and enzyme-rich environments. If a
bacterial species fails to prevent phagolysosome formation, or finds itself in another acidic
intracellular compartment, it may survive by tolerating the conditions found there. Work
performed by Vandal et al. (2008) used M. tuberculosis to illustrate this example. The study
showed that in vitro, M. tuberculosis was able to survive at a pH of 4.5. This was further supported
in a cellular model showing that the bacteria could survive, and maintain their intrabacterial pH of
approximately pH 7, when taken up by macrophages. This survival mechanism has important
ramifications in the context of antibiotic delivery. As will be later discussed in section 1.5.4, some
types of drug delivery systems can be targeted to environmental stimuli, such as pH/acidity. If
these bacteria can reside in acidic environments, and antibiotics can be solely targeted to these
areas, the benefits may be significant. Intracellular environments not only pose a challenge for
bacteria from acidic conditions, but also from enzymes such as lysozyme, which is a degradative
enzyme produced by lysosome organelles. Bacteria have evolved three main mechanisms to
resisting this including modifying their cell wall peptidoglycan to leave it resistant to lysosomal
hydrolysis; changing the charge and integrity of their cell wall and membrane; and releasing

lysosomal inhibitors (reviewed by Ragland and Criss, 2017).

Intracellular bacteria are also capable of forcing non-phagocytic cells, such as epithelial cells, to
engulf them. Bacteria can achieve this through a range of molecular mechanisms, but usually the
end result of these is the triggering of a signalling cascade to reorganise the host cell’s actin
cytoskeleton in order to engulf the bacteria into the cell. A number of bacterial species display
this behaviour to gain entry into non-phagocytic cells, including Listeria monocytogenes and

Salmonella species (Ribet and Cossart, 2015).

Aside from the obvious need for survival methods inside macrophages, these bacteria have also
found ways of more general intracellular survival, which can apply to life within non-phagocytic
cells. For example, some Chlamydia species can prevent the onset of apoptosis, by degrading pro-
apoptotic proteins, in turn inhibiting the clearance of infection by the host. Alternatively, some
bacterial species, such as Salmonella, maintain the activation of anti-apoptotic factors (Ashida et

al., 2011).
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Autophagy is another mechanism with which intracellular bacteria must cope. Autophagy means
‘eating of self’ and is a self-degradative process whereby components of the cell can be broken
down and recycled, via lysosome fusion. Autophagy is split into several subsets, and the term
‘xenophagy’ is used to specifically describe the process of destroying invading bacteria.
Intracellular pathogens can trigger xenophagy via a number of routes, including from the damage
created upon exit of the phagosome into the cell cytosol, and through the detection of bacterial
proteins. Some intracellular bacteria, for example Burkholderia spp., have evolved to combat
these defence mechanisms in a number of ways, including blocking the xenophagic machinery,
camouflaging themselves in host protein, or by altering/destroying the targets which trigger
xenophagy. Some of the bacteria even benefit from autophagy processes, as they are known to

use autophagy breakdown products as a source of nutrients (Steele et al., 2015).

The benefit of living in an intracellular environment is the increased protection from the host’s
immune system — intracellular bacteria are far more shielded from blood-borne defence
mechanisms such as antibodies (Leon-Sicairos et al., 2015). As antibodies are generally unable to
penetrate host cell membranes, this component of the immune system is mostly inactive against
intracellular organisms, thereby presenting a challenge in terms of combatting these pathogens.
Additionally, host cells contain high concentrations of nutrients, from metabolic breakdown
processes, which the bacteria can exploit. An example of this is the Legionella species of bacteria.
This bacterium uses effector proteins to recruit vesicles to the phagosome membrane and fuse

with it, potentially acting as a rich nutrient source to the bacteria within (Bhavsar et al., 2007).

Additionally, once a bacterium has entered the host cell, many are capable of moving from one
cell to another without ever having to leave this protective environment. Many species, including
Burkholderia, Listeria and Shigella groups, are able to induce actin polymerisation at the surface
of one of their poles, and can use this force to drive them forward within the host cell (Goldberg,
2001). It can also propel them through the cellular membrane into the neighbouring cell,

highlighted in Figure 1.8 (Carlsson and Brown, 2006).
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Figure 1.8 — An illustration of how intracellular bacteria can spread from cell to cell via actin
polymerisation at their poles. After internalisation into the host cell the bacteria can leave the
phagosome, or general vacuole, vesicle structures and become free within the cytosol. Here they
can replicate, as well as initiating actin formation at their poles to push and propel them through
the cytosol and also through the membrane into new host cells. This way, the bacteria never
have to leave the protective environment of the host cell. Figure adapted from Ray et al. (2009).

Overall, there are benefits to living intracellularly, and multiple ways in which these species
ensure their survival. Knowing how these species survive, and the kinds of cells they are capable
of infecting, is essential for antibiotic delivery. As previously stated, the ability to selectively target
antibiotics only to infected regions has enormous benefit, and understanding the lifestyle of these
bacteria provides further ammunition to potentially achieve this in the future. Another possible
avenue of research could involve combining antibiotic treatment with compounds that might
trigger the intracellular killing processes, such as xenophagy, to result in a potentially collective

effect alongside the antibiotics.

1.4.2 Challenges associated with treating intracellular infections

As previously discussed, the main challenge associated with combatting intracellular bacteria is
the inability of antibodies or antibiotics to penetrate the membranes of host cells. In addition, the
pathogenic bacteria may be successful in exploiting the host cells to gain access to a rich supply of

nutrients while inhibiting the host defence mechanisms of programmed cell death or autophagy.

Multiple factors contribute to whether a drug can be taken up by a host cell. If a drug is lipid
soluble it may be able to more easily passively diffuse across the membrane, active transport
using pumps may enable uptake, and in some cell cases the drug may be taken up by endocytosis.

Antibiotics such as the aminoglycosides and B-lactams penetrate cells much less easily compared
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to groups like the macrolides and azolides, which have better intracellular penetration (McOrist,
2000). Despite this, even antibiotics that can cross the host cell membrane must be able to
localise to the correct intracellular location in order to be effective against the invading bacteria.
For example, the macrolides have been shown to spread evenly through the cell cytosol and
cellular compartments once inside, whereas azolides are much more limited to cellular
compartments, such as phagosomes, meaning bacteria within the cytosol could escape
unharmed. Therefore, ensuring the correct localisation of drug to bacterium is important

(McOrist, 2000).

The variability in host cell permeability to antibiotics depends partly on the chemical structure of
the drug, and partly on any interactions with active transport pumps found in eukaryotic cells.
These pumps recognise substrates based on factors such as their degree or hydrophobicity or
potential for hydrogen bonding. In the case of tetracycline, a drug which can penetrate host cells,
the multidrug resistance (MDR)1 efflux transporter recognises it as a substrate, and will pump it

out of cells faster than it can accumulate (Van Bambeke et al., 2003).

Another factor is the observation that some antibiotics, which can successfully enter into host
cells, appear to show a loss of antimicrobial activity once there. Nguyen et al. (2006)
demonstrated how the efficacy of fluoroquinolone antibiotics decreases in the intracellular
environment. The group studied the effect of fluoroquinolone levofloxacin on Staphylococcus
aureus growing intracellularly within monocytes. Although levofloxacin was able to kill
intracellular S. aureus, it was shown to be 20 times less potent than when applied extracellularly,
with some intracellular bacteria able to persist. The reasons for this may include co-localisation of
drug with bacteria intracellularly not being achieved, intracellular pH levels being too acidic for
optimal drug efficacy (levofloxacin is known to display a reduced activity at a pH of =5), or even
the binding of the drug to cell macromolecules — upon ultrafiltration Nguyen and colleagues found
that =20% of the levofloxacin was bound to cellular structures. All of these reasons could

contribute to reducing the intracellular effect.

Overall, the struggle of treating intracellular infections using antibiotics stems from the limited
number of antibiotics available for such infections. Of all the antibiotics in clinical use, only some
will be able to be taken up into host cells. Of those, not all will belong to the correct class of
antibiotic for the specific infection, and of the ones which are, the bacteria may have grown
resistant. This highlights how there is a large reduction in the antibiotic options available for

treating these bacteria.
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In terms of current treatment options for intracellular infections, generally high and sustained
levels of antibiotics are necessary. For example, M. tuberculosis requires a 6-month treatment
period consisting of four different types of antibiotics. In the case of multidrug-resistant TB, this
course can extend for 20 months or longer (Cafio-muiiiz et al., 2018). Bacillus anthracis infections,
causing anthrax, require antibiotic courses that can last for up to 2 months (Spencer, 2003).
Brucella spp. infections which cause the common zoonotic disease brucellosis, require
combination therapy for a minimum of 6 weeks (Alavi and Alavi, 2013). For comparison,
Pseudomonas aeruginosa is an example of a species considered to be solely extracellular, and
infection in this case usually requires treatment lasting only a maximum of 2 weeks (Bassetti et
al., 2018). There are several drawbacks to lengthy and highly dosed treatment regimes. Patient
compliance may be poor, and antibiotic course incompletion can lead to resistance due to
persisting bacteria. Another problem is the side effects upon the patient from taking such drug
doses. As seen in section 1.3.3, the use of antibiotics can alter the commensal make-up of the
host, which brings with it its own problems. Taking antibiotics for so long may lead to temporary,
or even permanent, changes in the host’s health. Additionally, the more drugs being taken the

higher the chance of the patient being allergic to one or more of them (Ladaviére and Gref, 2015).

Overall, treating intracellular infections poses many challenges. This is largely due to the
limitations in antibiotic availability, but also that current treatment options, although sometimes
effective, have issues with patient compliance and unpleasant side effects. Therefore, there is a

strong need for new methods which can be used to treat these infections.

1.4.3 Intracellular bacteria of interest for this project

1.4.3.1 Burkholderia pseudomallei

This PhD project will focus around the species Burkholderia pseudomallei. This is an intracellular
bacterial species which has the potential to be misused for biowarfare purposes, as introduced in

section 1.2.2.

B. pseudomallei is an intracellular pathogen which is classed as being highly endemic to areas of
the world such as north-east Thailand and northern Australia, however sporadic cases have also
been reported elsewhere. This pathogen is able to persist in the environment and can be found
living in areas such as soil, rice paddies, or stagnant water, from which it can be cultured with
relative ease (Allwood et al., 2011). It can enter host bodies in a range of ways, via inhalation,

ingestion, or most commonly by cutaneous routes, and it is a species which is infectious even at
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low doses (Gilad et al., 2007). Once in the body B. pseudomallei usually initially infects phagocytic
cells such as the macrophages, although it is also able to infect non-phagocytic cells as well. It is
able to survive intracellularly due to the prevention of phagolysosome formation after uptake into
the phagosome (Willcocks et al., 2016). It can exit the phagosome in as little as 15 minutes (Cheng
and Currie, 2005), where it can then replicate and survive in the host cell cytosol (Ozanic et al.,
2015). B. pseudomallei possesses a variety of characteristics which contribute to its virulence and
disease-causing ability. One of these is the presence of a capsule, which aids survival in the host’s
blood by preventing opsonisation of specific complement proteins which act as a mark for
immune degradation (Reckseidler-Zenteno et al., 2005). B. pseudomallei also possess a Type Il
secretion system which is thought to contribute towards the ability to invade non-phagocytic cells
and replicate intracellularly within host organisms by escaping from endocytic vacuoles (Stevens
et al., 2002, 2003). The species also secretes a protein, called BimA, which aids the mobility of a
bacterium through actin reorganisation and the formation of actin tails. This type of mobility
contributes to this pathogen’s capability of achieving cell-to-cell intracellular spread (see Figure
1.8) (Stevens et al., 2005). B. pseudomallei also contains drug resistance genes within its genome
which encode for features such as efflux pumps and B-lactamases which contribute towards its
ability to evade killing by antibiotics, and therefore highlight the challenges faced with its

treatment (Larsen and Johnson, 2009).

B. pseudomallei is the causative agent of the infection melioidosis. This disease can elicit
symptoms such as septicaemia, pneumonia, and in some rare cases neurological effects can occur
in the form of brainstem encephalitis (Limmathurotsakul and Peacock, 2011). Chronic melioidosis
is where the infection can last for longer than two months, and this was found to occur 11% of the
time, based on data from a 20 year-long Australian study. Additionally, B. pseudomallei is also
capable of becoming a latent infection, with infection only becoming apparent many years after
initial exposure. It is thought that 4% of all melioidosis cases are the result of an activated latent
infection (Currie et al., 2010; Wiersinga et al., 2019). B. pseudomallei infections often require a
combination of antibiotics and a lengthy period of treatment. Typically, this involves intravenously
delivered initial antibiotics, followed by oral antibiotics for up to 6 months (Limmathurotsakul and
Peacock, 2011). As previously discussed, these heavy treatment plans lead to issues with patient
compliance, and also the detrimental side effects antibiotics can have on the body. Antibiotic
resistance is another concern. Isolates resistant to the antibiotics are not uncommon (Gilad et al.,
2007), and so new, and more effective, treatment options must be investigated before there are

no antibiotics left which are capable of killing the infection.

Despite being highly infectious, person-to-person transmission has largely not been reported
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(Gilad et al., 2007). As a putative bioweapon, this relative lack of human-to-human transmission
has both advantages and drawbacks. Human-to-human spread has the potential to lead to the
uncontrolled spread of disease amongst not only the intended victims, but also the weapon’s
users. Conversely, a lack of person-to-person transmission may result in a lower impact at a target
area. Disease progression is also key, and the time taken for a specific bacterial infection to
become symptomatic within a host should be considered. A fast-acting infection has the potential
to cause short-term disruptions, but could be argued that early diagnosis helps containment of
the disease. Slower disease progressions may cause a large-scale spread of the disease, if able to
go undetected for a period of time. This may eventually cause significant disruption to the
population of a target area, but would not be the preferred choice of agent if a fast response was
needed. For B. pseudomallei the incubation period can be highly variable. In one study, 25% of
patients experienced an incubation period of between 1-21 days (Currie et al., 2000;
Limmathurotsakul and Peacock, 2011), however it can also have a very slow onset, with the
largest period of time between exposure to development of clinical symptoms being recorded as
62 years (Wiersinga et al., 2006). The slow onset of infection may also be due to this species’
ability to hide away inside host cells where they remain protected from immune responses and

antibiotic treatment.

1.4.3.2 Burkholderia thailandensis — model organism for this project

B. pseudomallei is a dangerous pathogen and requires Category 3 containment facilities. In order
to be able to perform preliminary laboratory tests with ease, models of the organism were used.
Work for this project began with using Burkholderia thailandensis, a model of B. pseudomallei,
which requires only Category 2 containment. B. thailandensis and B. pseudomallei are found in
similar environments, however B. thailandensis is not a recognised human pathogen. Despite this,
85% of the species’ genetic information is conserved, making B. thailandensis an excellent model

(Majerczyk et al., 2014).

The intracellular lifestyles of B. thailandensis and B. pseudomallei are very similar. They can
passively penetrate phagocytic cells, such as macrophages, or they can make use of their Type IV
pilli appendages, and Type lll secretion systems, to stimulate uptake into non-phagocytic cells,
such as epithelial cells of the lung (Li et al., 2015). They are able to escape from their original
endocytic compartments, crucially, before phagolysosomal fusion occurs, and migrate into the
cytoplasm where they can replicate (Willcocks et al., 2016). Once in the cytoplasm, they enable
actin polymerisation at one of their poles, and this enables them to propel themselves forward in

the cell. Such forces can create membrane protrusions which can be phagocytosed by
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neighbouring cells, allowing cell-to-cell spread. This kind of movement ensures these bacteria
never have to leave the protective environment of the cell (Wiersinga et al., 2006). They also
employ a range of mechanisms to survive intracellularly, including inhibiting the production of
antimicrobial free radical species, such as nitric oxide, which cells such as macrophages are usually

able to eliminate infecting pathogens with (Allwood et al., 2011).

An interesting question raised is that, if these bacterial species are so similar, and survive
intracellularly in much the same way, then why is B. pseudomallei so much more pathogenic than
B. thailandensis? This answer to this remains largely unknown but is thought to depend on
differences in the virulence genes expressed by both species. For example, in order to generate
the actin tails and allow spread B. thailandensis produces an effector protein, known as BimA,
which mimics the host cell’s own actin polymerase complex (Arp 3/3). However, the orthologous
BimA effector protein from B. pseudomallei works to achieve the same function, but by a different
mechanism involving mimicking a much more efficient complex (Ena/VASP), resulting in greater
numbers of actin tails being produced. This in turn will allow greater levels of cell-to-cell spread
and transmission of infection (Willcocks et al., 2016). Therefore, this is just one possible example

of why B. pseudomallei is more pathogenic than its close relative B. thailandensis.

1.5 Nanoparticles as intracellular drug delivery systems

1.5.1 A background to drug delivery systems

As seen previously the efficacy of conventional antibiotic therapy for intracellular infections is
fundamentally limited by several factors, including poor intracellular drug bioavailability and off-
target side effects. Furthermore, the lack of new antibiotics being developed creates a limited
treatment choice for bacterial infections. One avenue being explored to help combat these
struggles is the repackaging of currently available antibiotics using nanoparticles. The idea is that
rather than attempting to develop new antibiotics, existing ones can be made more effective
through incorporation with nanoparticles (Schalk, 2018; Dassonville-Klimpt and Sonnet, 2020).
Many antibiotics, including those primarily from the B-lactam and aminoglycoside classes, are less
able to penetrate host cell membranes leaving the bacteria shielded (McOrist, 2000). There has
been evidence in the literature that many different -lactams and aminoglycosides are effective
against B. thailandensis in vitro, and free growing, but once the bacteria reside intracellularly they
become ineffective (Thibault et al., 2004; Thamlikitkul and Trakulsomboon, 2010; Kovacs-Simon et

al., 2019). Therefore, if these drugs could be delivered to intracellular locations, they would be
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able to take effect thereby increasing the number of antibiotic treatment options for these types

of infections without the challenges associated with developing new antibiotics from scratch.

In recent decades research into the areas of nanoscience and nanotechnology, for the benefit of
applications to medicine, has increased rapidly. The use of nanosystems for drug delivery provides
multiple advantages and has the potential to overcome some of the conventional route
limitations faced. Some key examples include:

e Increase in the drug half-life

e Improvements in the solubility of certain drugs

e Reduced clearance of the drug by natural bodily processes

e Potential to allow targeted delivery to site of infection only

e Potential for co-loading of multiple drug types into one particle, thereby allowing co-

delivery of drugs to cells
e In some cases encapsulation allows antibiotics which would not normally be able to

traverse the host membrane to do so (Fierer et al., 1990; Shi et al., 2010).

These nanoparticle delivery systems are now accepted to be <100nm in size, although not all
systems will adhere to this, and may be larger (De Jong and Borm, 2008). Nanoparticles have a
higher cellular uptake than microparticles, and so increasing the system size may reduce the
efficiency with which they are taken up intracellularly. Drugs of interest can be incorporated with
nanoparticles in various ways. For example, the drug may be adsorbed onto the surface, dissolved
into the nanoparticle structure, or even encapsulated within aqueous cores of some carriers.
Depending on the drug, and the desired style of delivery and release, different nanoparticles with

different characteristics can be constructed to fulfil these requirements (Singh and Lillard, 2009).

Although these drug delivery systems have huge potential, there are considerations to be taken
when designing the systems depending on what their route of uptake into the host will be, how
they will end up at their desired target location, and challenges they may encounter along the
way, starting from the point of administration. If administered orally, the nanoparticle delivery
systems must be able to retain stability upon exposure to the harsh gastric environments, for
example the low pH and enzymatic pressures in the stomach. Polymeric nanoparticles tend to be
an advantageous material of choice for this, as they have been shown to withstand these
elements. One group used polymeric nanospheres for orally delivered insulin, and found the
nanospheres increased the stability of insulin, compared to free drug, and resisted proteolytic
enzyme degradation in vitro (Damgé et al.,, 1997). Similarly, nanoparticles may enter the

gastrointestinal tract where they will encounter the mucosa. This structure efficiently entraps
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nanoparticles and removes them as it is shed, decreasing the residence time of the particles
(Ensign et al., 2012). Intravenous delivery into the bloodstream is another route of administration.
Once in the circulation nanoparticles are subject to all of the blood components, such as blood
cells, platelets and serum proteins. These serum proteins can opsonise the nanoparticles leading
to increased host immune recognition, and clearance from the bloodstream (Longmire et al.,
2008). If the delivery systems are able to spread through the blood system, or via the oral route,
without being cleared, they still need to reach their target. This involves crossing endothelial
layers to access the target tissues and cells below, and in the case of vascular endothelium
especially, this generally has low permeability to nanoparticles. If they make it through this layer,
they must traverse many layers of extracellular matrix to reach target tissues, and once there
must be taken up, frequently via endocytosis. This results in the nanosystems being encapsulated
themselves within endosomal vesicles. Very often the drug target, i.e. intracellular bacteria, may
be residing within the cytosol, leading to the required release of the delivery system from the
endosomes (Mitragotri et al., 2014). These are factors which must be considered when designing
drug delivery systems, and in the context of what they will be used for, which chemical-physical

characteristics are most essential for them to possess in order to overcome these hurdles.

1.5.2 Types of nanoparticle delivery systems

There are many different types of nanoparticles under investigation for drug delivery, and their
compositions can vary greatly. This report will focus on two of the more widely researched

organic varieties, liposomes and polymersomes.

1.5.2.1 Liposomes

Liposomes (LMs) have been used for drug delivery since the 1960s (Shi et al., 2010). LMs are
made up of amphiphilic phospholipids. Amphiphilic describes a compound which has hydrophobic
and hydrophilic regions; in the case of phospholipids this corresponds to their hydrophobic fatty
acid tail groups, and hydrophilic headgroups. Due to this, these phospholipids will self-assemble in
an aqueous solution, and in the case of LMs will form a spherical vesicle with a lipid bilayer similar

to that of a cell membrane (Monteiro et al., 2014) (Figure 1.9).

LMs are the most well-studied drug delivery system, and arguably the most successful and widely
used to date. This is largely due to the fact that they are biocompatible, pharmacologically
inactive, and minimally toxic all due to being composed of natural phospholipids. Hydrophobic

drugs can be packaged into the non-aqueous bilayer membrane, and hydrophilic drugs into the
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aqueous cores (Sercombe et al., 2015). This increases the availability of drugs for medical use, as

it enables drugs which would not normally be soluble within the body to be used in treatments.
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Figure 1.9 — An illustration of the liposomal class of nanoparticle drug delivery systems. LMs are
made up from a lipid bilayer, and are spherical in shape, creating a vesicle type structure.
Liposomal membranes are hydrophobic and therefore can incorporate hydrophobic drug
molecules, whereas the centre core is aqueous, meaning hydrophilic drugs can also be
encapsulated. Often LMs can be conjugated with the polymer PEG (not shown) and this increases
the circulation time within the host. Figure adapted from Sercombe et al. (2015).

One limitation LMs have is that they are relatively short-lived within the body. Upon intravenous
administration into the host blood stream they are rapidly cleared by the reticuloendothelial
system (RES). This is essentially all of the immune phagocytic cells located in the blood, and
primarily within organs such as the liver, spleen and kidneys. This uptake reduces the levels of
drug-loaded LMs reaching target cells. In the past attempts were trialled to evade this uptake
route by saturating macrophages with empty LMs, and essentially blocking them from the further
uptake of active drug loaded LMs. However, this created uncertainty as to whether macrophage
saturation would lead to a reduced immune response, and therefore a trigger for increased risk of
infection. Instead, the circulation time of LMs, and their tendency to be removed by the RES, can
be improved by conjugating the polymer poly(ethylene glycol) (PEG) to the LM surface. The
addition of PEG allows for the steric hindrance of electrostatic and hydrophobic reactions with
serum proteins and cells in the blood. This reduces the level of liposomal opsonisation and uptake

of cells by the RES (Allen and Cullis, 2013; Sercombe et al., 2015).
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1.5.2.2 Polymersomes

PMs are vesicles made up of amphiphilic block co-polymers. They are similar to LMs structurally,
in that they have a bilayer surrounding an aqueous core. Due to the amphiphilic nature of the
polymers of which they are composed, and the way they self-assemble in solution, PMs have both
hydrophobic (the membrane shell) and hydrophilic (the aqueous core) regions to them (Figure
1.10A). Therefore, both hydrophilic and hydrophobic drugs can be loaded within PMs, into the

aqueous core, or the shell membrane, respectively (Lee and Feijen, 2012).

The material composition of PMs gives them an advantage over LMs. Studies performed by
Discher et al. (1999) compared the bilayer sizes of LMs composed of typical phospholipids, and
PMs composed from the block co-polymer polyethyleneoxide-polyethylethylene (PEO-PEE). The
polymer had a length approximately 10 times longer than the phospholipid. Upon hydration and
vesicle formation the PEO-PEE PMs had a hydrophobic region thickness of approximately 8 nm,
versus the liposomal hydrophobic region of approximately 3 nm (Figure 1.10B). Further studies by
Discher and colleagues evaluated the permeability of PM and LM membranes. They found that
LM membrane permeability was at least 10 times greater, but up to as much as 60 times greater,
than that of PMs. This relative lack of PM permeability is most likely a direct result of their thick
bilayer membrane, allowing them to have a lower intrinsic leakiness than LMs. This is useful when

considering using PMs for drug loading.

Another benefit of using PMs is that they have been found to be more stable in circulation. LMs
are rapidly cleared by the RES, and whilst this can be moderately improved via the conjugation of
PEG molecules, the results still do not compare to PMs which contain much higher levels of PEG,
and PEG-like molecules, due to their hydrophilic domains being entirely composed of them. Aside
from reduced permeability and increased membrane thickness as a result of long PEG length,
circulation time is also increased due to PEG conferring greater resistance to deposition of serum
proteins from the blood. These findings are supported by fluorescent techniques which show bare
LMs present in rat circulation for 4 hours, compared to an increased circulation time of 10-15
hours when conjugated with small levels of PEG. When PMs composed of varying PEG chain
length were injected into rat circulation, they circulated for between approximately 15-25 hours.
This approximate 2-fold longer circulation time is another factor behind PMs being a more
attractive drug delivery system than LMs (Photos et al., 2003). This characteristic of increased
circulation time due to PEGylation comes as both a benefit and also a potential challenge. Many
bacteria reside intracellularly within phagocytic cells, the very cells which make up the RES, and so

targeting to these areas may prove challenging if the chosen nanoparticle possesses high PEG
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levels. In fact, there have been multiple examples within the literature where nanoparticle
PEGylation has been demonstrated to hinder macrophage uptake (Qie et al., 2016; Behzadi et al.,
2017). Therefore, it is important when choosing the material composition of nanoparticles that a
balance is struck between minimal clearance from the circulation, whilst also achieving good

uptake into the target cell.
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Figure 1.10 — Overview of the principles behind PM drug delivery systems. (A) PMs are
composed of amphiphilic block co-polymers which will self-assemble in aqueous solution to
generate both hydrophobic and hydrophilic regions. As a result both polar and non-polar drugs
can be loaded within these nanoparticles. (B) Illustration comparing the lengths of polymers
versus phospholipids. Due to the longer lengths of polymers, much thicker hydrophobic regions
can be achieved in PMs, compared to LMs. The grey arrows display these hydrophobic regions.
Figure adapted from Messager et al. (2014) and Discher et al. (1999).

Despite all of the benefits of PMs over other nanosystems, the translation from bench to clinic has
been slow, and clinical investigations are still on-going. There are currently no Food and Drug
Administration (FDA) approved PM formulations (Anselmo and Mitragotri, 2019), compared to 15
approved LM-based products available for clinical use as of 2018 (Fatima et al., 2018). With all of
the benefits they have this highlights their exciting future in medical applications, and the

potential to dominate the marketplace in years to come.
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1.5.3 Targeted antibiotic delivery

One of the most fundamental aims for the use of nanoparticles is the enhanced delivery of drugs
to their target area. In the context of antibiotics, this would be the delivery of the drugs to the
sites of bacterial infection. Increasing targeting to only these areas has the potential to reduce the
level of free drug distributed to the rest of the body, and to achieve high and sustained levels of
cell drug concentrations. In turn, this reduces chances of commensal bacterial death, and

encouraging resistance within these populations.

A key challenge comes with finding differences between diseased, or infected, tissues and those
which are healthy. Often this is achieved through targeting cell surface markers which are
overexpressed in unhealthy cells. Antibodies are excellent at specific targeting, however due to
their large sizes can detrimentally influence the behaviours of the nanocarriers once in the host.
Others, such as peptides, sugars, and hormones, can be used at a reduced cost, but are not as

specific to target areas as antibodies (Larson and Ghandehari, 2012).

Passive targeting to bacterial infection sites can sometimes be achieved. Bacterial infections are
known to increase permeability of the vasculature as a result of their production of compounds
such as proteases. Similarly, the inflammatory response itself causes leakiness in vasculature to
allow for immune response cells, such as the macrophages, to gain access to the infection site.
This increased permeability allows any circulating nanoparticles loaded with antibiotic to
accumulate at these sites easily and take effect (Gao et al., 2014). Other ideas centre around the
fact that bacteria possess an overall net negative charge on their cell wall surfaces (Dickson and
Koohmaraie, 1989). Nanoparticles with a positive surface charge may be able to target bacteria

via electrostatic interactions.

Active targeting has also been investigated. By conjugating ligands, with the capability of binding
to pathogens, onto the surface of nanoparticles, they can be actively directed to infection sites.
Some peptides, such as the human immunodeficiency virus (HIV) trans-activator of transcription
(TAT), possess the ability to penetrate cells, and are usually utilised by pathogens to gain access to
intracellular environments. TAT has been frequently used on nanoparticles to increase uptake of
chemotherapeutic payloads into tumour cells (Dehaini et al., 2016). This suggests it could also be
a key player in targeting nanoparticles to intracellular environments where bacteria are residing.
Macrophages by nature passively take up nanoparticles, through processes such as endocytosis,

however uptake could be enhanced through the addition of targeting moieties specific to
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macrophage surface markers. A range of ligands including, mannose and O-steroyl amylopectin,

have been shown to enhance nanosystem uptake (Gao et al., 2014).

1.5.4 Environmentally responsive antibiotic delivery

Another approach taken to try and maximise targeted delivery, is to utilise environmentally
responsive nanosystems. This method aims to release payloads from nanosystems in a more
controlled way, by keeping the nanosystems largely inactive until at their target location (Gao et
al., 2014). This is being achieved by using environmentally sensitive polymers to give PMs, and

even modified LMs, these characteristics.

The first example is of nanoparticles being triggered to degrade and release their payloads in
response to an alteration in pH. pH within the cytosol is approximately 7, whilst intracellular
compartments such as endosomes and lysosomes are approximately 6 and 4.5, respectively. One
particular copolymer of interest is poly(2-(methacryloyloxy) ethyl phosphorylcholine)-b-poly(2-
(diisopropylamino) ethyl methacrylate), or PMPC-b-PDPA. This block copolymer generates pH
sensitive PMs (Meng et al., 2012). The PMs generated are stable at physiological pH, but will
dissociate below a pH of 6, highlighting their use for delivery to intracellular and acidic
compartments. Whilst much research has so far focused around using these types of pH sensitive
nanocarriers to deliver anti-cancer therapies (Shen et al. 2008), the same mechanisms could apply

to target intracellular bacterial pathogens.

The second environmental stimulus to be considered is temperature. The rationale for this
approach comes from the observation that frequently diseased tissue regions often display higher
temperatures than their healthy counterparts (Larson and Ghandehari, 2012). Some polymers are
capable of becoming soluble upon cooling, for example poly(N-isopropylacrylamide) (PNIPAM),
whereas others are capable of becoming soluble upon heating, for example polyacrylamide. PMs
formed from copolymers including PNIPAM will self-assemble at temperatures above 30°C, but
cooled to below this temperature they will disassemble. On the other hand, PMs formed from
copolymers including polyacrylamide will self-assemble at temperatures below 25°C, but when
heated above this they will disassemble (Gandhi et al., 2015). With this in mind, it may be possible
to heat or cool specific areas of the body, externally and noninvasively, to treat infection using
these temperature sensitive PMs. A similar example comes from Gannon et al. (2008) who
showed that, in vitro, intracellular gold nanoparticles can be externally induced, using

radiofrequency, to release heat which can kill nanoparticle containing cancer cells. This method of
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application may however be better suited to infections that are localised to one area, rather than

systemically across the body.

Despite both pH and temperature being two sophisticated mechanisms of achieving release at the
target site, there have been other examples within the literature which achieve the same result
without the need for complex chemistries. Scarpa et al. (2016) investigated the delivery of PEO-
PCL PMs to intracellular locations within mammalian L929 fibroblast cells. The group reported
that although these PMs had no specific environmentally responsive mechanism, such as pH and
temperature sensitivity, they were able to release their payloads and measure an accumulation
within the cell cytoplasm. This was measured using fluorescence detection of fluorescein, a
hydrophilic dye which remains quenched under high concentrations, and therefore only
fluoresces once released from the PM. These findings suggest that endosomal escape of PMs is

possible without the need for intricate chemical alterations of the polymer.

1.5.5 Characterisation of nanoparticles

Nanoparticles are now commonly researched for a variety of applications, however one of the
largest fields is their use in nanomedicine. As a result, different information about their properties
is required, ranging from details such as their size, to the concentration of payload they might
contain. There are many different analytical techniques available to achieve this, but in this

section some key examples which were used within this project will be discussed.

The analytical technique most commonly used to assess nanoparticle size is dynamic light
scattering (DLS). A beam of light is shone onto the suspension of nanoparticles, which scatter the
light (Rayleigh scattering) and as a result alter the direction and intensity of this beam. As the
nanoparticles are measured in solution, they have an element of random movement associated
with them (Brownian motion) which causes changes to this direction and intensity over time. This
variation over time, therefore, contains information on the random movement of the
nanoparticles which is used to determine the diffusion coefficient. From this diffusion coefficient,
and by using various mathematical equations, the hydrodynamic radius of these spherical
nanoparticles can then be established (Lim et al.,, 2013). The DLS technique is also able to
generate a value for the polydispersity index (Pdl) of the sample. This reflects the particle size
distribution of nanoparticles within a sample. A value between 0.0 and 1.0 is given. The closer to
0.0 the Pdl is, the more monodisperse a sample is, and the closer to 1.0, the more polydisperse it
is (Cruz. et al., 2005). In simple terms it is a measure of how many of the particles within a sample

share the same size as one another. DLS is widely used within the nanoparticle field for size
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measurement, however limitations do exist. DLS is a low-resolution method meaning that it
cannot distinguish between two nanoparticle populations of similar size. This can lead to incorrect
Pdl readouts where a sample appears to be more uniform in size than it truly is. Furthermore,
large aggregates, or particles, can skew the measurements to give a larger average particle
population size (Stetefeld et al., 2016). For this reason a variety of sizing techniques, including
perhaps transmission electron microscopy (TEM) would be preferable for when characterising

nanoparticle size.

Another method commonly used for the characterisation of PMs, specifically for measuring
encapsulated drug load, is high performance liquid chromatography (HPLC). This method is able to
separate components of a sample and quantify their amounts. It differs from conventional
chromatography as samples are injected through the column under high pressure, rather than
relying on gravity alone (Thammana, 2016). The column (stationary phase) composes immobilised
hydrophobic ligands, and the mobile phase consists of hydrophilic, aqueous, buffers. When the
sample is injected through the column, in association with the mobile phase, the more
hydrophobic compounds will interact with the hydrophobic stationary phase, whereas hydrophilic
compounds will associate with the mobile phase. As a result, the more hydrophilic compounds
will have faster elution times, showing how different elements can be separated according to
their level of hydrophobicity. After elution through the column the compounds pass through a
detector, often UV-vis, to generate a series of peaks relating to each sample component, and also

reflect the quantity present (Aguilar, 2004) (Figure 1.11).
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Figure 1.11 — Schematic of the experimental setup of an HPLC machine. A mobile phase solvent
buffer and a stationary phase HPLC column are used together to separate chemical compounds
based on their level of hydrophobicity. After samples have passed through the HPLC column they
are picked up by a detector, usually UV-vis, and the concentrations present can be determined
from the chromatogram produced on a receiving computer.
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The main benefit of using HPLC for concentration assessment, rather than other methods such as
UV-vis spectrophotometry, is its high sensitivity. One paper reported that when assessing the
concentration of antibiotic levofloxacin using both UV-vis and HPLC techniques, the lower limits
were 2.5 ug/ml and 0.05 pg/ml, respectively (Wang et al., 2019). This sensitivity is key for
nanoparticle payload analysis as in many cases the expected encapsulation of antibiotics would be
low. Despite this, HPLC is a relatively complex technique and requires optimisation of mobile
phase buffers for each new compound. Therefore, methods like UV-vis spectrophotometry are

still sometimes preferred for initial experiments and during assay optimisation.

Another avenue of nanoparticle research explores the localisation of nanoparticles within cells.
Nanoparticles are often labelled, using a fluorescent marker for example, allowing for their
tracking. A common technique used for quantifying the amount of a fluorescence within a cell
population is flow cytometry. Samples can be prepared for fluorescence detection in a variety of
ways including staining with a dye, expression of a protein (for example green fluorescent protein,
GFP), or through the conjugation of antibodies. The cells are then suspended in a buffer, in flow,
and analysed using laser excitation on a single cell basis (McKinnon, 2018). One particular type of
flow cytometer, a fluorescence activated cell sorter (FACS) is able to go further and sort cells from
a mixed population, depending on their fluorescence signalling (Adan et al., 2017). However, one
particular shortfall of traditional flow cytometry is the inability to image cells as they pass through
machine detectors. Imaging would allow the collection of information on sub-cellular distribution
of fluorescent dyes. In 2005, the first imaging flow cytometry (IFC) machine, ImageStream, was
developed which was able to image cells in a high-throughput fashion (Barteneva et al., 2012). IFC
works in much the same way as a normal flow cytometer, but with some key differences. When
cells pass through the fluidics in a stream, they are illuminated so that brightfield images can be
captured. Upon exposure to a variety of different lasers the emitted fluorescence is captured by a
microscope and also then broken down by a spectral decomposition component into defined
regions of wavelength, which are detected by a charge coupled device (CCD) camera with six
channels (Figure 1.12). The CCD camera maintains a high level of resolution and sensitivity, even
when cellular events are being acquired at 100 per second, due to the presence of time delay
integration (TDI) mode. This feature allows the detector to track object motion, and avoid image
streaking, thereby preserving image quality even with fast movement from cells (George et al.,

2004; Voronin et al., 2020).

The ability of the IFC to breakdown collected cell images spectrally into subimages, including both
fluorescence and brightfield, provides the basis to the benefits of using imaging flow cytometers

over traditional flow cytometers. For one, it allows quantification of separate signals coming from
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overlapping cellular regions, and this allows information such as co-localisation of fluorescence to
be collected and analysed. Additionally, due to the collection of the brightfield images of cells, IFC
also allows for extensive morphological features to be gathered, for example the area of cells,
perimeter details and spot count information (Zuba-Surma et al., 2007). Furthermore, the ability
to visualise cells from the brightfield images allows for the differentiation of internalised
components, versus components only bound to the walls of cells. This is crucial when using IFC for

nanoparticle cellular uptake studies (Phanse et al., 2012).
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Figure 1.12 — Schematic of the imaging flow cytometry setup. Cells in flow are excited using one
or more lasers, and illuminated for the purpose of brightfield microscopy. The fluorescence is
captured, and broken down by a spectral decomposition component, into defined regions. A
charge coupled device camera, containing six channels, captures these and allows for images to
be collected. Figure adapted from Voronin et al. (2020).
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Many examples exist within the literature of groups who have attempted to characterise
nanoparticle uptake into cells. However, in most of these cases, unless the nanoparticles have an
intrinsic fluorescence, they are labelled using fluorescent dyes as a means to track their
movement. A paper by Minter et al. (2018) looking into fluorescently labelled LMs perfectly
highlights the challenges this type of labelling can raise. By imaging the fluorescence signal coming
from a labelled nanoparticle, it relies on the assumption that the fluorescent tag remains
associated with the nanoparticle. However, it has been suggested that in fact the fluorescent tag
might become dissociated from the nanoparticle, with this group reporting that between 10% -
75% of dye dissociated, of those tested. The result of this is that any image collected from the
nanoparticles may be of dissociated dye, rather than of a true image of the nanoparticle itself.
Furthermore, the dye may go on to bind to other types of non-specific membrane, causing false

positive results (Takov et al., 2017).

A solution to this problem would be to find a method that is capable of imaging nanoparticles
without the need for pre-labelling them. Raman spectroscopy is an imaging platform that allows
this. When a light photon interacts with a substance, it can be temporarily excited to a higher
energy state. The relaxation, and return to ground energy state, can happen in one of two ways:
elastically, or inelastically. During elastic light scattering, such as Rayleigh scattering, no energy is
transferred to the substance, and so the wavelength of light remains unchanged. This means no
information can be gathered about the substance under investigation. However, during inelastic
light scattering, such as Raman scattering, there is a transfer of energy between the incident light
and the substance which in turn causes a change in frequency and wavelength of detected light
(Ember et al., 2017). The scattered spectrum obtained, i.e. the Raman spectrum, is dependent on
the substance itself, as each type of molecule has characteristic molecular vibrations due to its

chemical structure (Kumamoto et al., 2018).

Two types of Raman scattering exist: Stokes and anti-Stokes. Stokes scattering occurs when
energy is transferred from the incident light photon to the substance which results in a scattered
photon of reduced energy and therefore frequency. During anti-Stokes scattering the opposite is
true, and energy is transferred from the substance to the incident photon, which occurs if the
substance was in a higher energy state than the incident photon initially (Ember et al., 2017).
Coherent anti-Stokes Raman scattering (CARS) involves using multiple incident photons to
simultaneously interact with the substance of interest, which generates far stronger signals than
the standard spontaneous Raman spectroscopy - typically 106 times greater (Jones et al., 2019).

Importantly, CARS can be tuned to detect specific bonds of interest, for example carbon-hydrogen
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bonds within molecules (Masihzadeh et al, 2013), and specifically, in many types of

nanoparticles.

1.5.6 Examples of nanoparticles used to treat bacterial infections

So far, this report has addressed challenges associated with intracellular bacteria, current
treatment options and their limitations, and has also underlined the prominent mark
nanotherapeutics are making on modern medicine. The types of nanoparticles that are available
for use in drug delivery is far more extensive than what is possible to cover within this report,
however Table 1 highlights some examples of nanoparticles which have been employed as

potential delivery systems to intracellular bacterial infections.

Table 1: Examples of nanoparticles used for the delivery of antibiotics to intracellular bacterial
infections.

Nanoparticle Use Reference
Solid lipid Intracellular delivery of antibiotic enrofloxacin to RAW 264.7  Xieetal.,
nanoparticles macrophages infected with Salmonella spp. 2017
Gold (Au) Intracellular delivery of gentamicin to RAW 264.7 macrophages Muetal.,
nanoparticles infected with P. aeruginosa and L. monocytogenes 2016
Silver (Ag) Investigated the antimicrobial effect of silver nanoparticles on Alizadeh et
nanoparticles Brucella melitensis residing intracellularly within murine al., 2013
peritoneal macrophages
Silica xerogel Used for gentamicin delivery for in vivo reduction of Salmonella  Seleem et
nanoparticles enterica in the livers and spleens of mice al., 2009
Polymeric Intracellular delivery of gentamicin using poly(lactic-co-glycolic Imbuluzque
nanoparticles acid) nanoparticles to B. melitensis infected THP-1 macrophages taetal.,
2013
Polymer-drug Intracellular delivery of penicillin, bound to a polymer Abedetal.,
conjugates backbone, to S. aureus infected RAW 264.7 macrophages. 2015

The remainder of this section will focus on research on the use of LMs and PMs to encapsulate
antibiotics to target these kinds of infections. The use of LMs for antibiotic encapsulation has
been well documented. This may be due to the fact that many LM types are FDA approved and
already clinically in use, giving an incentive to use them in drug delivery research. Many different
classes of antibiotic have successfully been encapsulated within LMs for in vivo effect, including:

B-lactams, aminoglycosides and fluoroquinolones (Pinto-Alphandary et al., 2000).

In 1985, Bakker-Woudenberg and colleagues showed that encapsulating antibiotics within LMs
could improve antibiotic efficacy. The team demonstrated that liposomal encapsulated ampicillin

was more effective than the same dose of free drug when used to treat intracellular L.
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monocytogenes. The primary target organs for L. monocytogenes infections are the liver and
spleen. Mice were infected with the bacteria, and then administered ampicillin at various
timepoints. LM encapsulated ampicillin was administered in 2 doses (at 0.27 mg), totalling 0.54
mg, whereas free drug was administered in 8 doses (at 6 mg), totalling 48 mg. One control sample
received empty LMs, while the other received 2 doses of free ampicillin at 0.27 mg, the same as
used in the LM encapsulated samples. By the end of the study it was found that the liver and
spleen were free of bacteria, after 0.54 mg of liposomal ampicillin and after 48 mg of free
ampicillin. Empty LMs had no effect on the infection progress. Importantly, the levels of bacteria
cultured from mice treated with 0.54 mg of free ampicillin were not significantly different from
mice which received no treatment. This study displays how encapsulation of the antibiotic
ampicillin increases the efficacy by around 90-fold (Bakker-Woudenberg et al., 1985). Not only
does this study highlight how less antibiotic can be used if encapsulated, it also demonstrates how
they can be used at lower doses, 2 doses compared to 8. This is positive in terms of potential

future patient compliance, as it means fewer doses may have to be administered.

Since those early liposomal studies, a number of FDA approved formulations are being used in the
clinic. Largely, these are for the treatment of cancers, however there are antibiotic options in the
pipeline. One example is Arikace®, which as of 2018 was granted FDA approval for its clinical use
(Fatima et al., 2018). The preparation is made from DPPC lipids and cholesterol, and encapsulates
the antibiotic amikacin, an aminoglycoside. Arikace® is being used to treat patients with bacterial
lung infections caused by non-tuberculosis Mycobacteria (Shirley, 2019). The LM-amikacin
preparations were found to achieve a five- to eight-fold increase in alveolar macrophage uptake
of amikacin, compared to administration of free amikacin (Zhang et al., 2018). Furthermore, the
LMs were found to allow sustained release of amikacin in the lungs, without displaying a systemic
exposure to the antibiotic — highly important for limiting resistance (Griffith et al., 2018). The LM-
encapsulated antibiotic also possesses a longer half-life within the body than the free drug

counterparts, useful for achieving lower doses of the drug (Clancy et al., 2013).

Multiple other studies over the years have investigated the use of LMs for the delivery of
antibiotics to intracellular infections. Fierer et al. (1990) demonstrated that LM-encapsulated
gentamicin could be used to treat Salmonella dublin infections. It was found that eight out of ten
infected mice survived after a single injection of the LM formulation, whereas no infected mice
survived when given the same dosing of free gentamicin. Similarly, Vitas et al. (1997) showed that
gentamicin loaded into positively charged LMs produced a protective effect on Brucella abortus
infected mice. Infected mice treated with free gentamicin, or negatively charged gentamicin LMs,

did not see this protective result. It is known that aminoglycosides, like gentamicin, are poorly
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effective at crossing the host cell membrane barrier usually. The results from these studies are
exciting, as they highlight how LMs, and potentially other nanoparticles, can be used to deliver
drugs to intracellular locations, which may not have the ability to in free form. Furthermore, this
has the potential to work for a range of other antibiotics, and ultimately increase the number of

antibiotics available to treat intracellular pathogens.

Another avenue of liposomal research being undertaken is the use of these nanoparticles to
achieve co-delivery of drugs. Eloy et al. (2016) used DSPE and cholesterol based LMs to
encapsulate the drugs paclitaxel and rapamycin, with the aim of using them for breast cancer
treatment. Results demonstrated that the co-loaded LMs were more cytotoxic to 4T1 breast
cancer cells than the free drugs. The drugs acted more synergistically when delivered together in
LMs, compared to when delivered together in free form. These results are promising as although
they focused on drugs for cancer treatment, there is nothing to say the same principle cannot be
applied to a bacterial scenario. In fact, this has already been shown using the co-delivery of
antibiotics in other types of systems, namely polymer based PLGA nanoparticles. Here, Toti et al.
(2011) loaded azithromycin and rifampin into the nanoparticles to treat intracellular Chlamydia
trachomatis infection. Similar to other studies the results showed that the nanoparticle
encapsulated antibiotics were more effective at reducing bacterial growth than their combined

free counterparts.

PMs have been shown to be able to be functionalised to better target them to desired locations.
Egli and colleagues in 2011 showed how active targeting could be achieved by adding chemical
groups onto the PM surfaces. They used poly(dimethylsiloxane)-block-poly(2-methyloxazoline)
(PDMS-b-PMOXA) copolymers to form the PMs. This copolymer contains secondary amine groups
at the hydrophilic terminus, allowing surface-exposed amine groups upon PM formation. These
amine groups allow the polymer to be modified via the attachment of a succinimidyl 4-
formylbenzoate (NHS-4FB) group. Similarly, the ligand intended for conjugation is modified via the
attachment of a succinimidyl 6-hydrazinonicotinate acetone hydrazone (NHS-HyNic) group. The
two groups, NHS-4FB and NHS-HyNic, are complementary reactive parts, and so can join together
to result in a linkage between the PMs and the desired ligand (Egli et al., 2011) (Figure 1.13). In
this example, the linkers were used to attach antibodies which directed the PMs towards human
breast cancer cells, however the same principles could be applied to the targeting of bacterial

infected cells.
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Figure 1.13 — An illustration of chemical linkers being used to attach ligands to PMs, aiding their
specific targeting. Here, chemical group NHS-4FB was used to modify the PM, whilst NHS-HyNic
modified the ligand. These groups are reactive complements to one another, and so can be joined
to bring the PM into association with the ligand. This final conjugate can be used to better aid the
PMs to reach their desired target destination, as the ligands will display affinity for target host cell
receptors. Figure adapted from Egli et al. (2011).

The remainder of this section will focus on the use of PMs to deliver antibiotics to intracellular
bacterial infections. Wayakanon and colleagues, in 2013, investigated Porphyromonas gingivalis,
which can invade oral epithelial cells and cause periodontitis. Multiple antibiotics are effective at
killing these bacteria in vitro, but due to limitations in traversing the cell membrane, are less
effective at in vivo killing. This team used PMs composed of poly[2-(methacryloyloxy)ethyl
phosphorylcholine] (PMPC) and poly[2-(di-isopropylamino)ethyl methacrylate] (PDPA) block
copolymers, and packaged antibiotics metronidazole and doxycycline. The PMPC component
allowed interaction with endocytosis-associated receptors on the host membrane, whilst the
PDPA component was sensitive to pH — a decrease in pH below 6.4 caused the PMs to dissociate.
As the pH within early endosomes is =6.2, this caused the PMs to dissociate once inside these
compartments. It is believed that the event of the PMs dissociating causes enough of an osmotic
shock within the compartments to temporarily disrupt the membrane integrity and allow the PM
payload to be released into the cell cytoplasm. The results from this study followed the pattern of
previously described papers, in that the PM-encapsulated antibiotics studied had significantly
more of an effect on reducing bacterial burden than their free counterparts, or control tests used.
Similar also to the work conducted using LMs, this study demonstrates how PMs can be used to
successfully deliver certain types of antibiotics intracellularly which would not normally have

access to these sites (Wayakanon et al., 2013).
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Other examples of using PMs for intracellular antibiotic delivery include using pH-sensitive block
copolymers for targeting macrophage-residing B. thailandensis, similarly to this project (Lane et
al., 2015). More recently, another variation of pH-sensitive PMs were used to load a range of
different antibiotics for the targeting of S. aureus and M. tuberculosis in both in vitro and in vivo
settings (Fenaroli et al., 2020). These key papers are discussed in greater detail in Chapter 5.
Whilst the work reported from these groups shows a large overlap with the aims of this project,
some limitations to their work exist. The seemingly sophisticated pH-sensitive PMs used rely on
complex polymer chemistry, which translates to complicated, and often time-consuming,
nanoparticle synthesis using materials that in many cases have yet to obtain FDA approval. There
is a need for PMs made from simple, FDA-approved polymers, which are straightforward to

produce.

The end goal of using nanoparticles for antibiotic delivery would be to enable the repurposing,
through the repackaging, of antibiotics which are currently otherwise rendered useless for
intracellular infections due to poor bioavailability. If this could be achieved the number of
antibiotic treatment options ‘on the shelf’ would increase, whilst simultaneously offering a more
targeted approach, protecting commensal host bacteria from the antibiotic’s effects, and limiting

resistance selection pressures.

For this PhD project the use of PMs for antibiotic loading and drug delivery to intracellular
infection sites was investigated. PMs were composed of the block copolymer poly(ethylene
oxide—b—caprolactone) (PEO-PCL). It was hypothesised that these PMs, made from simple and
FDA-approved materials, would be able to stably encapsulate antibiotics and deliver them to the
specific intracellular locations. It was reasoned that the intracellular acidic and enzymatic
conditions would be sufficient for antibiotic release without the need for complex polymer
chemistries. This thesis provides, for the first time, evidence of intracellular targeting and killing of

B. thailandensis as a result of PEO-PCL PM antibiotic delivery.

1.6 Hypotheses and aims

The overarching hypothesis of this project was that nanoparticles, specifically PMs, can be used to
deliver antibiotics intracellularly within mammalian macrophage cells, and reduce the levels of
Burkholderia thailandensis, with a view to applying this in the future to the potential biothreat
pathogen B. pseudomallei. Future delivery of PMs will likely follow the intravenous administration

route.
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The project, over the course of the three years, tested three different hypotheses with target

objectives for each:

Hypothesis One

e  PEO-PCL PMs can successfully encapsulate antibiotics

+» Objectives

>

>
>

>

To assess the minimum inhibitory concentration (MIC) of a range of different
antibiotics against B. thailandensis, to determine viable antibiotics for
encapsulation. Performed using optical density (OD) as a bacterial growth
measurement

To determine the optimal loading of antibiotics into PMs using UV-vis

To determine the retention of these drugs by the PMs, using UV-vis and high-
performance liquid chromatography (HPLC) methods

To assess the sizes of the PM-antibiotic formulations using both dynamic light

scattering (DLS) and transmission electron microscopy (TEM) methods.

Hypothesis Two

e  PEO-PCL PMs can be taken up intracellularly, into cells such as RAW 264.7 macrophages

+» Objectives

>

Use dye-labelled nanoparticles to visualise uptake into both healthy and B.
thailandensis infected RAW 264.7 macrophages, using epifluorescence and
confocal microscopy imaging techniques

To assess the level of direct intracellular co-localisation observed between green
fluorescent protein (GFP) tagged B. thailandensis, and dye-labelled PMs, using
ImageStream imaging flow cytometry

To use coherent anti-Stokes Raman spectroscopy (CARS) technology to assess PM

uptake into healthy RAW 264.7 cells without a need for prior PM labelling.

Hypothesis Three

e  PEO-PCL PMs can inhibit the growth of intracellular B. thailandensis

%+ Objectives

>

To assess whether PM-antibiotic preparations can inhibit the growth of free
growing B. thailandensis, using OD as a readout
To determine whether PM-antibiotic preparations can be broken, using a variety

of methods, in order to release their antibiotic payload
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» To assess whether PM-antibiotic preparations can inhibit the growth of B.
thailandensis growing intracellularly within RAW 264.7 macrophages, using

colony forming unit (CFU) counts as a readout

» To select a range of antibiotics which are unable to penetrate host cells,

encapsulate them within PMs, and assess whether their intracellular killing is

improved through PM encapsulation.



Chapter 2: Materials and Methods

Chapter 2: Materials and Methods

43



Chapter 2: Materials and Methods

Chapter 2: Materials and Methods

2.1 Materials

2.1.1 Polymersome production

Table 2: Overview of the different reagents needed for PM preparation.

Reagent

Poly(ethylene
oxide(5000)-b-
caprolactone(18,000))
Dimethylformamide
(DMF)

Phosphate buffered saline
(PBS)

Dialysis
MWCO)

tubing (10,000

DiD
Dil
Fluorescein

Ferrocene

2.1.2 Antibiotics

Description

The amphiphilic block copolymer used
to form the PMs. Assembles once
dropped into solution.

Used to dissolve the polymer.

Solution the PMs are dropped into.
Makes up the aqueous core component
of the PMs.

Allows for the filtration of DMF from the
PM mix. DMF harmful to cells and so
must be removed. Allows for removal of
any un-encapsulated drug left in
solution, but not incorporated within
PMs.

A lipophilic membrane dye used to stain
PMs for fluorescence tracking purposes.

A lipophilic membrane dye used to stain
PMs for fluorescence tracking purposes.

Used to visualise payload release from
PMs.

Loaded into PMs used for transmission
electron microscopy (TEM) analysis.

Supplier
Polymer
Canada

Source

Sigma-Aldrich, UK

Oxoid, UK

Sigma-Aldrich, UK

Fisher Scientific, UK
Fisher Scientific, UK
Sigma-Aldrich, UK

Sigma-Aldrich, UK

Inc.,

Table 3: Overview of the different antibiotics used for bacterial assays and PM production.

Reagent
Levofloxacin

Doxycycline hyclate

Rifampicin

Novobiocin sodium salt

Gentamicin sulphate salt
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Description

Varying concentrations were used,
either dissolved in PBS or DMF. Used to
assess encapsulation into PMs.

Varying concentrations used, with the
antibiotic dissolved in PBS or DMF. Used
to assess encapsulation into PMs.
Varying concentrations used, with the
antibiotic dissolved in DMF. Used to
assess encapsulation into PMs.

Varying concentrations used, with the
antibiotic dissolved in PBS or DMF. Used
to assess encapsulation into PMs.

Used at a PM loading concentration of

Supplier
Sigma-Aldrich, UK

Sigma-Aldrich, UK

Sigma-Aldrich, UK

Sigma-Aldrich, UK

Sigma-Aldrich, UK



Piperacillin sodium salt

Biapenem

Tobramycin sulphate salt

Sisomicin sulphate salt

Kanamycin sulphate

Kanamycin solution

Chloramphenicol
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50 mg/ml, with the antibiotic dissolved
in PBS. Used to test encapsulation of
antibiotics with poor intracellular
bioavailability.

Used at a PM loading concentration of
50 mg/ml, with the antibiotic dissolved
in PBS. Used to test encapsulation of
antibiotics with poor intracellular
bioavailability.

Used at a PM loading concentration of 5
mg/ml, with the antibiotic dissolved in
PBS. Used to test encapsulation of
antibiotics with  poor intracellular
bioavailability.

Used at a PM loading concentration of
50 mg/ml, with the antibiotic dissolved
in PBS. Used to test encapsulation of
antibiotics with poor intracellular
bioavailability.

Used at a PM loading concentration of
50 mg/ml, with the antibiotic dissolved
in PBS. Used to test encapsulation of
antibiotics with poor intracellular
bioavailability.

Used at a PM loading concentration of
100 mg/ml, with the antibiotic dissolved
in PBS. Used to test encapsulation of
antibiotics with  poor intracellular
bioavailability.

Stock solution at 50 mg/ml and stored in
the fridge at 4°C. Used at a
concentration of 1 mg/ml. Antibiotic
used within assays to kill extracellular
bacteria.

Stock solution at 50 mg/ml and stored in
the freezer at -22°C. Used at a
concentration of 50 pg/ml. Antibiotic
applied to bacterial broth culture to
ensure B. thailandensis E555 GFP retains
its GFP gene, encoded for on a plasmid
containing chloramphenicol resistance.

Sigma-Aldrich, UK

Sigma-Aldrich, UK

Sigma-Aldrich, UK

Sigma-Aldrich, UK

Sigma-Aldrich, UK

Sigma-Aldrich, UK

Sigma-Aldrich, UK
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Table 4: Overview of the physicochemical properties of the antibiotics used within this project.

Antibiotic

Levofloxacin

Doxycycline hyclate

Rifampicin

Novobiocin sodium salt

Gentamicin sulphate salt

Piperacillin sodium salt

Biapenem

Tobramycin sulphate salt

Sisomicin sulphate salt

Kanamycin sulphate

Kanamycin solution

Chloramphenicol
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logP

-0.02
to 0.7

-3.3to
-0.3

2.7to
3.9

1.4to
3.5

-4 to
-2.2

-7.1to
-3.1

-7.1to
-3.1
0.9to
1.2

pKa

6.3

3.5to
9.5

6.9 to
7.5

-3.3to
11.1

9.9to
12.6

-4.3 to
3.5

-1.6to
3.5

9.8 to
12.5

9.9to
12.6

9.8 to
12.1

9.8 to
12.1
-2.8to
7.5

Water
solubility
Soluble,
1.44 mg/ml
reported
Soluble,
50 mg/ml
reported

Soluble,
2.5 mg/ml
reported
Soluble,
0.02 mg/ml
reported

Soluble,
50 mg/ml
reported
Soluble,
50 mg/ml
reported
Soluble,
5 mg/ml
reported
Soluble,
50 mg/ml
reported
Soluble,
20 mg/ml
reported
Soluble,
50 mg/ml
reported
Soluble,
50 mg/ml
Soluble,
2.5 mg/ml
reported

Intracellular

bioavailability

v

Poorly

Poorly

Poorly

Poorly

Poorly

Poorly

Poorly

References

Drugbank

Drugbank
Sigma-Aldrich
(Jantratid et al.,
2010)
Drugbank
Sigma-Aldrich

Drugbank
(Mattern and
Scudiero, 1981;
Zhao et al., 2003)
Drugbank
Sigma-Aldrich

Drugbank
Sigma-Aldrich

Drugbank
Sigma-Aldrich

Drugbank
Sigma-Aldrich

Drugbank
MedChemExpress

Drugbank
Sigma-Aldrich

Drugbank
Sigma-Aldrich
Drugbank
Sigma-Aldrich
(Jacobs and
Wilson, 1983)



2.1.3 Bacterial assays
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Table 5: The different materials and reagents used for various bacterial assays.

Reagent
Burkholderia thailandensis
E555 pBHR4-groS-eGFP

RAW 264.7 macrophages

Luria broth (L-broth)

Dulbecco’s modified
Eagle’s medium (DMEM)
(+ 10% inactivated foetal
calf serum and 2mM L-
glutamine)
Trypan blue

L-15 media

PBS (x10 dilution from
stock)

10% sodium hypochlorite

Description

Category 2 bacterial model organism.
GFP tagged strain. Grown in the
presence of 50 pg/ml chloramphenicol
to ensure plasmid maintenance.
Bacterial stocks were stored at -80°C
until use, or streaked onto agar plate
seed stocks and once grown left in the
fridge at 4°C. The bacterial strain was
supplied by the University of Exeter, but

plasmid construction details remain
unpublished.
Cell model chosen for investigating

intracellular infections.
Used to culture the bacteria.

Used to culture the RAW 264.7

macrophages.

Used in the process of counting cells.

Used as culture medium for infection
assays

Used largely as a vector control.

All bacterial work was performed on a
cloth soaked with sodium hypochlorite.

2.1.4 Other reagents used

Supplier
Exeter University

Public Health England,
Porton Down

Defence Science and
Technology Laboratory,
Porton Down

Gibco, UK

Sigma-Aldrich, UK
Gibco, UK
Gibco, UK

Sychem, UK

Table 6: Other chemical reagents used over the course of the project so far.

Reagent
Potassium
phosphate

dihydrogen
Potassium hydroxide

Acetonitrile

Methanol

Hydrochloric acid
Sodium hydroxide

Description

HPLC mobile phase buffer A component.
Stored at room temperature.

HPLC mobile phase buffer A component.
Stored at room temperature.

HPLC mobile phase buffer B component.
Also used to assess possible PM
disruption. Stored at room temperature.
HPLC mobile phase buffer B component.
Stored at room temperature.

Used for pH adjustments.

Used for pH adjustments.

Supplier
Fisher Scientific, UK

Sigma-Aldrich, UK

Fisher Scientific, UK

Fisher Scientific, UK

Sigma-Aldrich, UK
Sigma-Aldrich, UK
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0.5%
(PFA)
Hoechst 33342
Lysotracker

paraformaldehyde

2.1.5 Equipment

Used to fix cells before imaging.

Nuclear marker.
Lysosomal marker.

Sigma-Aldrich, UK

Fisher Scientific, UK
Fisher Scientific, UK

Table 7: Equipment used within the project

Equipment
Syringe pump

NanoDrop 2000c

Optima Max-XP
Ultracentrifuge

Zetasizer Nano ZS
ZEN3600

ImageStream® X MKkl|

Zeiss LSM 710

Zeiss Axio Imager.M2m

Nanoimager S

Coherent anti-Stokes
Raman scattering (CARS)
imager

Agilent HPLC machine

FluoroMax-4 fluorometer

Multiskan™ FC OD plate
reader

Genesys 10 UV scanning
spectrophotometer
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Description
Used in the production of PMs

A UV-vis spectrophotometer used to
assess antibiotic payload concentrations
within PMs

Used to pellet PMs

A dynamic light scattering machine used
to assess PM hydrodynamic size

Imaging flow cytometer used within PM
and B. thailandensis co-localisation
assays.

A confocal microscope used to assess
the uptake of PMs into RAW 264.7
macrophage cells.

An epifluorescence microscope used to
assess the uptake of PMs into RAW
264.7 macrophage cells.

A super resolution microscope used to
assess the real-time uptake of PMs into
RAW 264.7 macrophage cells.

A label-free imaging method used to
assess PM uptake into RAW 264.7
macrophage cells.

Used to assess the retention of
antibiotic levofloxacin within PMs over a
one-week period.

Used to measure the levels of
fluorescein as an indication of PM
disruption.

Used to assess the growth of B.
thailandensis over 24-hour periods.

Used to assess the optical density of B.
thailandensis, and subsequently dilute
to appropriate titres for experimental
assays.

Supplier
World Precision
Instruments, UK

Thermo Fisher, UK

Beckman Coulter, USA
Malvern, UK

Amnis, USA

Zeiss, Germany

Zeiss, Germany

Oxford, UK

Southampton, UK

Agilent, USA

Horiba Scientific, UK

Thermo Fisher, UK

Thermo Fisher, UK
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2.2 Methods

2.2.1 Polymersome production — encapsulation of drug cargo

PMs were made by first dissolving 6 mg of polyethylene oxide(5k)-b-polycaprolactone(18k) (PEO-
PCL) in 0.4 ml of dimethylformamide (DMF). The solution was then sonicated for =20-30 minutes
to aid dissolution. The resulting solution was added dropwise using a syringe driver at 0.75 ml/min
(=~ 1 drop every 8 seconds), under stirring, to a vial containing 1.6 ml of phosphate-buffered saline
(PBS) (Fisher Scientific, UK). The final 2 ml solutions were then placed into sealed dialysis tubing
(10,000 MWCO), and dialysed in excess PBS (500 ml). Solutions were left dialysing for a minimum
of 48 hours, and included at least 3 PBS changes. Samples collected after this process were stored
at 4°C until ready to be used. For antibiotic or lipophilic membrane dye loaded PMs, the reagents
were dissolved into either the aqueous (PBS) or solvent (DMF) fractions at concentrations stated
within the results section. Throughout this thesis, reagents dissolved into the aqueous PBS
fraction are referred to as ‘core loaded’, and those in the solvent DMF fraction as ‘shell loaded’

(Figure 2.1).

PEO and PCL were chosen as the constituent polymers in this project primarily due to their FDA
approval, as mentioned on page 40. The molecular weights chosen, 5k and 18k respectively, were
due to the effects of molecular weight ratios on the resulting nanoparticle structures that can
form. A review by Blanazs et al. (2009) highlights how as the ratio between hydrophilic and
hydrophobic blocks changes, the resulting nanoparticle shapes also change. A range of different
structures can be formed including spherical micelles, cylindrical micelles and PMs. It has been
noted in the literature that increasing the size of the hydrophobic block causes formation of PM
vesicles as opposed to the other structures (Oltra et al., 2014). Work carried out during previous
PhD projects within our research group found that this particular combination of polymers, at the

stated molecular weights, resulted in the most stable preparations with the most reliable sizing.
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A) Aqueous solvent dissolved, ‘Core loaded’

& Hydrophilic core

— e
f\:\, Sonicate

NN\t _—>
VAV
PEO-b-PCL DMF PEO-b-PCL  pgs

+DMF
Core loaded cargo

B) Organic solvent dissolved, ‘Shell loaded’

& Hydrophobic shell

- - —_—
O\ Sonicate
’\,f\, + + AntibiotiC ey
ool —
L
PEO-b-PCL DM PEO-b-PCL pgs
+ DMF
+ antibiotic Shell loaded cargo

C) Unloaded, ‘Empty’
& Unloaded PM

_ \ _ — (4 74

:\\;’;\,\/ . ﬂ Sonicate l- |4 ; :

PEO-b-PCL DMF PEO-b-  pgg
PCL +

DMF

Figure 2.1 — An overview of the PM production process. (A) Core loaded preparation, (B) shell
loaded preparation, and (C) unloaded PMs.

2.2.2 Polymersome characterisation

2.2.2.1 PM sizing by dynamic light scattering (DLS)

A DLS machine (Zetasizer Nano ZS ZEN3600, Malvern, UK) was used to determine the nanoparticle
size and polydispersity. The nanoparticle solution was diluted 1:10 in PBS before being measured.
Samples were placed into a disposable sizing cuvette, at a volume of at least 1 ml. Measurements

were carried out at 25°C. Light was detected at a scattering angle of 173°. The instrument was set
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up to take 10 data recordings per sample, with an acquisition of 10 seconds for each. Each sample

measurement was repeated in triplicate.

2.2.2.2 PM sizing by transmission electron microscopy (TEM)

PMs were made as described in section 2.2.1, with the addition of ferrocene dissolved in the DMF
organic solvent fraction to a concentration of 1 mg/ml. After the usual dialysis period, PMs were
diluted 1:50 with PBS, and 5 pul of sample placed onto a copper grid and allowed to air dry. PMs
were then imaged by the University of Southampton Biomedical Imaging Unit on a Hitachi HT7700

transmission electron microscope.

2.2.2.3 Encapsulation and release using NanoDrop

The concentration of antibiotic incorporated into the PMs was determined by measuring the UV
absorbance of samples on the NanoDrop 2000c UV-vis spectrophotometer (Thermo Scientific,
UK). Absorbance was measured at wavelengths between 190 nm and 840 nm to determine the
absorbance spectrum of the free, unencapsulated antibiotic. Multiple antibiotic samples of known
concentrations were measured, and then used to construct standard curves. PM samples were
diluted appropriately for the NanoDrop analysis, to ensure measured absorbance peaks fell within
the linear ranges of the standard curves being used for interpolation. All NanoDrop readings were
performed using black-sided quartz cuvettes. In some cases PM preparations were mixed with a
1:1 ratio of DMF to ensure PM disruption to reduce interference from nanoparticle Rayleigh
scattering. To assess release of antibiotic from the nanoparticles samples were left to
continuously dialyse in 500 ml PBS at room temperature, with at least seven buffer changes, over
a 14-day period. At a series of timepoints, 200 ul of the PM-antibiotic sample was taken from
within the dialysis membrane, and the volume not replaced. These timepoint samples were
measured using UV-vis to assess changes in antibiotic concentration within the nanoparticles over
time (Figure 2.2). In all cases of PM-antibiotic concentration assessments, PM-empty samples
were used as controls and the absorbance spectra of these deducted from the PM-antibiotic
preparations to minimise signal interference from the polymer. To determine the presence of any
remaining, un-dialysed antibiotic in the preparations, approximately 400 ul of PM sample was
spun through a centrifugal spin filter (Fisher Scientific, UK) at 14,000 x g for 10 minutes to filter
PMs from their surrounding buffer. This buffer filtrate was then measured on the NanoDrop to

assess for residual antibiotic signals.
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Retention Full release

Unencapsulated
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Figure 2.2 — PM-antibiotic release assay schematic. An illustration of the assay used to assess
PM retention of the antibiotic over a 14-day period. Samples were left to dialyse for 14 days, with
regular antibiotic concentration reading timepoints. Measurements were taken using the
Nanodrop 2000c UV-vis spectrophotometer.

2.2.2.4 Encapsulation and release using high performance liquid chromatography

(HPLC)

HPLC was an alternative method used to determine encapsulation and release of antibiotics from
the nanoparticles, due to its high sensitivity. Nanoparticle samples, loaded with 20 mg/ml
levofloxacin, were dialysed into 300 ml of PBS solution, at room temperature and under
continuous stirring. At a series of timepoints over the course of 7 days, 500 ul of the dialysate
solution was removed and stored in an Eppendorf in the fridge at 4°C until further use. The
volume of PBS buffer dialysate was not replaced after each removal. Dialysate samples,
containing only levofloxacin which had dialysed from the dialysis bag into the buffer solution,
were then taken to be analysed by HPLC (Agilent 1100). Samples were run through a reverse
phase C18 stationary phase column (Agilent, US). The mobile phase was composed of 60%
phosphate buffer (pH = 12.2), and 40% acetonitrile:methanol (15:25). 10 ul of each sample was
injected into the HPLC machine, and each sample was measured in triplicate. The elution peak of
levofloxacin was detected by UV absorbance at 287 nm. The corresponding concentration of
levofloxacin present was determined by referring to a levofloxacin standard curve, also generated
using the HPLC. HPLC assays were performed using facilities at Defence Science and Technology

Laboratory (DSTL), Porton Down.
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2.2.2.5 Polymersome sensitivity to pH

Hydrophilic fluorescent dye, fluorescein, was included in the aqueous fraction of the PMs at a
concentration of 88 uM, and samples dialysed as described in section 2.2.1. PM-fluorescein were
mixed with 100 mM hydrochloric acid until a pH of 4.5 was achieved. Samples were visually
assessed for any colour changes, indicating the release of fluorescein dye from the PMs, and also
measured on the NanoDrop as described in section 2.2.2.3, to detect whether a reduction in
nanoparticle Rayleigh scattering was seen. PM samples were also measured using a FluoroMax-4
fluorometer to assess changes in fluorescence signal. Samples were diluted with PBS as
appropriate and analysed over a range of wavelengths (increment of 0.5 nm from 480 nm to 648

nm).

2.2.2.6 Concentrating polymersomes using ultracentrifugation (UCF)

PMs were made and dialysed as described in section 2.2.1 and then transferred into balanced 1.5
ml microfuge tubes (Beckman Coulter, USA) before being loaded into an Optima MAX-XP
ultracentrifuge (Beckman Coulter, USA). PM samples were spun for 2 hours at 186,000 x g (55,000
RPM).

2.2.3 Cellular uptake assays

2.2.3.1 Cell culture

The murine mouse line RAW 264.7 macrophages were maintained in Dulbecco’s modified Eagle’s
medium (DMEM), supplemented with 10% (v/v) inactivated fetal bovine serum (FBS) and 2 mM L-
glutamine. The cells were incubated at 37°C and 5% CO.. If cells were incubated in a non-CO,
environment, they were switched to L-15 media supplemented in the same manner. RAW cells
were subcultured by scraping at ~ 80% confluence. Cells were seeded at varying densities as

described in the following sections.
2.2.3.2 Preparing a bacterial culture

B. thailandensis E555 pBHR4-groS-eGFP was grown in 50 ml of Luria broth (L-broth), or on Luria
agar (L-agar) plates, both supplemented with 50 pg/ml chloramphenicol. Broth cultures were
incubated for 16-18 hours at 37°C with orbital shaking at 180 rpm. Plates were incubated at 37°C

for 48 hours to allow countable colonies.
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2.2.3.3 Polymersome uptake into healthy RAW 264.7 macrophages

Epifluorescence analysis: RAW 264.7 macrophage cells were seeded into a glass-bottom culture
dish at a density of 42,000 cells/cm? and left overnight incubating at 37°C. Dil was dissolved into
the organic phase fraction of PMs at a loading concentration of 50 uM, and after a 48-hour period
of dialysis possessed an encapsulated concentration of 6.9 uM. PM-Dil were then applied to
macrophage cells at 1:4 dilution to a final concentration of 1.7 uM Dil. PM-Dil and RAW 264.7
cells were left to incubate for 4 hours at 37°C. Cells were then fixed in 4% (v/v) PFA before
Hoechst stain was added for 10 minutes at 1 ug/ml. Cells were imaged on a Zeiss Axio
Imager.M2m at a 63x oil immersion objective. The DAPI (Hoechst) excitation filter used was: FFO1-
357/44-25 with an emission filter of FF01-460/80-25; the rhodamine (Dil) excitation filter used
was: FF01-536/40-25 with an emission filter of FF01-593/40-25.

Nanoimager analysis: Cells were seeded as with the epifluorescence method, and PM-Dil applied
at a 1:16 dilution to a final concentration of 0.4 uM, with cells in DMEM media containing
Lysotracker dye to a final concentration of 75 nM. Cells were live imaged for a period of 25
minutes on a Nanoimager S super resolution microscope (Oxford Nanoimaging Ltd, Oxford, UK).

The microscope was fitted with Olympus UPlanSApo 100x immersion objective (1.49 NA).

CARS analysis: RAW 264.7 macrophage cells were seeded into chambered glass coverslips at
50,000 cells/cm?, using phenol-red-free DMEM media. Following a night incubating at 37°C, fresh
phenol-red-free DMEM media was applied alongside PM preparations. PM-doxycycline was
applied to a final antibiotic concentration of 4.5 ug/ml. Negative controls included PM-empty
nanoparticles, and an untreated cell control. Positive controls included free doxycycline applied to
a final concentration of 4.5 pug/ml and 20 pg/ml. Cells were left to incubate at 37°C for 21 hours.

Three replicate cultures were produced.

For CARS imaging, a custom in-house built system was used. A fundamental infrared (IR) fibre
laser (1031 nm, 2 picosecond, 80 MHz, Emerald Engine, APE) was coupled into a Nikon Ti eclipse
inverted microscope with a 40x water immersion objection (1.15 NA). A portion of the 1031 nm IR
laser was frequency doubled and used to synchronously pump an optical parametric oscillator
(OPO) (APE, Levante Emerald, 650-950 nm). This created a tunable pump beam. Excitation
wavelengths of 1031 nm (Stokes) and 797.2 nm (pump) were used. This made for a CARS imaging
frequency of 2845 cm™ (C-H stretch). CARS signal was collected using a bandpass filter (643 + 20
nm) and PMT (Hamamatsu H10722-20). Total power at the sample was 120 mW (80 mW pump,

40 mW Stokes). Cells were imaged live using a ChamLide TC live cell chamber with CU-109
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incubation and FC-5 automatic CO/air mixer at 37°C and 5% CO,. Scanlmage (Vidrio
Technologies) software was utilised for image acquisition. Images were acquired using a 3 by 3 tile
scan, with 50% offset. This covered an area of approximately 0.1 mm?2. Three different points
were imaged for each culture. Image tiles were stitched together in post-processing using the
MIST plugin within Imagel. CARS images were analysed to count the number and total area of
white puncta present. Only the area within cell boundaries was analysed. In order to count and
analyse the CARS puncta, a spot detection plugin within Icy was utilised. All CARS image collection

and processing was performed by PhD student James Harrison.

2.2.3.4 Polymersome uptake into B. thailandensis infected RAW 264.7 macrophages,

and their bacterial co-localisation

Confocal assay: RAW 264.7 cells were seeded at a density of 1.25 x 10° cells/cm? (2.5 x 10°
cells/ml) and incubated overnight at 37°C to ensure the following day cell density was 2.5 x 10°
cells/cm? (5 x 10° cells/ml). To infect cells with B. thailandensis bacteria were diluted in L-15
medium to a concentration of 5 x 107 bacteria/ml, measured using a Genesys 10 uv scanning
spectrophotometer (Thermo Fisher, UK), and applied to cells for a period of 1 hour (multiplicity of
infection (MOI) = 100). Following this, media was changed and kanamycin added at a
concentration of 1 mg/ml to kill extracellular bacteria. DiD was loaded into PMs at a loading
concentration of 50 uM, and after dialysis had an encapsulated concentration of 7.2 uM. PM-DiD
were then added to the infected cell culture at a 1:10 dilution to give a final concentration of 0.72
uM. Cells and PMs were incubated for 3 hours, and then fixed using 0.5% (v/v) PFA, prior to
imaging. Cells were imaged with a Zeiss LSM 710 confocal microscope (Zeiss, Germany), at a x63

objective. Confocal assays were performed using facilities at DSTL, Porton Down.

Imaging flow cytometry (ImageStream): RAW 264.7 macrophages were seeded into a 24-well
plate at 2.5 x 10° cells/cm? (5 x 10° cells/ml) and left overnight to incubate at 37°C to ensure a cell
density of 5 x 10° cells/cm? (1 x 10° cells/ml) by the following day. B. thailandensis culture was
diluted, using L-15 media, to a concentration of 1x102 bacteria/ml (MOI = 100). This was added to
the cells and left to incubate for 1 hour, to allow bacterial infection of the cells. The media was
then removed, and a kanamycin (1 mg/ml)/L-15 solution added to the wells, before cells were left
to incubate for a further 3 hours. PM-DiD were applied at a 1:10 dilution to a final concentration
of 0.72 uM. Cells were left to incubate for 3 or 21 hours before being fixed in 0.5% (v/v) PFA and
collected for imaging flow cytometry analysis. Control groups included infected cells in the
absence of PMs, and cells containing PMs but with no prior bacterial infection. Imaging was

performed using an ImageStream®X Mkll (ISX, Amnis, Seattle, USA). Cells were imaged at a 60x
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magnification with an image resolution of 0.3 um/pixel, and a 2.5 um optical slice image of cells.
10,000 cellular events were acquired for each sample set. Data was collected from the relevant
channels, including Channel 01 (brightfield camera), Channel 02 (488 nm laser power: 100 mW,
for B. thailandensis eGFP visualisation), and Channel 11 (642 nm laser power: 150 mW, for DiD
visualisation). Single stain controls were used to calculate and apply a compensation matrix to all
collected data presented. Presented images are all displayed using the same imaging parameters.
Data was analysed using IDEAS® version 6.2 software (Luminex, USA). Of the cells acquired, only
those in focus were selected, and PM positive cells were defined by gating relative to untreated

cells. Imaging flow cytometry assays were performed using facilities at DSTL, Porton Down.

2.2.4 Bacterial inhibition assays

2.2.4.1 Optical density (OD) assays

A culture of B. thailandensis was prepared, as described in section 2.2.3.2, and then diluted in L-
broth to a concentration of 1 x 10° bacteria/ml, using a Genesys 10 UV scanning
spectrophotometer (Thermo Fisher, UK). 100 ul of this bacterial culture was added to the wells of
a 96-well plate, alongside L-broth and the antibiotic, or PM-antibiotic sample, being tested for its
efficacy against B. thailandensis, to give final well volume of 200 ul. The plate was left in a
Multiskan™ FC optical density (OD) plate reader (Thermo Fisher Scientific, UK) for 24 hours at
37°C, with OD readings being taken every 15 minutes (Figure 2.3). Each antibiotic, or PM-
antibiotic, condition was performed with three technical repeats. Optical density bacterial

inhibition assays were performed using facilities at DSTL, Porton Down.

2.2.4.1.1 Free antibiotic and B. thailandensis MIC assay

The OD assay plate was set up as described in section 2.2.4.1. Antibiotics were serially diluted

along the plate to final concentrations between 0 — 100 pg/ml.

2.2.4.1.2 Old versus new antibiotic efficacy

Rifampicin and doxycycline were made up to a concentration of 1 mg/ml; one assay used samples
made fresh, day 0, and the other compared the bacterial inhibition efficacy of samples at day 7.
Day 7 samples were stored in the fridge at 4°C until use. Antibiotics were serially diluted along the
plate so that final concentrations of 0 — 6.25 pg/ml of doxycycline and 0 — 50.0 pug/ml of rifampicin
were tested. These concentration ranges were chosen based on data from the MIC assays
conducted. A negative control of L-broth media only, and positive control of B. thailandensis

minus any antibiotic were also included.
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Figure 2.3 — An illustration of the bacterial OD assay setup. Wells were cultured with L-broth, B.
thailandensis E555 GFP and the antibiotic sample being tested, either free drug or PM loaded, at
a range of concentrations. They were incubated for 24 hours in a plate reader, with OD readings
being taken every 15 minutes.

2.2.4.1.3 PM-loaded antibiotic and B. thailandensis assay

PM-doxycycline and PM-rifampicin were serially diluted to give concentrations ranging between 0
— 7.6 ug/ml and 0 — 4.25 pg/ml, respectively. Negative controls of L-broth only, and PM-empty,
and a positive control of free antibiotic (0.04 — 100 pg/ml) were also included. The filtrate of each
PM-antibiotic sample was also tested to determine whether any unencapsulated antibiotic

remained within preparations that could contribute to any bacterial growth inhibition observed.

2.2.4.1.4 Broken PM-antibiotic and B. thailandensis assay

DMF: PM-antibiotic samples were made and then pelleted as described in sections 2.2.1 and
2.2.2.6, respectively. Supernatant was discarded and the residual pellet volume was resuspended

in equivolume DMF. PBS was then added to make the final volume up to 350 pl, to ensure enough

57



Chapter 2: Materials and Methods

sample for the OD plate assay to be performed in triplicate. The concentration of the 350 pl
starting solution was measured on the NanoDrop 2000c UV-vis spectrophotometer. Control
samples included PM-empty nanoparticles, a PBS:DMF vehicle control, free antibiotic and free

antibiotic in PBS:DMF at the same ratio as in PM samples.

98°C/65°C heating: PM-doxycycline samples were made and pelleted, as previously. The pellet
was resuspended in 400 pl of PBS and then heated at either 98°C or 65°C for approximately 8
hours. Control samples included PM-empty heated to 98°C/65°C, free doxycycline 0 — 12.5 ug/ml
heated to 98°C/65°C, and free doxycycline 0 — 12.5 ug/ml unheated. As the PM-doxycycline
samples were not measured on the Nanodrop beforehand, starting concentrations were

unknown.

2.2.4.2 PM-loaded antibiotic and intracellular B. thailandensis assay

RAW 264.7 macrophages were seeded into a 24-well plate at 2.5 x 10° cells/cm? (5 x 10° cells/ml)
and left overnight to incubate at 37°C to ensure a cell density of 5 x 10° cells/cm? (1 x 10° cells/ml)
by the following day. B. thailandensis culture was diluted, using L-15 media, to a concentration of
1x107 bacteria/ml. This was added to the cells and left to incubate for 1 hour, to allow bacterial
infection of the cells. The media was then removed, and a kanamycin (1 mg/ml)/L-15 solution
added to the wells along with the PM-antibiotic preparations. PM-doxycycline was applied
corresponding to final concentrations of antibiotic ranging from 0.75 — 4.5 ug/ml, and PM-
rifampicin at 2.6 ug/ml. PMs were incubated for a period of 3 or 21 hours and then cells were
lysed and 100 pl of lysate plated onto agar plates for quantification of bacterial colony forming
units. Negative controls included wells with PM-empty nanoparticles, and wells containing cells
only. A positive control of free antibiotic alone was also tested. All control groups contained the
same level of PBS as in the PM-antibiotic samples, as a vehicle control to ensure PBS had no effect
itself. Agar plates were incubated at 37°C for 48 hours before being counted (Figure 2.4).
Intracellular killing bacterial inhibition assays were performed using facilities at DSTL, Porton

Down.
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Figure 2.4 — A step-by-step illustration of the intracellular killing assays. (A) An overnight
bacterial culture was prepared, and RAW 264.7 macrophage cells were seeded into a 24-well
plate at 500,000 cells per well; (B) RAW cells were infected with B. thailandensis E555 GFP for 1
hour; (C) antibiotic samples were applied as either free drug, PM-loaded drug, or empty PMs as a
control. Kanamycin was present at 1 mg/ml to kill extracellular bacteria; (D) RAW cells were lysed
and any persisting intracellular bacteria was plated out onto agar plates; (E) after 48 hours
incubating the colonies on the plates were counted to determine how effectively the antibiotic
samples were at killing intracellularly.
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Chapter 3: Antibiotic selection and encapsulation
into polymersomes

3.1 Introduction

Whilst nanocarriers, such as polymersomes (PMs), possess a range of benefits, a large amount of
characterisation must be performed to assess details such as encapsulated payload concentration.
Furthermore, to become considered options for medical application, PMs must be able to achieve
a stable encapsulation of their payloads. This short introduction will discuss why the antibiotics
used were chosen, before moving on to present other examples of how nanoparticles for drug

delivery have been formulated and characterised.

B. pseudomallei and B. thailandensis are both susceptible to growth inhibition by similar
antibiotics. Levofloxacin was an antibiotic chosen for this project because it is an example of one
which they are both sensitive to (Judy et al., 2009), and one which is currently already being used
for the treatment of melioidosis (Ross et al., 2018). Levofloxacin’s ability to treat melioidosis is
largely because it can penetrate host cells. Although levofloxacin is effective against B.
pseudomallei at low concentrations, it lacks potency compared to other antibiotics used in
melioidosis treatment. One study investigated the survival of persistent populations of B.
pseudomallei after antibiotic exposure and found ciprofloxacin to be more potent. Furthermore,
the group infected mouse models with B. pseudomallei, and found that after 5 or 10 days of
levofloxacin treatment colonisation of the lungs, livers, and spleens remained (Ross et al., 2019).
The encapsulation of levofloxacin inside PMs could allow better intracellular accumulation of the
antibiotic, and the potential for sustained high internal concentrations. These types of dosing may
aid in the elimination of hard-to-treat persisting bacterial populations, and prevent relapse of

infections in the future.

Rifampicin is a bactericidal antibiotic belonging to the rifamycin class (Chiang and Starke, 2018),
and functions by inhibiting bacterial transcription via the blocking of RNA polymerase. It is
frequently used for the treatment of the intracellular bacteria Mycobacterium tuberculosis;
however it can cause unpleasant side effects including gastrointestinal upset and hepatotoxicity
(Hassounah et al., 2016). Whilst rifampicin has been shown to have some effectiveness at treating
B. pseudomallej in vitro (Cheng and Currie, 2005), it is not used clinically due to high levels of
resistance (Sarovich et al., 2012). By encapsulating rifampicin into PMs, there is the potential to
reduce off-target side effects and also to achieve a high and sustained cell drug concentration that

may allow issues of resistance to be overcome. It has been demonstrated already within the
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literature that rifampicin can be encapsulated within a different type of PM to decrease the level
of intracellular M. tuberculosis (Rizzello et al., 2017), so this gives good foundations for work with

rifampicin in this project.

Doxycycline has a prominent role in the treatment of clinical cases of B. pseudomallei. It belongs
to the tetracycline class of antibiotics, and so functions by binding to the bacterial ribosomes and
inhibiting protein synthesis (Raval et al., 2018). In the treatment of B. pseudomallei patients are
required to take intravenously administered antibiotics for between two to four weeks, until a
clinical response is seen. After this they switch to oral antibiotics to ensure eradication of the
infection, for which doxycycline has been frequently used, in combination with other drugs. This
oral administration stage can last for at least three to six months (Limmathurotsakul and Peacock,
2011). In recent years doxycycline has been replaced during the eradication phase for co-
trimoxazole due to fewer patient side effects being observed (Dance, 2014). A study published in
2014 found that during the oral eradication phase patients receiving a combination of co-
trimoxazole and doxycycline suffered more significantly from side effects such as skin rashes and
gastrointestinal disorders than patients receiving co-trimoxazole alone (Chetchotisakd et al.,
2014). If doxycycline could be packaged within PMs then, similarly to rifampicin, it could reduce

such harmful off-target side effects and could be re-considered as a therapy to treat this infection.

Finally, novobiocin is an aminocoumarin antibiotic that works in a bactericidal manner by
inhibiting DNA gyrase during bacterial replication, preventing DNA synthesis (Jara et al., 2016).
Due to the high levels of resistance often displayed by B. pseudomallei, it has been suggested that
novel, repurposed, or reformulated antibiotics are necessary in order to provide treatment
options. Novobiocin has been shown to display good activity against B. pseudomallei in vitro at
relatively low concentrations (Thibault et al.,, 2004), however despite this there is a lack of
information surrounding the use of aminocoumarin antibiotics for the treatment of these
infections. Within the literature possible explanations for this include their lack of solubility, as
well as concerns over the emergence of resistance, and their toxicity to eukaryotic cells (Galm et
al., 2004). The encapsulation into nanoparticles may help to alleviate all of these challenges, and
as there are no recorded examples of novobiocin being encapsulated within PMs this makes it a

new and untapped avenue to explore.

Antibiotics can be loaded into PMs in a variety of ways including passively and actively. Due to
their clinical success, a large amount of information exists within the literature on the different
methods of loading LMs, however the same techniques can be applied to PMs. In general, passive

loading involves the formation of nanoparticles into solutions already containing dissolved
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payload, whereas active loading usually involves the driving of payload into preformed
nanoparticles. Active loading is usually highly efficient at generating high internal nanoparticle
concentrations (Sur et al., 2014), as will be explored further in section 3.3. Despite this, due to the
relative simplicity of sample preparation, passive loading is still widely used for nanoparticle drug
formulations. For their use as drug delivery vehicles, nanoparticles must achieve the highest
encapsulated concentration as possible. Whilst one approach is through active loading methods,
another is to increase the concentration of nanoparticles themselves generated during formation
to achieve a higher number of particles delivered per dose. One group investigated how altering
the sizes of LMs affects their particle concentration, by using DLS and nanoparticle tracking
analysis (NTA) as measurement techniques. It was found that LMs with larger sizes had lower
particle concentrations. For example at approximately 150 nm particles had concentrations of
2.25 x 10%/ml, versus particles of 500 nm in size having concentrations of 1 x 10'/ml (Ribeiro et
al., 2018). This suggests nanoparticles for drug delivery should be smaller in radius to ensure

optimal payload delivery.

Nanoparticle stability is another key characteristic for drug delivery vehicles. PMs are thought to
possess better stability than LMs due to their thicker hydrophobic membrane which renders them
more impermeable to payload leakage (Discher et al., 1999). One recent study formulated both
LMs and PMs and compared the two for their stability, hydrodynamic radius, and their ability to
encapsulate both hydrophilic and hydrophobic compounds. Although minimal variation was found
in payload encapsulation efficiency of the two formulations, PMs were shown to possess smaller
sizes than LMs and, likely as a result of this, experienced better uptake into Hela cells after a 4-
hour incubation. The samples were left to dialyse for a period of 8 weeks at room temperature,
and LMs were shown to have a drastically reduced ability to retain payload compared to PMs,
with approximately 5% and 70% being retained respectively. This was mirrored in the
hydrodynamic size recordings showing PMs retained their initial sizes, whereas LMs significantly
increased in size (Aibani et al., 2020). This work highlights the advantages PMs have over other
already established drug delivery systems, and how they can be utilised effectively for drug

encapsulation.

The nanoparticle polymersomes used for this project were poly(ethylene oxide-b-caprolactone)
(PEO-PCL). They were chosen due to each block being individually approved by the FDA for clinical
use, thereby giving them a promising chance at bench to clinic translation (Qi et al., 2013). The
PMs self-assemble when exposed to an aqueous solution, such as PBS, due to their amphiphilic
nature, with PEO being hydrophilic, and PCL hydrophobic (Zhu et al., 2012). The presence of both

hydrophilic and hydrophobic regions allows for the encapsulation of both types of drugs, those
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which are readily soluble, and those less so. Any pharmaceutical drug must possess some level of
water solubility, however close to 40% of drugs currently on the market, and 90% of those still in
clinical trials, have poor water solubility (Kalhapure et al., 2019). This makes PMs a good
candidate for delivering these hydrophobic drug molecules, as high levels of drug may be
packaged within PMs and delivered via this alternative route. Certainly in the case of intracellular
bacterial infections there are already examples of relatively poorly water soluble antibiotics being

delivered using polymeric nanoparticles (Bodaghabadi et al., 2018).

This chapter will investigate the susceptibility of B. thailandensis to the antibiotics chosen for this
project, and the encapsulation efficiency of PMs for these antibiotics. The aims of the
experiments in this section are:
e  To determine the minimum inhibitory concentration (MIC) of the antibiotics needed to
inhibit B. thailandensis
e  To establish a method to disrupt the PMs to enable a more accurate measurement of
encapsulated drug concentration
e To assess optimal loading of the antibiotics, and the level of retention by the PMs, if
any, using UV-vis and high-performance liquid chromatography (HPLC) techniques
e To assess the sizes of the PMs using both dynamic light scattering (DLS) and

transmission electron microscopy (TEM) methods.
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3.2 Results

3.2.1 Antibiotic selection using MIC assays

A minimum inhibitory concentration (MIC) assay was performed, as described in section 2.2.4.1.1,
to determine the effect of four antibiotics on B. thailandensis growth inhibition. Briefly, antibiotics
that had been selected as potential choices were added to B. thailandensis growing free in
culture, at a variety of concentrations ranging from 0.05 — 100 pg/ml, and the bacterial growth
was then assessed over a period of 24 hours, using optical density (OD) as a growth
measurement. The data presented shows the growth levels after 24 hours. The assay was

performed once for each antibiotic, but carried out in triplicate.
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Figure 3.1 — MIC assay to test free antibiotic efficacy on B. thailandensis free in culture medium.
(A) All four antibiotics were applied to free growing B. thailandensis at concentrations ranging
from 0.05-100 pg/ml and growth was assessed over 24 hours. Each antibiotic was able to
successfully inhibit the growth of the bacteria when applied at the higher concentrations. (B) The
same data presented as the molar concentrations to allow better comparison of antibiotic
potency. Data, from the 24-hour timepoint, is presented as the mean and SEM of one biological
repeat performed in triplicate, n=1.

The MIC curves show a dose dependent response, whereby as the concentration of drug increases
the level of bacterial density decreases. The point at which the curves flatten at the bottom
represents the MIC needed to inhibit the specific bacteria. All four of the antibiotics tested were
able to inhibit the growth of B. thailandensis after a 24-hour period. Concentrations of 25.0 pug/ml
(30.4 uMm), 1.56 pg/ml (3.05 uM), 12.5 pg/ml (19.7 uM), and 0.98 pg/ml (2.71 uM) for rifampicin,
doxycycline, novobiocin and levofloxacin, respectively, were sufficient to achieve complete
growth inhibition on the free growing bacteria (Figure 3.1). This data shows us that these

antibiotics are all viable choices for attempting to encapsulate into the PMs.
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3.2.2 Antibiotic encapsulation and stability tests

3.2.2.1 Disrupting the PMs for more accurate payload measurement

PMs cause a large amount of Rayleigh scattering which can interfere with antibiotic concentration
assessments made using UV-vis, if the antibiotic’s characteristic peaks are in the lower
wavelength regions. For this reason, ways of disrupting the PMs so that the antibiotic could be
released and measured directly without this interference was investigated. Multiple techniques
were tried including the use of harsh organic solvents and by altering the pH. PMs were loaded
with either the antibiotic levofloxacin or a hydrophilic dye, fluorescein, left to dialyse for the usual
period and were then treated with one of the test conditions before being analysed on the UV-vis

spectrophotometer.

Fluorescein is a fluorescent dye that remains quenched at high concentrations, such as when
inside a PM. Upon release from the PMs it begins to fluoresce, and appears a bright yellow/green
colour to the eye, which provides an indication that PM structure has been successfully disrupted.
PMs were made, either empty or loaded with fluorescein, and then diluted 1:5 with PBS to reduce
UV-vis saturation. PM-empty remained colourless, whilst PM-fluorescein displayed its orange,
guenched, colour (Figure 3.2A). NanoDrop UV-vis measurements showed the characteristic
Rayleigh scattering peaks in both samples, although higher for PM-fluorescein, and also the peak
at 491 nm unique to fluorescein absorbance (Figure 3.2B). The pH was adjusted to 4.5 using
hydrochloric acid, to represent the acidic conditions found intracellularly due to lysosomal action,
and a slight colour change was observed (Figure 3.2C). Although not the bright yellow
fluorescence of free fluorescein this colour change eluded to potential disruption of PM structure
and release of payload. Despite this, after pH adjustment Rayleigh scattering was still observed
when analysed by UV-vis. Samples were measured undiluted and strong scattering peaks were

seen, with the characteristic fluorescein peak at 491 nm suffering large interference (Figure 3.2D).

Fluorescence is arguably a better method to use for assessing nanoparticle payloads which
possess an intrinsic fluorescence. For this reason, pH treated samples were also measured on a
fluorometer. Fluorescein has a characteristic peak at approximately 515 nm wavelength, which
can be seen at a neutral pH (Figure 3.2E). PM-fluorescein samples displayed a peak at
approximately a 530 nm wavelength, suggesting encapsulation within PMs shifted the
fluorescein’s peak slightly. Upon acidification to pH 4.5 no signal was detected from either the
free fluorescein or PM-fluorescein samples. After neutralising samples the original peaks were
once again visible (Figure 3.2E, F). These results suggest that fluorescein’s fluorescence is sensitive

to low pH levels. Furthermore, it suggests that because the same fluorescence intensity was
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observed following neutralisation, that no drug was likely released from the PMs during

acidification, in turn showing that PM structure disruption at this pH was ineffective.
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Figure 3.2 — Assessment of PM breaking using altered pH. (A) PM-fluorescein and PM-empty
were diluted 1:5 and then (B) measured on the NanoDrop at a neutral pH. Rayleigh scattering was
seen in both cases. (C) When the pH was adjusted to 4.5 a slight colour change was seen,
however (D) Rayleigh scattering was still observed suggesting PMs were still intact and the pH
change had not broken the PMs apart. (E) Fluorescein samples were measured on a fluorometer
to assess fluorescence intensity changes in response to low pH. (F) PM-fluorescein samples were
assessed in the same way as free fluorescein using a fluorometer. Fluorescein’s fluorescence was
shown to be inactivated at these lower pH levels.
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Organic solvents were also used to try and disrupt the PM structure. Acetonitrile was tested first
by mixing neat solvent with PM-empty nanoparticles at both a 1:2 and 1:5 dilution. In neither case
did the Rayleigh scattering disappear, and so this indicated that this solvent was not able to
disrupt the PMs (Figure 3.3A). The next solvent tested was dimethylformamide (DMF), which was
added to PM-levofloxacin samples at a 1:2 dilution. DMF was chosen as it is used in the PM
preparation process to dissolve PEO-PCL polymer, and so there was good rationale it would
disrupt the PM’s structure once fully formed. There was a very clear reduction in the level of
Rayleigh scattering detected (Figure 3.3B), and this suggested that mixing the PMs with DMF at
this dilution would be sufficient to disrupt them and measure the antibiotic concentration more
accurately. DMF treated PM-levofloxacin revealed a clear peak at approximately 290 nm, which
would otherwise have been masked by Rayleigh scattering, and corresponded to levofloxacin’s
characteristic absorbance spectra, see section 3.2.2.2. Going forward, all future antibiotic
concentration assessments made using the NanoDrop involved disrupting the PMs using a
minimum of a 1:2 dilution with DMF.
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Figure 3.3 — Assessment of PM disruption using different organic solvents. (A) PM-empty
samples were mixed with different concentrations of acetonitrile and then assessed for reduction
in nanoparticle Rayleigh scattering peak visible at wavelengths less than 300 nm. (B) PM-
levofloxacin samples were mixed with DMF at a 1:2 ratio and Rayleigh scattering assessed. DMF
applied at an equivolume with PM sample was enough to eliminate Rayleigh scattering, and
allowed detection of levofloxacin signal that would otherwise have been masked.

3.2.2.2 Encapsulation of levofloxacin

3.2.2.2.1 Determination of levofloxacin encapsulation using UV-vis analysis

Experiments reported in section 3.2.1 showed four antibiotics inhibited B. thailandensis growth,
and so these were investigated further for PM encapsulation. It should be noted that the
discovery of being able to disrupt the PMs using DMF, as described in section 3.2.2.1 came after
the body of work for PM-levofloxacin preparations had been done. For this reason, the data

displayed in this section was performed on intact PMs. To begin with, a standard curve was
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produced using a series of known concentrations of levofloxacin, dissolved in PBS, ranging from 0
ug/ml to 30 pg/ml. Levofloxacin had an absorption spectrum with a peak at 287 nm (Figure 3.4A),

which was linear in intensity with respect to concentration, R = 0.99 (Figure 3.4B).
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Figure 3.4 — Levofloxacin absorption spectra and standard curve. (A) The absorption spectra of
levofloxacin over a range of different known concentrations, 0 pg/ml-30 pg/ml. Samples were
measured in black-sided quartz cuvettes using the NanoDrop 2000c UV-vis spectrophotometer.
(B) The standard curve generated from the known concentrations. Plotted using the absorbance
values measured at 287 nm. Standard curve has an R? = 0.99.

For the assessment of the encapsulation efficiency of PMs, PMs were loaded with 20 mg/ml of the
antibiotic, either into their hydrophobic shell, or hydrophilic core — as discussed in section 2.2.1.
For each of the PM samples a large peak was seen at approximately 210 nm, and then the spectra
in all declined as the wavelength increased (Figure 3.5). No free drug signal was detected, likely
due to it having passed through the dialysis membrane and being fully dialysed away.
Interestingly, even within PM samples there was no detection of the characteristic peaks

displayed by levofloxacin, at 287 nm or 332 nm, as seen earlier in Figure 3.4.
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Figure 3.5 — Absorption measurements of levofloxacin loaded PMs. Levofloxacin was loaded into
both the core and shell regions of PMs, and dialysed for one week, alongside empty PMs and free
levofloxacin as controls. After this, samples were measured on the NanoDrop 2000c UV-vis
spectrophotometer at the correct dilutions. The characteristic spectra of levofloxacin was not
observed, suggesting it was not present in the samples after one week.

3.2.2.2.2 Determination of levofloxacin encapsulation using HPLC analysis

Due to the lack of levofloxacin signal detected using UV-vis analysis, it was hypothesised that this
method may be too insensitive to detect the potentially low concentrations within the PMs.
Instead, the more sensitive method of HPLC was employed. These studies were conducted to
assess the level of levofloxacin released from the PMs into the dialysate sink over a period of one
week. From this initial indirect analysis, the level of antibiotic retained within the PMs could be
calculated. A standard curve was constructed, using the HPLC machine, to allow future
concentrations to be determined (Figure 3.6). It included a variety of levofloxacin concentrations,
diluted in PBS, ranging between 0 pg/ml and 150 pg/ml. The absorbance measurements using
HPLC were highly linear with respect to concentration of levofloxacin, with an R2 = 1.00 (2 dp). For
the HPLC experiment, empty PMs, core loaded PMs (20 mg/ml), shell loaded PMs (20 mg/ml), and
free levofloxacin (20 mg/ml) were prepared. The concentration of levofloxacin released from the
particles over time, during dialysis, was then assessed, as described in more detail in section
2.2.2.3. The experiment was performed 3 times, with different PM preparations each time. Within

each experiment, triplicate repeats were taken for each timepoint on the HPLC machine.
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Figure 3.6 - The standard curve for levofloxacin generated using HPLC. Shown is a range of
known concentrations spread from 0 pg/ml to 150 pg/ml. Standard curve possessed an R2 = 1.

The PMs and control samples contained 20 mg/ml of levofloxacin. As they were made up to a final
volume of 2 ml, this corresponds to 40 mg of levofloxacin present in samples at the start of the
experiment. If all the antibiotic were released into the 300 ml PBS sink, it would equate to a
concentration of 133.3 ug/ml (1 dp). Figure 3.7 is plotted as a percentage of this amount, i.e. the
percentage of levofloxacin released into the dialysate buffer over a one-week period. In all PM
samples there was a rapid release of levofloxacin from the dialysis tubes into the PBS buffer sink,
with, on average, over 70% of the levofloxacin initially loaded being released by 24 hours.
However, the rate of release from the shell loaded PMs was lower than that from either the free
antibiotic, or the core loaded PMs. By 24 hours there was a significant difference observed
between the release of shell loaded antibiotic versus the free antibiotic (75.7% + 9.0 versus 98.3%
+0.8) (p = 0.0005, two-way ANOVA with Tukey’s post-hoc test). Based on the amount of antibiotic
present in the dialysate, shell loaded PMs were found to retain, i.e. have an encapsulation
efficiency of, on average, 23% after 1 week. This corresponds to a concentration of 4.8 mg/ml. No
more antibiotic was found in the dialysate for over a week post-formation, suggesting that the
shell loaded PMs were able to retain this payload for at least one week (168 hours). In contrast,
there was no significant difference observed in the amount of levofloxacin released between free

drug and core loaded PMs at any timepoint.
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Figure 3.7 — The release of levofloxacin from loaded PMs compared to the free drug control.
Results were obtained using HPLC. Rate of levofloxacin release from shell loaded PMs was lower
than that from free or core loaded antibiotic. By 24 hours a significant difference was observed
between the shell and free samples (75.7% + 9.0 versus 98.3% + 0.8; p = 0.0005, two-way ANOVA
with Tukey’s post-hoc test). In contrast, no significant difference was observed in the amount of
levofloxacin released between the free and core samples at any timepoint. Graph shows the
averages of the three repeats + SD.

3.2.2.2.3 Levofloxacin retained as dead volume in syringe

Despite these seemingly promising results, shortly after this data was collected, at approximately
eighteen months into the project, it was discovered that the syringes used in the preparation of
the PMs had a dead volume of approximately 100 ul. Figure 3.8 shows this problem highlighted
using a blue dye for visualisation. During the initial set up the polymer and levofloxacin mix would
be loaded into the syringe at a volume of 400 pl, Figure 3.8A. Following stepwise dropping of this
into the glass vial, the syringe pumps stalls as the syringe contents is expelled, Figure 3.8B. At this
point, even with a blue dye, it is extremely difficult to see any residual volume. The levofloxacin
polymer mix is colourless, and so this further adds to visualisation difficulties. It was discovered
that if the syringe is removed from the pump and the plunger pulled back, this residual 100 ul
could be seen, Figure 3.8C. Whilst this volume may seem insignificant, 100 pl out of an initially
loaded 400 pl corresponds to 25% of the sample that has been left and disposed of. It was upon
this discovery that it was realised the retention seen in previous HPLC data, was in fact not due to
PM retention, but that the sample could not be accounted for as it had been disposed of with the

syringe.
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Figure 3.8 — Dead volume within syringe. Norm-ject Tuberkulin syringe retains approximately
20% of the loaded polymer antibiotic volume when being expelled by syringe pump.

3.2.2.3 Encapsulation of novobiocin

Moving on from levofloxacin, and from this point ensuring full syringe expulsion, the next
antibiotic tested was novobiocin. To begin with, a series of known concentrations between 1 — 60
ug/ml were made up, with novobiocin dissolved using a 1:1 ratio of DMF:PBS, the same buffer
that the PM samples would be in after being disrupted using DMF. Novobiocin displayed a peak at
306 nm (Figure 3.9A) and showed linearity with respect to concentration, R? value of 0.99 (Figure

3.9B).
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Figure 3.9 — Novobiocin absorption spectra and standard curve. (A) The absorption spectra of
novobiocin over a range of concentrations from 1 — 60 ug/ml. Samples were measured in black-
sided quartz cuvettes using the NanoDrop 2000c UV-vis spectrophotometer. (B) The standard
curve generated from the peak at 306 nm, R? = 0.99.
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The novobiocin used in these experiments was, specifically, novobiocin sodium salt, which was
soluble in both DMF and PBS. For that reason, PMs were made in both ways with novobiocin
loaded at a concentration of 10 mg/ml into either the hydrophobic shell (DMF dissolved), or the
hydrophilic core (PBS dissolved), as described in section 2.2.1. A PM-empty sample and a free,
unencapsulated novobiocin sample also at 10 mg/ml, were included to act as controls. The
samples were all diluted with DMF at a 1:2 dilution before being measured. To further reduce
novobiocin signal interference from Rayleigh scattering and absorbance as a result of the
polymer, the PM-empty signal was deducted from the PM-novobiocin samples. There was a high
level of antibiotic signal detected from both the core and shell loaded PM preparations. There was
a small level of signal detected from the free drug control, suggesting dialysis was not yet
complete and small concentrations of novobiocin remained un-dialysed (Figure 3.10A). After
multiplying by the DMF dilution factor, the concentrations present in the samples corresponded
to 63.4 ug/ml, 57.5 ug/ml, and 5.61 pg/ml for PM-novobiocin (core), PM-novobiocin (shell), and
free novobiocin, respectively. These results showed that the PMs were able to retain the

antibiotic and prevent it from being removed via dialysis.
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Figure 3.10 — Encapsulation and size characterisation of PM-novobiocin preparations. (A) PM-
novobiocin (core) and PM-novobiocin (shell) preparations were shown to be able to retain 63.4
ug/ml and 57.5 pg/ml, respectively, whist the free control retained 5.61 ug/ml after 48 hours of
dialysis. (B) DLS size measurements showed no clear differences between the samples, with sizes
of 106.4 nm, 97.06 nm, and 96.45 nm for PM-empty, PM-novobiocin (core), and PM-novobiocin
(shell), respectively.

The sizes of the PM-novobiocin samples was assessed using DLS (Figure 3.10B). The data for each
sample represents one biological repeat. The sizes were as listed in Table 8 below. Pdl values
were also recorded, as a measure of how uniform the samples were in size. As the values all fall

close to 0 it suggests the PM preparations were relatively monodisperse in size. Together this data
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indicates that the addition of novobiocin to the preparations does not likely cause adverse effects

such as aggregate formation, or excessive nanoparticle size increase.

Table 8: Sizes and Pdl values for PM-novobiocin and control preparations.

Hydrodynamic diameter (d. nm) = Polydispersity index (Pdl)

PM-novobiocin (core loaded) 97.06 0.125
PM-novobiocin (shell loaded) 96.45 0.143
PM-empty 106.4 0.178

Although novobiocin sodium salt was found to be soluble in both PBS and DMF, it was slightly
more so in DMF, and the level of antibiotic encapsulated was similar in both cases. For this
reason, all future work with PM-novobiocin samples was performed using PMs where the
antibiotic had been dissolved in the DMF solvent fraction during self-assembly. In order to assess
the optimal loading concentrations for PM-novobiocin samples, multiple batches of PMs were
made up with novobiocin concentrations ranging from 0 mg/ml — 50 mg/ml. Previously, PM-
novobiocin samples had been dialysed for 48 hours, however due to the remnants of free drug
control signal seen after this time (Figure 3.10A), samples were dialysed for 54 hours and with
extra buffer changes to encourage complete removal of unencapsulated drug. Additionally, after
this period samples were spun through a filter spin column to separate the PMs from their PBS
buffer, and the filtrate collected was tested to determine if any antibiotic signal was still present,
see section 2.2.2.3. PMs were broken using the 1:2 dilution with DMF method and then measured
on the NanoDrop. The spectra were recorded, and the PM-empty signals deducted to cancel out
interference from polymer signal. Interpolation from the standard curve (Figure 3.9B) was used to

calculate the encapsulated concentrations.
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Figure 3.11 — Optimal loading of novobiocin into PMs. There was a positive linear relationship
between the loading concentration of novobiocin and the encapsulated concentration within
PMs post dialysis. Data is presented as the mean and SEM of one biological repeat performed in
triplicate, n=1.

As expected, a positive linear relationship between loading concentration and final encapsulated
concentration was observed (Figure 3.11). However, during preparation of these samples it was
observed that at the 50 mg/ml loading concentration samples precipitated, suggesting PM
saturation had been reached. Nevertheless, dialysis was continued, and the sample measured
alongside the rest. Measurements from the filtrate showed that at the higher loading
concentrations of 20 mg/ml and 50 mg/ml there was still unencapsulated drug present. For that
reason, it was concluded that for the rest of this project any work performed using PM-novobiocin
would be carried out using a loading concentration of 10 mg/ml, as this was the highest loading
concentration tested that resulted in the maximum encapsulated concentration without

significant unencapsulated drug remaining.

After confirming PMs were capable of encapsulating novobiocin, it was next investigated how
stable these preparations were, and for how long the payload could be retained. The PM-
antibiotic stability assay was performed as described in section 2.2.2.3. It was hypothesised that
either a gradual decrease in antibiotic signal over time would be observed, suggesting release
from PMs, or that a steady state would be reached where the PMs were able to hold onto the

payload and antibiotic signal remain detectable.
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Figure 3.12 — PM-novobiocin stability over 14 days. PM-novobiocin samples were made and left
dialysing for 14 days. Repeated concentration measurements were made and the level of release
from PMs assessed. Data presented is the average of three repeats, n=3.

In the first 4 days there was a sharp decrease in the level of antibiotic present within the dialysis
membrane (Figure 3.12). This was likely due to the dialysis process, where all of the
unencapsulated drug present at the time of preparation was removed. The decrease may also
include release from the PMs to an extent. However, by day 7 a steady state was reached where
the concentration of novobiocin detected remained constant and indicated that it was being
successfully retained within the PMs in the dialysis membrane, and not leaching away. By day 14
the PM-novobiocin preparations were round to retain on average 4.00 pg/ml £ 6.51 pg/ml.
Overall the data from this section display how novobiocin can be successfully encapsulated into

PEO-PCL PMs and retained for a period of at least 14 days.

3.2.2.4 Encapsulation of doxycycline

The next antibiotic investigated was doxycycline, a tetracycline clinically used in the treatment of
Burkholderia pseudomallei. Standards of doxycycline were made up ranging from between 0 — 30
ug/ml in a 1:1 ratio of DMF:PBS. Doxycycline was observed to have peaks at approximately 270
nm and at 372 nm (Figure 3.13A). The peak at 372 nm was used to construct the standard curve
as it was furthest away from the lower wavelength regions that are most interfered with by

Rayleigh scattering. The curve displayed good linearity, with an R? value of 0.99 (Figure 3.13B).
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Figure 3.13 — Doxycycline absorption spectra and standard curve. (A) The absorption spectra of
doxycycline over a range of concentrations from 0 — 30 pug/ml. Samples were measured in black-
sided quartz cuvettes using the NanoDrop 2000c UV-vis spectrophotometer. (B) The
characteristic peak at 372 nm was used to construct a standard curve, with an R? value of 0.99.

Doxycycline hyclate was incorporated into PMs either by inclusion in the aqueous solvent phase
(PBS — ‘core loaded’), or into the organic solvent phase (DMF - ‘shell loaded’), up to
concentrations of 50 mg/ml, after which precipitation occurred. It was observed that as the
loading concentration of doxycycline increased, the concentration present in the PM preparations
after dialysis also increased. An independent, unpaired t-test (two-tailed) confirmed that there
was an insignificant difference in loading between the core or shell preparations at a 50 mg/ml
loading concentration (p > 0.1). PM-doxycycline shell loaded had a final concentration of 12.2
ug/ml whilst PM-doxycycline core loaded had a final concentration of 10.9 pg/ml. For both
preparations there was 0.00 ug/ml of free, unencapsulated doxycycline in the filtrate at any
loading concentration (Figure 3.14). Therefore, 50 mg/ml was the highest loading concentration
tested that gave the best level of drug encapsulation post-dialysis, and that also did not result in

sample precipitation, or leave unencapsulated drug in the filtrate.
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Figure 3.14 — Optimal loading of doxycycline into PMs. As the loading concentration was
increased, the higher the level of doxycycline present in PMs after dialysis was measured to be.
Data is presented as the mean and SEM of one biological repeat performed in triplicate, n=1.

Due to the lack of significance in doxycycline encapsulated in shell loaded PMs versus core loaded
PMs, 50 mg/ml core loaded formulations were used for future assays. This was to ensure a range
of both shell and core loaded preparations were used within the project. PM-doxycycline
retention studies showed that, as before, in the first 3 days there was a sharp decrease in the
level of antibiotic detected, but that by day 4 a steady state had been reached whereby no more
antibiotic was being lost from the system, and the antibiotic concentration being measured
remained consistent (Figure 3.15A). By day 14 the PM-doxycycline preparations were found to

retain on average 15.2 pug/ml + 2.19 pg/ml. Data was normalised to a PM-empty control.
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Figure 3.15 — PM-doxycycline stability over 14 days. (A) Samples were dialysed for 14 days with
repeated concentration measurements taken to assess the level of antibiotic release. Data
presented is the average of three biological repeats, n=3. (B) DLS readings were also taken across
the 14-day period to assess any changes in the PM hydrodynamic diameter. Measurements were
taken using one batch of PM-doxycycline maintained across the 14 days.
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Alongside the release assay the stability of these PMs was tested using DLS as a measure of PM
integrity. One batch of PM-doxycycline was kept for a period of 14 days, and the size was tested
at days 1, 7, and 14 (Figure 3.15B). The results are also displayed below in Table 9. An
independent, unpaired t-test (two-tailed) revealed no significant difference in the PM sizes
between day 1 and day 14 (p > 0.1). This supported the findings of the release assay as it suggests
the PMs are still intact after 14 days, which would help to explain how they are able to retain the
antibiotic payload for this period of time. Overall, this data confirms that doxycycline can be

successfully encapsulated into PEO-PCL PMs and retained for at least 14 days.

Table 9: Sizes and Pdl values for PM-doxycycline measured over a 14-day period.

Hydrodynamic diameter (d. nm) Polydispersity index (Pdl)
Day 1 101.4 0.177
Day 7 104.6 0.210
Day 14 101.0 0.186

3.2.2.5 Encapsulation of rifampicin

The final antibiotic explored was rifampicin, a strongly hydrophobic antibiotic belonging to the
rifamycin class. Standards were prepared at concentrations ranging from 0 — 60 pg/ml, with the
antibiotic dissolved in a 1:1 ratio of DMF:PBS. Rifampicin possesses a characteristic peak at 484
nm, which lies well away from any potential effects of Rayleigh scattering (Figure 3.16A), and so

this was used to construct the standard curve, which had an R? value of 0.99 (Figure 3.16B).
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Figure 3.16 — Rifampicin absorption spectra and standard curve. (A) The absorption spectra of
rifampicin over a range of concentrations from 0 — 60 pg/ml. Samples were measured in black-
sided quartz cuvettes using the NanoDrop 2000c UV-vis spectrophotometer. (B) The
characteristic peak at 484 nm was used to construct a standard curve, with an R? value of 0.99.
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Due to its hydrophobic nature, rifampicin was found to be very weakly soluble in PBS. For this
reason, these nanoparticles were made only by dissolving the antibiotic into the organic solvent
phase of the PMs during self-assembly (shell loaded). To assess the optimal loading of PM-
rifampicin particles, a series of different loading concentrations were tested, from 0 mg/ml — 50
mg/ml. Samples were left to dialyse for 72 hours with repeated buffer changes. The 50 mg/ml
loaded sample precipitated heavily upon making, leaving a thick, viscous solution that was
impossible to work with and so for this reason it was discounted and deemed to be above the
saturation level (Figure 3.17A). The remaining samples followed the same patterns as seen with
previous antibiotics, in that the higher the loading concentration, the higher the concentration of
drug remaining after dialysis. This can be seen easily with rifampicin, without even the need for
measuring, due to its bright orange colour. For each increase in loading concentration a much
darker orange was seen in the PM samples post-dialysis (Figure 3.17B). After spinning the samples
through the filter spin columns it was clear that despite not being able to see any precipitate in
the 20 mg/ml sample with the naked eye, that there was still a high amount of unencapsulated
drug remaining, with 110.5 ug/ml being detected on the NanoDrop. At a 10 mg/ml loading
concentration, 42.9 ug/ml was detected in the PM samples, with only 1.4 ug/ml being detected
from the filtrate (Figure 3.17C). For this reason, a 10 mg/ml loading concentration was the one

chosen for any future studies using PM-rifampicin preparations.

A final test performed, using PM-rifampicin at 10 mg/ml loading, was to compare the samples to a
free drug control at the same concentration. Figure 3.17D shows two dialysis tubes containing 10
mg/ml of rifampicin, one in the presence of PEO-PCL polymer (left), and one without (right).
Because rifampicin is bright orange, it was easy to see that in the sample without any polymer a
large amount of solid precipitate had formed, seen at the top of the tube. This precipitate was not
present in the PM-rifampicin sample. This shows how there was an interaction between this
antibiotic and the polymer which stabilised the drug in solution and increased its solubility in

comparison to the free drug control.
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Figure 3.17 — Optimal loading of rifampicin into PMs. (A) An example of a precipitated PM-
rifampicin preparation, in this case at a 50 mg/ml loading attempt. (B) The bright orange colour
allows the increase in loading achieved to be easily seen, samples shown from PM-empty through
to a 20 mg/ml loading concentration. (C) Although with a higher loading concentration a higher
encapsulated concentration was seen post-dialysis, loading concentrations greater than 10
mg/ml resulted in a high level of free drug still present in samples. Data is presented as the mean
and SEM of one repeat performed in triplicate, n=1. (D) Photos showing 10 mg/ml of rifampicin in
the presence of PEO-PCL polymer (left), or without (right). Precipitate forms without PMs
present, confirming an interaction between rifampicin and PEO-PCL that stabilises the drug and
increases its solubility.

Using the 10 mg/ml shell loaded PM-rifampicin nanoparticles, the stability of these PMs and their
release of the drug over time was measured. Three separate batches of PMs were made, and the
concentration assessed at a series of timepoints across a 14-day period. Similarly to previous
results, there was a sharp decrease in antibiotic concentration in the first 3 days, but by day 4 a

steady state had been reached and no more rifampicin was being lost from within the dialysis
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membrane, and therefore PMs (Figure 3.18A). At day 14 the PM-rifampicin preparations were
found to retain on average 8.46 pug/ml + 2.41 pg/ml. Data was normalised to a PM-empty control
group. DLS was also used to measure any changes in the PM-rifampicin size over the 14 days
(Figure 3.18B), with readings being taken on day 2, day 7, and day 14. The recorded hydrodynamic
diameters are displayed in Table 10. An independent, unpaired t-test (two-tailed) revealed a
significant difference in sizes between day 2 and day 14 (p < 0.01), however it is unlikely that this
is a truly biologically significant result. Overall, PM-rifampicin was shown to be another PM-
antibiotic preparation that was able to successfully, and stably, encapsulate an antibiotic for at

least 14 days.
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Figure 3.18 — PM-rifampicin stability over 14 days. (A) Samples were left dialysing for 14 days
with repeated concentration measurements taken to assess the level of antibiotic release. Data
presented is the average of three repeats, n=3. (B) DLS readings were also taken across the 14-
day period to assess any changes in the PM hydrodynamic diameter. Measurements were taken
using one batch of PM-rifampicin maintained across the 14 days.

Table 10: Sizes and Pdl values for PM-rifampicin measured over a 14-day period.

Hydrodynamic diameter (d. nm) Polydispersity index (Pdl)
Day 2 86.9 0.129
Day 7 88.3 0.139
Day 14 91.0 0.177
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3.2.2.6 Comparison of novobiocin, doxycycline and rifampicin PMs

To recap the findings of this section so far, it has been shown that multiple antibiotics could be
successfully encapsulated into PEO-PCL PMs. These were: novobiocin, doxycycline and rifampicin.
Although a large body of work was performed with levofloxacin, this antibiotic was not able to be
encapsulated and so has been excluded from this comparison section. Data from all of the
antibiotic release assays has been compiled into graph format (Figure 3.19A), and then specific
analysis based on day 14 results included within the table (Figure 3.19B). The final concentrations
retained after a 14-day period were: 4.00 pg/ml, 15.2 ug/ml, and 8.46 ug/ml for PM-novobiocin,
PM-doxycycline, and PM-rifampicin, respectively. Their optimal loading concentrations were
determined, as discussed in previous sections, and based on this the encapsulation efficiency of
antibiotic loading could be determined using the equation below. Efficiencies were as follows:

PM-novobiocin (0.04%), PM-doxycycline (0.03%), and PM-rifampicin (0.08%).

Antibiotic mass retained by PMs x 100
Initial mass of antibiotic loaded

For the ease of workload of future experiments, work with PM-novobiocin preparations was not
continued as it had the lowest level of antibiotic encapsulated. Efforts were focused on PM-
doxycycline and PM-rifampicin preparations, allowing assessment of one core loaded formulation

and one shell loaded, respectively.
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Figure 3.19 — Comparison of PM-antibiotic preparations. (A) Overlay of the PM-antibiotic release
curve assays over 14 days. (B) Analysis of the 14-day timepoints, including a measure of the
encapsulation efficiency of the antibiotic loading into PMs.

3.2.3 Concentrating the polymersomes to increase drug concentration

This section investigates the difference in retained antibiotic in the ‘bulk’ PM solution versus the
‘local’ concentration. When the PMs are initially made, they are suspended in a buffer with a final
volume of 2 ml. All of the concentration assessments presented so far have been on this sample
of PMs, the bulk solution (Figure 3.20). However, in this solution the PMs are highly diluted in the
PBS buffer, and the PMs themselves only occupy a fraction of the total volume. It is likely that the
concentration of antibiotic in the PMs alone, undiluted, is far higher than reported so far. To
investigate this, PMs can be pelleted via ultracentrifugation (UCF), as described in section 2.2.2.3,

and once the supernatant has been removed the concentration of drug in PMs alone can be

measured.
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Figure 3.20 — A schematic of the bulk PM solution, versus the PM pellet as a local concentration
assessment. PMs can be ultracentrifuged to form a pellet, and once the supernatant has been
removed, the antibiotic concentration undiluted can be measured.

It was first tested how susceptible the PMs are to being spun down using UCF, with two key
guestions in mind: are they all successfully pelleted, and does this method damage the PMs? PMs
were made loaded with Dil, a fluorescent lipophilic dye that is bright pink, allowing for easy
visuals on whether the PMs have all pelleted or not. The PMs were spun for either 30 minutes, or
2 hours, at a low UCF setting (100,000 x g), or the maximum UCF setting (186,000 x g). 186,000 x g
for 2 hours saw the most complete pelleting, but some colour was still seen in the supernatant
suggesting that even on the highest setting some PMs would be lost in the supernatant (Figure
3.21A). PMs were also analysed using DLS to test if they were stable at this high UCF setting. After
being spun down, a sample was taken from the supernatant and measured, the remaining
supernatant discarded, and then the pellet re-suspended and also measured. The supernatant
gave a reading suggesting nanoparticles with a diameter of 54.81 nm were present. This supports
the visual findings from Figure 3.21A, that even at the highest UCF speed some PMs still remained
within the supernatant. The re-suspended PMs recorded a size of 73.39 nm, which was in line

with the usual expected size for PEO-PCL PMs (Figure 3.21B).
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Figure 3.21 - Investigation into UCF speeds on PMs, and their subsequent sizes. (A) PMs loaded
with fluorescent Dil were used to assess the efficiency with which PMs pellet during UCF at
various settings. (B) DLS measurements for PM-Dil at the maximum UCF setting of 186,000 x g,
for 2 hours.

Following this, PM-doxycycline and PM-rifampicin were tested for their local versus bulk
concentrations. Samples were made and dialysed as usual, and then bulk concentrations were
assessed on the NanoDrop after disrupting PMs with a 1:2 DMF dilution. PM-doxycycline gave a
reading of 21.7 ug/ml and PM-rifampicin gave a reading of 31.2 ug/ml. From these
concentrations, estimations of the local drug concentration expected were calculated and
presented in the table on the next page. Certain elements of PM characterisation have been

rounded and approximated, to allow only a rough estimation of local concentration.
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Table 11: Estimations of the expected local antibiotic concentration within PM-doxycycline and
PM-rifampicin formulations.

Step Description Calculation Schematic
o 4313
4/3 rt 503
1 The volume of one PM
500,000 nm?3

e 5x10®ml(1nm3=1x10%ml)
The total volume of PMs PMs in final vo.Iume =3 x 1012
2 T e e Volume occupied = (5 x 10%%) x (3 x
10*?) = 0.0015 ml

e PM-doxycycline bulk concentration
=21.7 ug/ml

e Therefore, 43.4 pg present in final 2
ml preparations.
43.4 ug spun down into PM pellet

e 43.4gin0.0015 ml

e 28,933 uginlml

e 28.9 mg/ml (estimated)

e PM-rifampicin bulk concentration =
31.2 pg/ml

e Therefore, 62.4 ug present in final 2
ml preparations.
62.4 pg spun down into PM pellet

e 62.4 ngin 0.0015 ml

e 41,600 pgin 1 ml

e 41.6 mg/ml (estimated)

3 Local PM-doxycycline

4 Local PM-rifampicin &
These calculations highlight that the level of drug encapsulated locally, is likely to be within the
mg/ml range, as opposed to the ug/ml level that the bulk readings give. To test this theory, the
bulk preparations of PM-doxycycline and PM-rifampicin were spun in the UCF for 2 hours at
186,000 x g to pellet the PMs. The supernatant was removed, and the pellets were re-suspended
in specific volumes to enable measurement by the NanoDrop. From the standard curve a
concentration was determined, which was multiplied by the dilution factor to give the local
concentration. For example, a pellet (0.0015 ml) re-suspended in a 1.5 ml volume would have a
dilution factor of x1000. Pellets of PM-doxycycline suggested a local concentration of 29.1 mg/ml,
and PM-rifampicin of 38.1 mg/ml (Figure 3.22). These are the mean results of two repeat
experiments using different PM batches each time. Results from the experiment align well with
the predicted local concentrations estimated in Table 11, and highlight that a mg/ml level of drug

is achieved when the PMs are concentrated. This gives potential for future drug delivery work in

that high levels of antibiotics could be dosed.
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Figure 3.22 — Bulk versus local PM-antibiotic concentrations. PM-rifampicin and PM-doxycycline
preparations were assessed for their concentrations in bulk solution, compared to after being
pelleted. Results indicate that PMs can be concentrated using ultracentrifugation to achieve far
higher antibiotic concentrations. Data is presented as the mean and SD of two repeat
experiments.

3.2.4 Sizing of the polymersomes using transmission electron microscopy

Transmission electron microscopy (TEM) was briefly used as a second method to evaluate the
sizes of the PEO-PCL polymersomes, using protocols based on Johnston et al. 2010. Here, empty
PMs stained with ferrocene, prepared as described in section 2.2.2.2, were tested. The PMs did
not fare well under the TEM electron beam, and were seen to visibly burst within a matter of
seconds before extensive images could be collected. Figure 3.23 shows this happening, giving an
example of what one PM looked like initially, Figure 3.23A, through to how it looked just prior to

bursting, Figure 3.23D.
Despite TEM not being a viable sizing technique for these PMs, the images that were able to be

collected do support the DLS findings to some level, in that the empty PM measured below had a

diameter of approximately 100 nm.
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Figure 3.23 — Size characterisation of empty PMs using TEM. Images focus on one PM, and
how its appearance change over time from its initial imaging (A), through to its final appearance
before bursting under the electron beam (D).
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3.3 Discussion

Nanoparticles, in particular polymersomes (PMs), are systems with the potential for drug delivery
purposes. This project investigated their use in the delivery of antibiotics to intracellular locations
where Burkholderia spp. reside. In order for PMs to become viable treatment options, they must
be able to demonstrate the ability to encapsulate appropriate drugs to treat such infections, and
retain them for a time period long enough to be clinically useful. The experiments conducted in
this chapter addressed these topics by showing that:

e The antibiotics doxycycline, rifampicin, levofloxacin and novobiocin are all effective at
inhibiting B. thailandensis growth, and may be further investigated for PM encapsulation
purposes

e PM structure can be disrupted, to allow a more accurate measurement of the payload

e The antibiotics doxycycline, rifampicin and novobiocin can all be optimally loaded into
PEO-PCL PMs

e In cases where antibiotics could be loaded, they could also be successfully retained for a
period of at least 14 days

e Over the course of the 14 days the PMs maintained a constant hydrodynamic radius,
suggesting preserved stability

e PMs may be concentrated, using ultracentrifugation, to achieve a higher antibiotic

concentration

Minimum inhibitory concentration (MIC) assays were performed to assess the efficacy of
levofloxacin, doxycycline, rifampicin and novobiocin against free-growing B. thailandensis in vitro.
The MIC is defined as the minimum amount of antibiotic needed to inhibit the growth of bacteria
during an overnight period of incubation (Andrews, 2001). The observation that all four of these
antibiotics inhibited the growth of the bacteria is supported by a wealth of published evidence.
For example, one study performed by Ross et al. (2018) determined the MICs for rifampicin,
levofloxacin and doxycycline acting upon B. pseudomallei to be at concentrations below 50 ug/ml.
Another study reported that novobiocin was able to inhibit the growth of 90% of B. pseudomallei
at concentrations of 8 pg/ml, similar to our reported 12.5 ug/ml (Thibault et al., 2004).
Collectively these results all support these antibiotics to be viable treatment options for B.
pseudomallei and B. thailandensis bacterial infections. The fact reasonably low concentrations
were sufficient to see growth inhibition is even more promising as it reduces the risk of drug

loading capabilities being a limiting factor for this project.
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Assessing the level of payload encapsulated by the PMs is a challenging task, made even more
difficult by the presence of the polymer, and the interference this can cause to antibiotic
concentration readings. Nanoparticles, and other small particles, are capable of scattering light
due to Rayleigh scattering. When an incident light hits the particles, it causes a polarisation of the
molecule which results in scattering (Fan et al., 2014). A particular feature of Rayleigh scattering is
that it causes shorter wavelengths to be scattered more greatly than longer wavelengths (Emery
and Camps, 2017). This is problematic when assessing antibiotic payload concentrations using UV-
vis absorbance spectra, as if the characteristic peaks being investigated fall at lower wavelengths,
interference from the PMs can occur. Multiple different methods were therefore tested in an
attempt to disrupt the PMs, and thereby decrease interference from nanoparticle scattering.
During uptake into cells, nanoparticles may be trafficked through the endosomal pathway where
changes to a more acidic environment may be experienced, due to endosomal vesicle fusion with
lysosomes. Here, the pH changes from a neutral level to around pH 6.5 - 4.5 (Hu et al., 2015). It is
known that once inside a cell, nanoparticles are able to release their payloads, and in part this
may be due to degradation as a result of a pH shift. To assess this the hydrophilic dye fluorescein
was utilised which fluoresces only at low concentrations and is quenched at higher
concentrations, like when loaded into PMs (Nichols et al., 2012; Scarpa et al., 2016). In an attempt
to mimic the internal cellular conditions, the pH of PM-fluorescein preparations was adjusted to
4.5 to see if any fluorescence was detectable, indicating fluorescein release and potential PM
breakage. Results from Figure 3.2 suggested that this pH shift was not sufficient to disrupt the
PMs, primarily due to a lack of decrease in Rayleigh scattering being seen, but also due to lack of

changes in fluorescence intensity.

Upon measurement of the samples using a fluorometer, it was observed that in the more acidic
conditions the fluorescence of fluorescein was fully quenched. This result was interesting, as it
shows that fluorescence is not a good indicator for PM disruption as a result of pH. Even if the
PMs were releasing the dye, this would not be detectable due to fluorescence quenching as a
result of the acidic conditions. Similar effects have been documented previously of fluorescein’s
fluorescence being quenched at low pH levels (Martin and Lindqgvist, 1975; Peterson, 2010). It was
hypothesised however, that if PM disruption had occurred higher levels of fluorescein should be
detected upon pH neutralisation than present originally. This was also not seen, suggesting that
no disruption had occurred, and confirming that a pH shift to 4.5 alone was not sufficient to
disrupt PMs. Nanoparticles differ in their complexity, with some being specifically designed to
hydrolyse at lower pH levels, as discussed in section 1.5.4. However the PEO-PCL PMs in this
project do not possess these pH-sensitive cleavage links, and so it is possible changes to pH do not

affect their stability as with other PM preparations, hence the lack of degradation observed.
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Organic solvents were also investigated in an attempt to break the PMs for more accurate
payload concentration assessment. Acetonitrile and dimethylformamide (DMF) were both tried,
but with only DMF showing any ability to reduce Rayleigh scattering (Figure 3.3). There are no
known reports in the literature of other groups using DMF to disrupt the PMs. This is most likely
because DMF is highly toxic to cells, and so using it on the PMs to disrupt them would render
them useless if then applied to cells. A study performed by Jamalzadeh et al. (2016) showed that
out of multiple different organic solvents tested, DMF was the most toxic to RAW 264.7
macrophage cells. Nevertheless, for the purpose of payload concentration assessments alone this
is not a factor, as the disrupted PMs would not be applied to cells. Whilst much research has been
performed on sophisticated stimuli-responsive PMs, section 1.5.4, there are far fewer examples of
groups who have utilised approaches to disrupting PMs purely for concentration measurement
accuracy. One group which did used the detergent Triton X-100 to disrupt PMs, allowing for
fluorescence measurements to be taken (Bixner et al., 2016). As Triton X-100 was not tested
during this project it could be another agent to be tested as part of future work. This being said,
there is still evidence for it being cytotoxic to mammalian and murine cell lines (Dayeh et al.,
2004), and so it is arguably no better than using DMF. It should be noted that whilst DMF is used
in the preparation of the PMs within this thesis, following the rigorous dialysis process there are

only trace levels of DMF remaining with the PM samples.

Using these methods of disrupting the PMs to enable a more accurate payload concentration
calculation, experiments moved onto assessing the level of encapsulation of antibiotic by the
PMs, and how long this could be retained for. It was observed that some antibiotics could be
successfully encapsulated, whilst others, such as levofloxacin, could not. A large portion of time
within this project was spent attempting to encapsulate levofloxacin into PMs. However, shortly
after all of this data was collected, it was discovered the syringes used in the PM preparation
retained an approximate volume of 100 pl, a quarter of what was initially loaded into them
(Figure 3.8), section 3.2.2.2.3. As a result, rather than achieving a successful encapsulation
efficiency of 20%, as hypothesised from Figure 3.7, this amount was in fact being lost in the
disposal of the syringes, and little to no levofloxacin was being encapsulated within the PM
preparations. There were no other examples found within the literature providing evidence for
levofloxacin being loaded into PMs. One group did however compare the loading capabilities of
levofloxacin into either liposomes (LMs) or polymeric nanoparticles made from PEG-PLA, with a
view to treating Pseudomonas aeruginosa infections in cystic fibrosis patients (Derbali et al.,
2019). This team discovered that polymeric nanoparticles achieved much lower drug
encapsulation efficiencies compared to LMs, with results showing 1% versus 12%, respectively.

Furthermore, in vitro drug release assays determined that, upon dialysis, the polymeric
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nanoparticles were not able to retain levofloxacin any better than the free levofloxacin control,
with 100% of the drug being released after a period of 48 hours, compared to only approximately
30% release from LMs. Contrastingly, other groups have successfully shown levofloxacin
encapsulation within polymeric nanoparticles (Lopez-Lopez et al., 2019), suggesting that
encapsulation of this particular antibiotic may yield more variable results within polymeric-based

nanoparticles.

Despite the disappointing results with levofloxacin, encapsulation was successful to varying
degrees with rifampicin, doxycycline and novobiocin. For all of these antibiotics it was found that
the level of antibiotic successfully encapsulated post-dialysis could be increased by increasing the
amount of drug initially loaded into the PMs (Figures 3.11, 3.14, 3.17). It was observed,
unsurprisingly, that in all cases there came a point where no more antibiotic could be
encapsulated and held in solution by the PMs, and the sample would precipitate due to
saturation. Other groups have investigated how the loading concentrations of drugs can affect the
overall payload encapsulated. Danafar et al. (2014) researched PMs made from PLA-PEG-PLA
triblock co-polymers, and their ability to encapsulate atorvastatin and lisinopril, two drugs used in
the treatment of lowering cholesterol and treating high blood pressure. The group found that
when the drug:co-polymer ratio was increased from 0.5 to 2, the drug loading percentage could
be increased from 8.2% to 28.3% for lisinopril, and 9.5% to 40.9% for atorvastatin. This highlights
how the loading of drugs into PMs can be optimised for better encapsulation levels. Similarly, a
study performed by Bodaghabadi et al. (2018) investigated the optimal loading of rifampicin into
mMPEG-0A polymeric nanoparticles, for the treatment of intracellular Brucella melitensis infection.
Rifampicin was loaded at concentrations ranging between 2 — 40 mg/ml, and after filtration, the
encapsulated concentrations assessed. It was shown that, as seen within this project, as the
loading concentration increased, so did the encapsulated level. However, this study showed nicely
that the level of encapsulated drug plateaus, and in this case any increase in loading
concentration above 20 mg/ml saw no additional increase in encapsulated concentration,
suggesting the PMs had reached the limit of what they could encapsulate. Whilst this study did
not elaborate on the visual state of the preparations at these high concentrations, it is likely that

precipitation of rifampicin would have been seen, much like within this project.

There have been only a handful of other examples of rifampicin and doxycycline being loaded into
PMs. PM-rifampicin preparations have been investigated for tuberculosis therapies (Moretton et
al., 2015), and eradication of intracellular parasites within macrophages (Rizzello et al., 2017),
whilst PM-doxycycline has been researched for use in treating intracellular bacterial species

(Wayakanon et al., 2013). No examples of PM-novobiocin preparations have been reported,
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further adding to the novelty of the work performed within this project. It is of interest what
factors determine whether or not an antibiotic can be loaded successfully. Hydrophobic
molecules are desirable for nanoparticle packaging due to their otherwise poorly soluble nature;
however, it has been suggested that due to their hydrophobicity they may precipitate in aqueous
solutions, leading to large drug aggregates forming which can lower the drug loading efficiency
within nanoparticles (Cai et al., 2015). On the other hand, hydrophilic drugs tend to be able to
escape by diffusion through to the external aqueous media in short periods of time, therefore
resulting in low encapsulation efficiency also. Furthermore, this issue is exacerbated even more
for smaller hydrophilic molecules, such as antibiotics, which are far more likely to be able to
diffuse through nanoparticle walls than larger hydrophilic molecules, such as proteins (Huang et
al., 2018). Multiple other chemical factors also play a role in which small molecules may be
successfully encapsulated, such as drug-polymer interactions due to the presence of functional
groups. Drug release from nanoparticles such as PMs occurs either by the breakdown of the
nanoparticle, or from diffusion of the drug. If a payload is released faster than the nanoparticle is
known to break down naturally, this suggests drug diffusion is occurring. The rate at which this
happens may be, in part, a result of how weakly bound and adsorbed a drug is on the surface of
nanoparticles (Singh and Lillard, 2009). In the case of the antibiotics used within this project, all of
them, with the exception of rifampicin, could be dissolved in either aqueous PBS, or non-aqueous
DMF, suggesting the level of hydrophobicity was less of a factor for the encapsulation success
rate. It is more likely that complex drug-polymer interactions were occurring which ultimately

determined whether or not encapsulation was seen.

Whilst encapsulation of doxycycline, rifampicin and novobiocin was observed in this project, the
encapsulation efficiencies remained low, ranging from 0.03% to 0.08% (Figure 3.19). This is a
common occurrence for nanoparticle drug loading, and frequently encapsulation efficiencies
reported are under 5% (Wang et al., 2015). For example, when Wayakanon et al. (2013) loaded
doxycycline into PMs they recorded an encapsulation efficiency of between 1-2%. However, there
are some examples of highly successful drug loading, with far greater encapsulation efficiencies
being achieved, largely as a result of the type of drug loading used at the point of preparation.
Generally, the passive method of loading used for this project, nanoprecipitation, is not the most
efficient and there are other active loading techniques which may be able to incorporate a higher
initial payload. There is a body of research describing the active loading of other types of
nanoparticle systems, such as LMs, and it is highly likely these methods could also be applied to
PMs. In a study performed by Zhang et al. (2009) three different LM loading methods were
compared for the highest encapsulation efficiency. These were: thin film, reverse phase

evaporation, and remote loading methods by ammonium sulphate gradients. It was found that
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the remote loading method achieved a far greater encapsulation efficiency, of 45.6% + 3.3,
compared to the other two passive loading methods. The thin film method and reverse phase
evaporation method achieved 23.2% + 3.6 and 11.2% t 4.3, respectively. Remote loading via
ammonium sulphate gradients usually involves drying the lipids into a thin film, and then
hydrating with varying concentrations of ammonium sulphate solution. The resulting LMs are
then dialysed into a saline solution over a period of time. During this time the ammonia sulphate
gradient is established. Ammonia efflux from the LMs and into the dialysate creates a proton
gradient — ammonia is a base and so its removal from the LMs creates a [H*]iiposome > [H*]diatysate-
The efflux of ammonia is what drives the influx of the un-protonated drug across the liposomal
membrane. The interaction of the drug and the remaining intraliposomal sulphate creates a gel-

like precipitate which entraps the drug inside the aqueous core of the LMs (Bolotin et al., 1994).

Another example of a method used to achieve active loading is by generating pH gradients using
other types of buffers. The principle of the pH gradient method is for the un-protonated, weakly
basic, drugs to move into the acidic PM interiors, where they become protonated. The protonated
forms are then no longer membrane permeable, and so unable to pass back out of the PMs,
therefore entrapping the drugs efficiently. Choucair et al. (2005) looked at loading the anti-cancer
drug, doxorubicin, into PMs using the nanoprecipitation method, the same as within this project,
however with the introduction of a pH gradient. The co-polymers were dissolved in an organic
solvent, and then added dropwise to pH 2.5 water to induce self-assembly. PMs were then
dialysed to remove the excess organic solvent, resulting in a sample of unloaded PMs with an
aqueous core at pH 2.5. Doxorubicin was then added in solution to the PMs, and the pH of the
solution adjusted to 6.3. Therefore, pH inside pms = 2.5, PH outside pms = 6.3. Control groups were made
where doxorubicin was added to PM mixes with no pH gradient. Other groups have performed
similar studies, but instead of achieving the intra-PM pH using pH 2.5 water, they have achieved
an intra-PM pH of 4 using citrate buffer instead (Nahire et al., 2014). Results from Choucair and
colleagues determined that the presence of the pH gradient could enhance the loading of the
drug up to 10-fold, compared to samples which were made in the absence of a pH gradient.
Overall, multiple different methods are available to load nanoparticles, and many of these can be
applied to the production of PMs. This project focused only on passively loading the PMs, but in
the context of drug delivery and achieving high drug concentrations, active loading methods
should be considered for any continuing future work. The higher the encapsulated antibiotic
concentration achieved the more effective a single dose of PMs may be against B. thailandensis,
and other bacterial species, in theory. This could lead to a reduction in doses and shortening of

treatment time when administered clinically. The active loading experiments used by Choucair et
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al. would be easily replicated using the PMs within this study, and one would predict they would

lead to higher encapsulated payloads.

One point for consideration with the data presented in this chapter is the characteristics of an
antibiotic which allow it to be successfully encapsulated. As seen, some antibiotics such as
levofloxacin are not retained, whereas others such as doxycycline and rifampicin are stably
encapsulated by the PMs. The physicochemical properties of all of the antibiotics are listed in
Table 4, but do not shed much light as to why these differences might occur, due to similar
properties being recorded for all antibiotics. It is likely that more complex chemical interactions
are occurring between drug and polymer which are based around the chemical structures of the
antibiotics, and the bonds they are capable of forming with PEO-PCL. For example, levofloxacin’s
structure is relatively simple compared to drugs like doxycycline and rifampicin, and this might
affect the numbers, and types, of chemical interactions and bonds formed between the drug and

the polymer, causing differences in encapsulation.

The majority of antibiotics tested in this project were soluble in both PBS (for PM aqueous phase
‘core’ loading) and DMF (for PM solvent phase ‘shell’ loading). We hypothesised that depending
on the PM phase the drugs were initially dissolved into, shell membrane loading or aqueous core
loading could be achieved. In reality, this is not certain and so experiments should be performed
to confirm whether this differential loading was achieved. Techniques such as nuclear magnetic
resonance (NMR) could be investigated as a tool to assess this. NMR is a type of spectroscopy
which can fix around a particular atom in a compound and display different signals depending on
the environment of this atom, i.e. different signals for an atom in an aqueous environment versus
an organic solvent environment. A review published by Darbeau (2006) gives a detailed account of
the principles of NMR. In terms of PMs used for drug delivery it may not be of the greatest
importance where in the PM the drug is primarily binding to (membrane or core) so long as a high
drug encapsulation is achieved, and the PMs are able to inhibit bacterial growth. However,
understanding the chemistry behind the loading process is likely essential to exploiting maximum

drug encapsulation.

The dynamic light scattering (DLS) results collected within this project showed that the PMs had
diameters within the range of 91 — 106 nm, and low Pdl values, suggesting samples were
monodisperse and largely uniform in size (Figures 3.10, 3.15, 3.18). Whilst DLS is one of the most
commonly used techniques to assess small particle size, it is not without its limitations. One of the
key shortfalls to DLS is its susceptibility for size results to be skewed due to larger particles, such

as dust or aggregated sample. Even if very small concentrations of these larger particles are
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present it can bias characterisation estimations across all size classes (Kim et al., 2019; Malm and
Corbett, 2019). An excellent paper by Tomaszewska et al. (2013) highlighted this issue by
investigating the detection limits of DLS machines. Silver nanoparticles of known sizes, 10 nm and
80 nm, were mixed together in different ratios and measured. The group found that as the ratio
of larger particles increased, the signal from the smaller particles decreased, with the peak
disappearing altogether when the proportion of 10 nm particles dropped to 95%. The result of
this is that the DLS readings would inaccurately suggest a monodisperse sample, with a lower Pdl,
when in reality there were certainly particles of different sizes present. In terms of results
presented in this project, DLS readings repeatedly display only one clean peak, showing that there
are indeed PMs present at the expected approximate size. However, of the final nanoparticle
sample contents, if only 5% of larger particles is able to conceal smaller particles, it is highly
possible that the PM preparations are not as monodisperse as the Pdl values suggest, and that
many smaller particles may also be present within the sample. This is not necessarily an issue,
however it may contribute towards lower drug encapsulation efficiencies if the nanoparticles

being formed are largely not of the desired size and structure.

The general consensus in the literature is that most nanoparticle characterisation methods have
shortfalls, and the best way to overcome this is to use a selection of sizing methods. For this
reason, transmission electron microscopy (TEM) was used in an attempt to obtain PM size
readings. It was found that it was extremely challenging to obtain images from the PMs, as they
very quickly burst under the electron beam. From the one image that was collected (Figure 3.23),
it seems that the PMs had a size of approximately 100 nm, which supports the DLS data, even if
loosely. There have been other examples within the literature of PMs being imaged using TEM,
one such example even with PEG-PCL PMs, like in this project. Johnston et al. (2010) used PEG5K-
PCL5K PMs loaded with ferrocene in their membrane as a type of stain, to characterise the sizes
of their cores using TEM. Another paper investigated the broad size distributions that can be
observed after formation of PEG-PLA PMs, and used both DLS and TEM to monitor size changes
when PMs were exposed to different size extrusion techniques. They found that the sizes
generated by DLS were larger than those by TEM, and suggested this was due to DLS including the
thick hydrophilic PEG corona in its diameter estimation, leading to a size overestimation
(Apolinario et al., 2018). This work was supported by Hinterwirth et al. (2013) who used gold
nanoparticles to compare multiple different sizing techniques, including DLS and TEM. They found
that whilst there was good linearity between the diameters determined by both methods, the DLS
results were consistently slightly larger than TEM results. Whilst it seems that the DLS
measurements collected within this study may be slightly larger than in true reality, the fact that

good correlations are seen in the literature between DLS and TEM measurements, and that DLS is
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still the most commonly used method, gives confidence that the PMs used here are sized as best

as is currently possible.

Whilst encapsulation of antibiotics within PMs has been shown to be possible, the concentrations
measured in the bulk solution were relatively low, and as previously discussed, this is not an
uncommon problem for drug encapsulation within delivery vehicles. In order to administer
clinically relevant concentrations of antibiotic, it is likely that by using bulk PM solutions large
volumes would have to be administered. It was hypothesised that if the PMs could be
concentrated this might allow for a higher PM-antibiotic concentration to be achieved in a single
dose, thereby potentially reducing duration of therapy in future scenarios. PMs were able to be
pelleted using ultracentrifugation (UCF), albeit not in entirety and with small levels of PMs
remaining in the supernatant, as seen from pink PM-Dil colour in the supernatant and by
confirmation with DLS data (Figure 3.21). It is unsurprising that not all PMs were pelleted, as the
PMs themselves are made up almost entirely of the same buffer in which they are suspended,
meaning there is negligible weight difference which would allow efficient UCF. A study by
Robertson et al. (2016) investigated methods of purifying PMPC-PDPA PMs made using PBS
buffer. They used differential centrifugation to separate out the different structures formed
within their PM sample, but what was of note was that even after centrifuging their PMs for 2
hours at 20,000 x g, structures were still seen in the supernatant at approximately 50-60 nm in
size, according to DLS measurements. This supports data from this project, which showed that
nanoparticle structures measured from the supernatant gave a DLS size reading of 54.8 nm. It is
possible that these supernatant nanoparticles are not PMs, but other smaller structures formed
during PM preparation, such as micelles, but only TEM analysis would allow this to be confirmed.
If the structures are PMs, or other types of nanoparticle containing any antibiotic, it must be
understood that by pelleting the sample using ultracentrifugation, some drug may be lost in the

supernatant.

The results from the pelleting test yielded good results, showing that locally — i.e. within the PMs
alone, concentrations of up to 1000-fold higher than the bulk suspension concentration could be
achieved (Figure 3.22). Other groups within the literature have similarly reported the need for
concentrating nanoparticles, and one group in particular investigated concentrating polymeric
nanospheres. Rather than using UCF, they applied an osmotic stress to nanoparticles entrapped
within a dialysis membrane, to encourage movement of water molecules from the inside of the
dialysis membrane to the outside, thereby increasing nanoparticle concentration within the bag.
Results from this study showed that the greater the osmotic stress applied on the nanospheres,

the more efficient the concentrating of the nanoparticles was, with concentration factors of up to
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50 achieved in only a few hours. Furthermore, the nanospheres maintained original
characteristics and were not damaged by this process. The paper then compared this method
with the method used in this project, UCF. They reported that by using UCF concentration factors
of 10 were achieved, but that the pellet was difficult to work with, and to re-suspend. Despite
this, they confirmed that nanoparticles retained their original characteristics after UCF, showing
that at least there was no damage from this process (Vauthier et al.,, 2008). These findings
certainly support observations from within this project, mostly in that the PM pellets after UCF
were very challenging to work with due to a ‘stickiness’ that made efficiently re-suspending them
hard. Additionally, due to the fact that not all particles are pelleted from the supernatant
effectively, if any future work is to be performed investigating PM concentrating, this method of
osmotic stress should be investigated. The method of UCF still gave a better concentration factor
than reported by Vauthier et al., but it would be interesting to see if similar results could be

obtained using this newly proposed method.
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4.1 Introduction

As seen previously in Chapter 3, PMs have the ability to encapsulate a variety of different
antibiotics stably. This is key when considering their use as drug delivery vehicles, as in many
cases drugs must be retained before reaching a specific target site. However, despite the
potential of PMs, it was next assessed whether they were capable of reaching the site of bacterial
infection, inside RAW 264.7 macrophages. Therefore, the hypothesis that PMs can be internalised
by infected macrophage cells was tested. These tests are key to determining whether these

nanoparticles remain viable options for the treatment of intracellular infections.

Whilst much research has been conducted using LMs as drug delivery vehicles, resulting in
multiple FDA-approved formulations (Olusanya et al., 2018), the PM field is less advanced with no
approved formulations to the best of our knowledge. A large reason for this is the relative lack of
information surrounding in vivo assessments, including the immunogenicity of particular block
copolymer materials and also the pharmacokinetics of PMs within the body. Furthermore, within
the literature there is a clear lack of direct performance comparison between well-established LM
formulations and PMs. Until clear advantages of using PMs over LMs can be shown, the
translation to clinical application may remain slow (Matoori and Leroux, 2020). It is for this reason
that the investigation of PM uptake into various cell types is so essential, as it contributes towards
extending our understanding of how PMs interact with human host-like environments. Future
work related to this project could be to perform assays again alongside LM preparations and

assess whether their uptake into macrophage cells was as efficient.

Within this chapter different techniques have been utilised to assess PM uptake, including
fluorescence and confocal microscopy, real-time imaging, imaging flow cytometry (IFC), and
Coherent anti-Stokes Raman scattering (CARS) imaging, some of which were discussed in Chapter
1. The experimental techniques used within this chapter each offer different benefits, for example
fluorescent and confocal microscopy allowed for relatively quick testing to assess PM uptake
gualitatively, and real-time imaging allowed a better understanding of the precise speed in which
PMs were taken up by macrophages. The IFC, ImageStream, technology allowed uptake to be

measured quantitatively and also the co-localisation between PMs and invading B. thailandensis
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bacteria within macrophages. This investigation is extremely relevant in terms of drug delivery,
because as much of the PM payload as possible is desired to collect at the same site as the
infection. There are currently no known examples within the literature of IFC being used to assess
co-localisation between nanoparticles and an intracellular bacterial infection. This makes the work
performed within this chapter not only novel, but of great value when trying to pick apart
nanoparticles as delivery vehicles for these types of infection. The majority of nanoparticle uptake
research within the literature has relied on the use of labelled nanoparticles, usually fluorescently
tagged, to aid cellular uptake tracking. One caveat to this is the potential dissociation of the dye
from the nanoparticle leading to inaccuracy in data gathered, and the possible imaging analysis of
the dye itself rather than the nanoparticle (Takov et al., 2017; Minter et al., 2018). The CARS
method used within this chapter is able to largely overcome this problem by allowing label-free
imaging of the PMs, using their internal C-H bond structures to generate signals which can then be

image processed (Masihzadeh et al., 2013; Jones et al., 2019).

Other research groups have also investigated nanoparticle cellular uptake using real-time
fluorescence microscopy. One group used polymeric micelles labelled with fluorescent
doxorubicin to investigate uptake into a human breast adenocarcinoma cell line (MCF-7), and saw
a rapid intracellular fluorescence increase in the first 2 hours of incubation, which continued to
increase over the 12-hour period tested. This group also went on to show the co-localisation of
these polymeric nanoparticles with the cell’s early endosomes, highlighting a potential cellular

entry pathway for such nanoparticles (Qiu et al., 2014).

IFC has also been previously used for the assessment of nanoparticle uptake into cells. Vranic and
colleagues used IFC to differentiate between internalised SiO, nanoparticles, and those only
adhering to the extracellular membrane of human adenocarcinoma cells (NCI-H292). The group
reported that after a 4-hour incubation at 4°C, nanoparticles located predominantly on the cell
surface, whereas after a 4-hour incubation at 37°C they had been largely internalised (Vranic et
al., 2013). This example highlights the benefit of using IFC over traditional flow cytometry (FC)
techniques where the precise nanoparticle localisation, and confirmation of cellular uptake, could
not otherwise be definitively reported. In a similar study, Phanse and colleagues used IFC to
assess the uptake of either polymeric nanoparticles or Salmonella enterica into RAW 264.7
macrophages. They reported that after the addition of cytochalasin-D, an actin polymerisation
inhibitor, there was reduced internalisation of both nanoparticles and S. enterica, displayed by
increased cell surface accumulation (Phanse et al, 2012). This work suggests that the

nanoparticles and bacteria are taken up into cells by similar pathways, which is beneficial when
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considering drug delivery to the exact target site of infection. However, one element this paper
lacked was using IFC to image cells that had been jointly exposed to S. enterica and polymeric
nanoparticles, as opposed to the individual exposure of each. This additional co-exposure data
would have allowed the assessment of whether co-localisation was observed between
nanoparticles and bacteria. Using IFC for this purpose could fill a gap within the literature and
highlight the potential of delivering drug-loaded nanoparticles to the precise intracellular bacterial

infection site.

These examples have relied on using labelled nanoparticle formulations, however there have
been previous attempts to assess cellular internalisation by label-free methods. One group
assessed the uptake of PMPC-PDPA PMs into human oral cells, and oral tumour cell lines, using a
mathematical model with in vitro assay validation. The model developed considered a range of
uptake factors such as PM size, concentration, the level of bonding between cellular receptors
and nanoparticles, and the subsequent internalisation recycle rates of these receptors. The group
reported that the number of receptors per cell was what contributed most heavily to predicted
PM uptake level between different cell types (Sorrell et al., 2014). Label-free assessment of
nanoparticle uptake has also been performed using CARS technology. Garrett and colleagues used
CARS to monitor polymeric nanoparticle uptake into murine kidney tissue, following oral
administration. The perfect drug delivery system would target sites of infection/disease, whilst
avoiding organs where the payload is toxic, or build-up in organs such as the kidney. Therefore,
being able to utilise CARS as an assessment of nanoparticle localisation within the body has great
benefits. Raman spectroscopy is able to detect CH, bonds within biological samples at 2840 cm™,
whereas the deuterated equivalent, CD,, detects at 2100 cm™, which is considered to be a
‘biologically silent’ region. Within this study Garrett et al. used deuterated nanoparticles to
ensure the recovered signal was from their polymeric nanoparticles (Garrett et al., 2015). The
success from this group provides a good foundation to this project for using CARS as a method to
label-free image the PEO-PCL PMs within macrophage cells, and furthermore adds potential to

future methods to investigate the localisation of PMs within mouse models.

This chapter will investigate whether PEO-PCL PMs are able to be successfully taken up by RAW
264.7 macrophage cells, whether healthy or infected with B. thailandensis. The aims of the
experiments in this section are:

e To determine whether PMs can be taken up into healthy RAW 264.7 cells,

using epifluorescence imaging as a measurement
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e To determine whether PMs can be taken up into B. thailandensis infected RAW

264.7 cells, using confocal microscopy

e To use ImageStream technology to assess co-localisation between B.

thailandensis bacteria and internalised PMs

e To use CARS technology to investigate how PMs can be imaged within RAW

264.7 cells without a prior need for labelling.
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4.2 Results

4.2.1 Polymersome uptake into healthy RAW 264.7 macrophage cells

4.2.1.1 Epifluorescence

To become a viable option for intracellular drug delivery, PMs must be shown to be able to be
taken up by cells of interest, in the case of this project, RAW 264.7 macrophage cells. Dil is a
lipophilic membrane dye with a characteristic absorbance peak at 560 nm (Figure 4.1A). The
absorbance of known Dil concentrations, unencapsulated and in DMF solution, was used to
construct a standard curve (Figure 4.1B), and this was in turn used to assess the level of Dil
encapsulation achieved within PMs. PM-Dil samples were made and dialysed as usual, and the
samples were additionally spun through a filter to assess whether any unencapsulated Dil
remained present within the buffer surrounding PMs (Figure 4.1C). Results confirmed that 6.9 uM
of Dil was successfully encapsulated within PMs, and that no signal was detected from the filtrate,

confirming efficient dialysis (Figure 4.1D).
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Figure 4.1 — Preparation of Dil-loaded nanoparticles. (A) The varying concentrations used to
construct the Dil standard curve, ranging from 0 — 15 uM. Dil standards were prepared in a
solution with DMF. The absorbance spectra of Dil possesses a characteristic peak seen at 560 nm.
(B) A standard curve of Dil, with an R? = 0.99. (C) The PM-Dil samples were spun through a filter in
order to separate PMs from the surrounding buffer (filtrate). (D) PM-Dil nanoparticles possessed
a loaded concentration of 6.9 uM, and upon measuring the filtrate it was confirmed there was no
unencapsulated Dil remaining post-dialysis.
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Brightfield Nuclei

Naroparticles

Figure 4.2 - Epifluorescent images showing PM uptake into RAW 264.7 cells after a 4-hour
incubation. RAW cells were incubated with Dil-loaded PMs for a period of 4 hours. Following this,
cells were stained with Hoechst nuclear dye (1 ug/ml), and then imaged on the Zeiss Axio
Imager.M2m epifluorescence microscope.

RAW cells were incubated for 4 hours with PM-Dil nanoparticles, and Hoechst nuclear stain was
also applied in order to visualise cell nuclei. Yellow puncta were observed in RAW 264.7 cells,
indicating the uptake of Dil-labelled PMs (Figure 4.2). They did not penetrate into the nucleus, as
highlighted by the fact the blue nuclear stained region remained separate from the yellow PM

puncta.
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4.2.1.2 Real-time polymersome uptake into RAW 264.7 cells

To investigate time-dependent uptake of PM-Dil in RAW 264.7 cells, a Nanoimager S super-
resolution microscope equipped with a heated environmental chamber was used to image cells
exposed to labelled PMs over 27 minutes. Labelled puncta initially appeared to be concentrated
at the cell periphery (9 minutes, Figure 4.3A), however at later timepoints puncta were observed
within cells. It should be noted that by the 20-minute snapshot shown the Z-position had been

shifted to the bottom of the cell, hence the slightly out of focus image shown.
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Figure 4.3 — Stills from a time-lapse video of PM-Dil uptake into RAW 264.7 macrophage cells.
(A) The progress of PM-Dil uptake can be seen between 0 and 20 minutes. White arrows indicate
the position of puncta collecting either at the cell periphery or within cells. (B) Tracking analysis
was performed which displayed clear PM tracks within cells by the end of the 27-minute uptake
assay. Images were obtained using a Nanoimager S super-resolution microscope.
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A tracking algorithm was also applied to these images which allowed the temporal movement of
puncta to be visualised by tracks, with their corresponding rate of movement (Figure 4.3B). These
tracks are displayed based on their diffusion coefficients shown in the colour key within Figure
4.3B. The data gathered displays the tracks of PMs that have made their way inside the cell, and
so supports data from Figure 4.3A that in as little as 27 minutes the PMs are able to make their

way inside the cell of interest.

The Nanoimager microscope was also used to assess the degree of co-localisation between PM-
Dil nanoparticles and lysotracker dye. Fluorescence images were collected for both PM-Dil (green
puncta) and Lysotracker (red puncta), and the images merged to assess co-localisation (orange
puncta) (Figure 4.4). Lysotracker stains for lysosome organelles, and so this suggests PM

nanoparticle co-localisation with these subcellular structures.

Nanoparticles Lysotracker

Figure 4.4 — Co-localisation between PM-Dil nanoparticles and lysosomes. Co-localisation
between PMs and lysosomes was observed in as little as 27 minutes. The nanoparticles are
depicted in green, lysosomes in red, and the spots of orange in the overlay image show the co-
localised areas. Images were taken using a Nanoimager S super-resolution microscope.
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4.2.1.3 Coherent anti-Stokes Raman scattering (CARS)

A key challenge with using fluorescent membrane stains, such as Dil, as a method to image
nanoparticles is the possible dissociation of the stain from the nanoparticle, leading to imaging of
the dye itself rather than specifically the nanoparticles. CARS is a technique that allows for label
free imaging of PMs by using the polymer’s C-H bonds as a marker instead. This allows
unambiguously for detection of the PMs, and their presence inside cells, rather than non-specific
dyes. RAW 264.7 cells were incubated with PM-doxycycline nanoparticles for a period of 21 hours
and then imaged for both a CARS signal and a two-photon fluorescence (TPF) signal. The TPF
signal can be obtained due to the intrinsic fluorescence possessed by doxycycline, and is a method
to determine whether higher fluorescence is observed intracellularly in PM-delivered doxycycline
samples compared to free unencapsulated doxycycline at the same concentration. It was
hypothesised that (i) there would be a higher level of polymer CARS spot signal in the PM-treated
cells compared to the untreated control, and (ii) that there would be a higher level of TPF signal
coming from PM-doxycycline treated cells. Control groups present included cells exposed to PM-

empty nanoparticles; untreated; free doxycycline at 4.5 pg/ml; free doxycycline at 20 pug/ml.

Cell samples were scanned and then nine tile images stitched together using Fiji software (Figure
4.5A). A software package, llastik, was used to separate the image background from the cells and
construct a binary image (Figure 4.5B). Following this, using Fiji software, this binary image was
processed and cleaned to ensure removal of objects smaller than 50 um?, which were categorised
as debris (Figure 4.5C). Using the software package Icy, a mask was created over the CARS image
(Figure 4.5D) and a spot detector plug-in used to determine the number of CARS spots present
within the image, and the total brightness intensity. Each red circle generated represents a spot

that was detected by the plug-in (Figure 4.5E).

112



Chapter 4: Internalisation and intracellular localisation of polymersomes in RAW 264.7

macrophages

Figure 4.5 — CARS image processing stages. (A) CARS image showing PM-empty nanoparticles
within RAW 264.7 macrophages. (B) Images were first processed in llastik to convert them to a
binary image without background inclusion. (C) The binary images were processed to remove cell
debris and background artefacts from inclusion. (D) Software package Icy was used to create a
mask over the CARS image. (E) Within Icy a spot detector plug-in was used to perform a spot-
count to assess the number and brightness intensity of CARS spot signals detected within cells.

White puncta were observed in the CARS images from cell samples that were treated with either
PM-empty or PM-doxycycline (Figure 4.6A). As expected, CARS spots were not visible in the
control cells that were either untreated, or exposed to free drug only. This suggests that the white
puncta originate from the PM nanoparticles and their C-H bonds. The TPF images showed very
little fluorescence detection from any of the samples, with the exception of the free doxycycline
20 ug/ml positive control, which showed slightly higher visible levels. The CARS and TPF signals

were then overlaid into one image.
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Quantitative analysis was carried out on the images and the level of pixel brightness intensity
measured, performed as described previously. There was no significant difference in the level of
brightness, i.e. fluorescence, observed between untreated cells and PM-doxycycline treated cells
(Figure 4.6B). This does not support the initial hypothesis that there would be a significant
increase in the fluorescence level between PM-doxycycline treated cells compared to untreated
due to the fluorescence of doxycycline. There was a significant increase in the brightness intensity
in the free doxycycline 20 pg/ml positive control compared to the untreated control (one-way
ANOVA with a Tukey’s post-hoc test, p < 0.0001). Image analysis also revealed that on average
PM-empty and, surprisingly, free doxycycline at 20 pg/ml treated cells had a significantly higher
number of CARS spots detected per um? than untreated cells (one-way ANOVA with a Tukey’s
post-hoc test; PM-empty p < 0.001, free doxycycline 20 pug/ml p < 0.01) (Figure 4.6C). Additionally,
the mean area of CARS spots per um? was also significantly higher in these samples of cells (PM-
empty p < 0.01; free doxycycline 20 pug/ml p < 0.05) (Figure 4.6D). Overall, the data from this
section suggests that - although doxycycline could not be visualised at higher intracellular levels
when delivered by PMs compared to control groups - PMs are taken up into RAW 264.7
macrophages due to evidence from CARS microscopy. Importantly, this also highlights the utility
of label-free imaging of nanoparticle uptake in cells, and supports earlier results using imaging of

fluorescent dye-labelled PMs.
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Figure 4.6 — CARS and TPF images alongside quantitative image analysis data. (A) A collection of
images taken from cells that had been exposed to either PM-empty, PM-doxycycline, free
doxycycline at 4.5 pg/ml, free doxycycline at 20 pg/ml, or untreated. CARS and TPF images were
taken separately and then overlaid. TPF excitation was 797.2 nm and emission was 450 nm. Scale
bars shown are at 50 um. (B) The mean grey value per um?. (C) The mean number of CARS spots
per um?2. (D) The mean area of CARS spots per um?. Data represents the mean and SD of one
repeat performed in triplicate. All statistical tests performed were one-way ANOVAs with a
Tukey’s post-hoc test. * = p < 0.05, ** = p <0.01, *** = p <0.001, **** = p < 0.0001.
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4.2.2 Polymersome uptake into B. thailandensis infected RAW 264.7 cells

4.2.2.1 Confocal analysis of uptake

Following confirmation that PMs are taken up by RAW 264.7 macrophage cells, uptake into B.
thailandensis infected cells was next assessed to ensure a prior bacterial infection does not alter
the cellular level of PM uptake. DiD is another lipophilic membrane dye that was utilised within
this project. It possesses a characteristic absorbance peak at 649 nm, and using a series of known
concentrations, in DMF solution, (Figure 4.7A,B) a standard curve was constructed (Figure 4.7C).
Similarly to when using Dil, PM-DiD samples were spun through a filter and the level of
unencapsulated DiD remaining, if any, was measured (Figure 4.7D). Throughout the experiments
which used PM-DiD, these nanoparticles were applied with an encapsulated concentration of 7.2

uM £ 0.9, and no signal was detected from the filtrate, highlighting all dye was bound to the PMs

(Figure 4.7E).
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Figure 4.7 — Preparation of DiD-loaded nanoparticles. (A) The varying concentrations used to
construct the DiD standard curve, ranging from 0 — 6.25 uM. DiD was made up in solution with
DMF. (B) The absorbance spectra of DiD, with a characteristic peak seen at 649 nm. (C) A
standard curve of DiD, with an R? = 0.99. (D) The PM-DiD samples were spun through a filter in
order to separate PMs from the surrounding buffer (filtrate). (E) PM-DiD nanoparticles possessed
a loaded concentration of 7.2 uM £ 0.9, and upon measuring the filtrate it was confirmed there
was no unencapsulated DiD remaining post-dialysis.
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RAW cells, infected with B. thailandensis, were then incubated with PM-DiD nanoparticles for a
period of 3 hours before confocal imaging. B. thailandensis is genetically modified with a green
fluorescent protein (GFP) tag, which can be seen by the green fluorescence in Figure 4.8. DiD,
depicting presence of PMs, is shown in red. Despite the presence of intracellular bacteria, DiD
puncta were still present intracellularly after PM incubation, indicating that cellular infection does

not qualitatively affect PM uptake.

B. thailandensis | Nanoparticles

Brightfield

Figure 4.8 — Confocal microscope image of PM-DiD uptake into B. thailandensis infected RAW
264.7 macrophage cells. Following a 3-hour incubation with PM-DiD nanoparticles, infected cells
showed a good level of uptake, confirming a prior infection does not limit the cell’s abilities to
take up nanoparticles. Scale bar is 20 pum.
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4.2.2.2 ImageStream analysis of uptake and bacterial co-localisation

In previous sections the uptake of PM nanoparticles into RAW 264.7 macrophage cells has been
demonstrated. To further this work, the method of imaging flow cytometry (IFC) was used, using
specifically ImageStream technology. IFC is capable of imaging cells on a single cell-by-cell basis,
and captures intracellular ‘slices’ of cells as they pass through the camera. This feature therefore
not only allows imaging and quantification of fluorescent molecules passing through the flow, but
also for intracellular localisation of the fluorophores within cells. This makes IFC an invaluable
tool, as it allows direct assessment of co-localisation between GFP expressing B. thailandensis,

and fluorescently labelled PM nanoparticles.

Cells were infected with B. thailandensis and then incubated with PM-DiD nanoparticles for 3 or
21 hours, and these cells are later referred to as the group ‘B.t exposed cells + PMs’. Control
groups were also included, and these were cells incubated with B. thailandensis but without the
presence of PMs (B.t exposed cells), and cells incubated with PMs without the presence of a prior
infection (Control cells + PMs). IFC data is based on cell population sizes of 10,000. Figure 4.9
illustrates the hierarchical gating process that the cell selection involved. Only in focus (R1) and
single cells (R2) were analysed. Examples of images collected on the ImageStream are also
included. Channel 01 contains brightfield images of the cells, Channel 02 is of the GFP
fluorescence from B. thailandensis, and Channel 11 is the DiD fluorophore representing the PM
nanoparticles. Table 12 is also included and uses the mean values taken from the ‘B.t exposed

cells + PMs’ population to highlight numerically the gating process.
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Figure 4.9 — A breakdown of the gating process used to select cells displaying co-localisation,
and a visualisation of the detected fluorophores. Of the approximate 10,000 cells acquired, a
series of gating regions were added to select desired cells. Quantitative analysis could then be
performed on each gated cell population. Examples of the typical ImageStream images collected
during this project are also shown. Ch01 represents the brightfield channel where individual cells
can be captured; Ch02 is the GFP fluorophore from B. thailandensis, and Ch11 is the DiD
fluorophore from the labelled PM nanoparticles. Scale bar is at 7 um.
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Table 12: Quantification of PM and B. thailandensis co-localisation within RAW 264.7 macrophage cells.
Data is taken from the bacteria and PM exposed cell populations at both 3 and 21-hour incubations.

-- 3-hour PM incubation 21-hour PM incubation

Region Description Cell % of % of gated Cell % of % of gated
count total cells (region) count total cells (region)
events events
RO All 10,000 100 - 10,000 100 -
R1 In focus 9853 98.5 98.5 9326 93.3 93.3
R2 Single cells 9835 98.4 99.8 (In 9270 92.7 99.4 (In
focus) focus)
R5 Cells with 2619 26.2 26.6 (Single 6205 62.1 66.9 (Single
associated Bt cells) cells)
R6 Intracellular 1057 10.6 40.4 (Cells 2522 25.2 40.6 (Cells
bacteria with ass. Bt) with ass. Bt)
R7 Co-localised 197 2.0 18.6 80 0.80 3.2
(Intracellular (Intracellular
bacteria) bacteria)
R8 % of cells with 9843 98.4 99.9 (In 9310 93.1 99.8 (In
PMs (taken focus) focus)
from R1)

From the cell images acquired, those which included single and in focus cells were gated (selected
for further analysis), and from this population any cells that were also positive for DiD staining
were selected. Cells were defined as being PM positive once they fell over a threshold level of
fluorescence (Figure 4.10). By this metric, both cells that were exposed to bacteria (B.t exposed
cells + PMs) and those that were not (Control cells + PMs) were positive for DiD. Within the
Control cell + PMs group 99.96% of cells contained PMs after 3 hours, compared to 99.94% after
21 hours. Similarly, in the B.t exposed cells + PMs population 99.90% of cells contained PMs after
3 hours, and 99.83% after 21 hours. There were no significant differences found within groups,
indicating increased incubation time did not increase the number of cells containing PMs (Figure

4.11A).

A drawback of analysing cells by percentage positive for PMs (as in Figure 4.11A), is that it
generates only a ‘positive for PMs’ versus ‘negative for PMs’ result, and gives no information on
the intensity of the fluorescence signal detected. To overcome this, mean fluorescence intensity
of DiD was used as an indicator of the number of PMs present within PM positive cells. In both
populations, ‘B.t exposed cell + PMs’ and ‘Control cells + PMs’, there was a significantly higher

level of fluorescence measured after 21 hours (p < 0.0001, two-way ANOVA with Tukey’s post-hoc
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test), indicating a greater number of PMs present intracellularly at 21 hours compared to 3 hours.
Additionally, by 21 hours the ‘Control cells + PMs’ showed a significantly higher level of
fluorescence than the ‘B.t exposed cells + PMs’ cells (p < 0.0001, two-way ANOVA with Tukey’s
post-hoc test). This suggests a prior B. thailandensis exposure may limit the number of PMs that

can be taken up by the RAW 264.7 cells (Figure 4.11B).
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Figure 4.10 — Imaging flow cytometry gating for PM positive cells. Of all the single and in focus
cells, cells were considered positive for PMs once the DiD fluorescence reached the threshold
fluorescence intensity of 15,000. Untreated control cells exhibited fluorescence intensities below
10,000. The PM positive cells comprised the R8 gated population.

After exposure of RAW 264.7 cells with B. thailandensis, there was not a 100% infection of the
cells, and so within the ‘B.t exposed cells + PMs’ population some uninfected cells remained. It
was therefore assessed whether the level of uptake varied between B. thailandensis infected
cells, and those which remained uninfected post-exposure. The population was therefore gated
into ‘Uninfected + PMs’ cells and ‘Cells with associated bacteria + PMs’. ‘Associated bacteria’
includes any bacterial/cell interaction, for example cells with intracellular bacteria; external
bacteria touching the cell membrane; or bacteria located in close proximity to the cell. At 21
hours, a significantly higher level of PM uptake was seen from ‘Cells with associated bacteria +
PMs’ compared to ‘Uninfected + PMs’ cells, indicating cells may be primed for uptake due to the
prior bacterial infection (p < 0.0001, two-way ANOVA with Tukey’s post-hoc test) (Figures
4.11C,D). After a 21-hour B. thailandensis exposure, 62.1% of cells were associated with bacteria

(and of this 40.6% were intracellular), and the remaining 37.9% of cells were not (Table 12).
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Figure 4.11 — Assessment of PM uptake into RAW 264.7 macrophage cells. (A) A comparison of
the percentage of cells showing PM uptake after 3 and 21 hours in B. thailandensis exposed cells,
or control cells. (B) The mean PM fluorescence intensity in RAW 264.7 macrophage cells after 3
and 21 hours, in B. thailandensis exposed cells versus control cells. (C) The population of cells that
had been exposed to B. thailandensis was further broken down to assess the particular cells
responsible for PM uptake. It revealed that B. thailandensis associated macrophages were as
capable of uptake as macrophages which remained uninfected, even after bacterial exposure. (D)
A comparison of DiD (PM) fluorescence (red), at 3 and 21-hour incubations, in both uninfected
cells, and cells with a bacterial association (green). Values in yellow show the mean fluorescence
intensity of PMs of that individual cell. Scale bars are at 7 um. All statistical tests performed were
two-way ANOVAs with a Tukey’s post-hoc test. * = p <0.05, ** = p < 0.01, *** = p < 0.001, **** =
p < 0.0001.
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It was next assessed what proportion of cells contained specifically intracellular bacteria (R6).
There was a significantly higher percentage of intracellular bacteria after a 21-hour incubation
compared to a 3-hour, with an increase from 11.3% to 27.0% for the ‘B.t exposed cells’ control
group (p < 0.0001, two-way ANOVA with Tukey’s post-hoc test), and an increase from 10.8% to
27.5% for the ‘B.t exposed cells + PMs’ (p < 0.0001, two-way ANOVA with Tukey’s post-hoc test)
(Figure 4.12A). Figure 4.12B shows image examples of the appearance of cell-associated bacteria

(top and middle images) compared to intracellular bacteria (bottom images).
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Figure 4.12 — The proportion of cells containing intracellular bacteria from the ImageStream
assay. (A) The percentage of cell containing intracellular bacteria at 3 and 21 hours, compared
between B. thailandensis exposed cells and control cells. (B) ImageStream captured images
highlighting the difference between cells with external bacteria (top), external but touching
bacteria (middle), and cells with intracellular B. thailandensis (bottom). All statistical tests
performed were two-way ANOVAs with a Tukey’s post-hoc test. **** = p < 0.0001.

Finally, of all the cells containing PMs and intracellular bacteria (R6), the level of direct co-
localisation between PM-DIiD puncta and B. thailandensis GFP signal was measured (R7). Co-
localisation was calculated by comparing fluorescence signal from both GFP and DiD channels and
using Pearson’s correlation coefficient to generate a value between 0 and 1, representing no co-
localisation or perfect co-localisation, respectively. There was found to be a significantly higher
level of co-localisation seen at the 3-hour timepoint, with 18.6% of cells showing co-localisation,
compared to the 21-hour timepoint, with only 3.2% of cells showing co-localisation (p < 0.0001,
unpaired t-test, two-tailed) (Figure 4.13A). Figure 4.13B shows examples of images collected from
the ImageStream displaying co-localisation. Areas of orange puncta represents sites of direct co-

localisation between the green bacterial GFP, and the red PM-DiD. This data is highly relevant
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when considering nanoparticles for drug-delivery, as it shows a good level of targeting to the

exact infection site.
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Figure 4.13 — Co-localisation of B. thailandensis and PMs. (A) The proportion of cells displaying
direct co-localisation between B. thailandensis and DiD from the PM nanoparticles. A significantly
higher level of co-localisation was observed at the 3-hour timepoint compared to the 21-hour (p
< 0.0001, unpaired t-test, two-tailed). (B) ImageStream images collected which visually show co-
localisation within RAW 264.7 macrophage cells. The orange puncta represent areas of co-

localisation.
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4.3 Discussion

In the previous chapter it was shown that polymersome (PM) nanoparticles are able to stably
encapsulate and retain antibiotics, within either their hydrophobic shell membranes, or their
aqueous cores. The work was continued in this chapter by investigating whether PM
nanoparticles were able to be taken up by cells of interest for this project, RAW 264.7
macrophages. B. pseudomallei primarily resides within macrophage cells of the body, and so it is
imperative that the nanoparticles can access these intracellular locations, if they are to be used
successfully clinically. The experiments conducted within this chapter addressed these points by
showing that:
e PMs labelled with lipophilic membrane dye, Dil, are taken up by RAW 264.7 macrophages
e Label-free imaging of PMs in healthy RAW 264.7 macrophages is possible using Coherent
anti-Stokes Raman scattering (CARS) imaging, providing a step towards eliminating the
need for labelling of nanoparticles in order to image them
e PMs are taken up by RAW 264.7 macrophage cells pre-infected with B. thailandensis,
showing that intracellular infection does not inhibit cellular PM uptake
e PMs labelled with lipophilic membrane dye, DiD, directly co-localised with intracellular B.

thailandensis, assessed using the imaging flow cytometer, ImageStream.

Nanoparticles made from poly(ethylene oxide-b-caprolactone) (PEO-PCL) are a good choice for
using in research on drug-delivery vehicles, as each individual polymer block has FDA approval,
and so aids in potential for use clinically (Qi et al., 2013). These polymer-based nanoparticles have
been widely researched, and those using PEO and PCL components were some of the first systems
to be investigated (Gref et al., 1994; Allen et al., 1998), largely due to their biocompatibility.
Despite this, the PMs used within this project were far simpler in design than other nanoparticles
which possess, for example, targeting moieties (Larson and Ghandehari, 2012; Gao et al., 2014,
Dehaini et al., 2016), or the ability to degrade upon exposure to certain environmental stimuli
(Meng et al., 2012; Gandhi et al., 2015). This simple system design has advantages and
disadvantages in terms of uptake into cells. One obvious potential drawback is the possibility that
a lack of active targeting present on the PM’s surface, may lead to a lower uptake by the cells of
interest. Similarly, once inside a cell, if the PMs do not have properties allowing environmental
release in response to pH, for example, this may reduce the ability for payloads to be released and
take effect. Ideally, future experiments would be able to take place which could modify the block
co-polymer to include these features, and then experiments performed again to allow for a

comparison of uptake efficacies. The cells being investigated for PM uptake within this project
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were RAW 264.7 macrophages. Macrophages by nature take up foreign materials (Gustafson et
al., 2015), and so it was hypothesised that PM uptake should likely occur with ease, and without
the need for more complex targeting systems. Furthermore, due to the minimal amount of
literature on PM drug delivery for intracellular bacterial infections, maintaining simplicity for
preliminary in vitro tests was considered to be advantageous and the most straightforward

starting point.

Dye-labelled PMs were taken up by RAW 264.7 macrophage cells after a 4-hour incubation period
(Figure 4.2), and Nanoimager data indicated that this occurs in an even shorter timeframe, with
PM-Dil uptake being seen in as little as 27 minutes (Figure 4.3). Although the mechanism of
nanoparticle uptake into cells remains unclear, it is known that macrophages are capable of taking
up foreign particles, and other materials, via the active process of endocytosis within minutes
(Thyberg et al., 1985). Endocytosis comprises both phagocytosis and pinocytosis forms of cell
uptake, the former responsible for larger particle uptake, generally 250 nm plus in size, and the
latter for smaller nanoscale particles (Foroozandeh and Aziz, 2018). There are other examples
within the literature of nanoparticles being taken into cells through mechanisms aside from
endocytosis, including passive diffusion across the cell membrane. One particular group showed
how quantum dots, with sizes between 1 — 5 nm, were able to increase flexibility of lipid bilayers
enough to penetrate without leaving holes in the membrane (Wang et al., 2012). However, it is
likely that due to the PMs used in this project being a much larger size than this, that their main
mechanism of entry is endocytosis. A possible future experiment that might test this theory would
be to block endocytosis pathways in the RAW cells, and to observe whether PM uptake still occurs
to the same level, or if it is hindered/fully inhibited. Many different inhibitors of the various
endocytic pathways have been reported (Dutta and Donaldson, 2012), all of which could be used
to specifically determine which PM uptake mechanism(s) is used. One particular study has done
just this, and investigated the effects of blocking macrophage endocytosis on nanoparticle uptake
(Kuhn et al., 2014). The group used inhibitors that were specific to each one of the endocytic
pathways tested to assess how this hindered nanoparticle uptake. For example, cytochalasin D
was used to inhibit actin formation, which both phagocytosis and macropinocytosis rely on, and
chlorpromazine hydrochloride to inhibit clathrin-mediated endocytosis (a form of pinocytosis).
For all inhibitors tested, uptake of 40 nm polystyrene nanoparticles was found to be partially
impeded, with some intracellular particles still detected. This suggests that nanoparticles can be
taken up via a number of endocytic routes, and that impeding one does not totally eliminate

nanoparticles from entry. The impedance seen strongly shows that phagocytosis,
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macropinocytosis and clathrin-mediated endocytosis are key pathways involved in nanoparticle

uptake.

One of the significant findings from the Nanoimager data, was that by the end of the 27-minute
uptake session, a high degree of co-localisation was observed between the nanoparticles and the
lysosomes (Figure 4.4). Other studies have also reported this co-localisation, supporting this
project’s findings (Nicolete et al., 2011). This could be highly relevant in the context of drug
delivery to intracellular infections as when endocytosed by the macrophage cell the usual
pathway of bacterial degradation involves endosomal processing resulting in a fusion of the
internal vesicle with degradative lysosome organelles (Gruenberg, 2001; Huotari and Helenius,
2011). The co-localisation observed within this project supports the hypothesis that this project’s
PMs are actively taken up into cells via the endocytic pathway. Therefore, if both the bacteria and
the PMs are taken up by the same pathway it suggests that they would be in close proximity to
one another, giving antibiotic-loaded PMs great potential to deliver drugs to the desired target

location.

There have been other studies which have investigated the uptake of nanoparticles into cells, and
one highly relevant paper was published which used fluorescein loaded PEG-PCL PMs, like those
used within this study, to assess payload release into mammalian L929 fibroblast cells (Scarpa et
al., 2016). Fluorescein is a hydrophilic fluorophore and is quenched at high concentrations, for
example when inside PMs. Scarpa et al. showed that approximately 15 minutes into incubation
with L929 cells, fluorescence was detected, therefore indicating not only PM uptake into the cells,
but also intracellular release of the payload in order for fluorescein to become unquenched and
fluoresce. This paper directly supports findings from this project that the PEO-PCL PMs are
capable of uptake into cells, and also suggests some form of PM degradation once inside cells. The
paper does raise some interesting points, as one feature of fluorescein is that its fluorescence is
guenched by acidic environments (Martin and Lindqvist, 1975; Peterson, 2010), therefore the
visualisation of it after 15 minutes suggests the PMs may have been located within either early
endosomes, or the cytoplasm. If the PM payload is able to make its way into the cytoplasm this is
highly promising for tackling B. thailandensis infections, as this species is able to escape the
endosomal vesicles shortly after intracellular entry and reside in the cytoplasm (Cheng and Currie,
2005; Ozanic et al., 2015). Future work for this project would include performing the same assay,
with fluorescein loaded PEO-PCL PMs incubated with RAW 264.7 macrophages. It would be highly
valuable to show that the simple design PM nanoparticles within this project are capable of

intracellular release without the need for complex environmental stimuli modifications as
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mentioned earlier. Despite this, due to Scarpa et al. using the identical PM design to this project,
there can be confidence that this intracellular breakdown would be the case within RAW 264.7

macrophages as well.

Although PM-labelling using fluorophores allows good insight into the nanoparticle uptake
capabilities, one shortfall is the possible dissociation of the dye from the nanoparticles. This
dissociation may cause the lipophilic dyes used (eg DiD/Dil) to transfer to other cell organelles and
membranes, which would in turn cause images gathered to potentially display the footprints of
where the PMs had been within cells, rather than accurate real-time cellular locations (Takov et
al., 2017; Minter et al., 2018). Coherent anti-Stokes Raman scattering (CARS) microscopy was
investigated as a method which could overcome this problem, as discussed previously, and was
shown to be able to successfully image PM uptake into RAW 264.7 macrophages. Other groups
have used CARS for similar purposes, and one such group, as stated in section 4.1, used CARS to
measure polymeric nanoparticle uptake into murine kidney tissues (Garrett et al., 2015). Another
group used CARS in conjunction with transmission electron microscopy (TEM) to assess
nanocrystal uptake into RAW 264.7 macrophages. The group showed that using brightfield
imaging the nanoparticles were seen to collect around the cell peripheries following a 6-hour
incubation, however CARS imaging confirmed the nanoparticles were inside the cells. The use of
TEM alongside these studies revealed the nanocrystals localised to subcellular membrane bound
vesicles which showed morphology typical for early endosomes and phagolysosomes. Therefore,
once confirmed using CARS as being the nanoparticle of interest, TEM can be used to most
precisely confirm cellular localisation and intracellular fate (Saarinen et al., 2019). These two
studies both provide excellent direction for the future work of this project, and certainly using
CARS to image ex vivo murine organs, would provide useful knowledge for the implications of

using our PM-antibiotic formulations for a clinical application.

The CARS work performed in this project has not been perfected, and there were still some
limitations to the results generated. It is well known that if a cell is exposed to an environmental
insult, or perhaps disease, this will elicit a stress response which can sometimes result in the
formation of stress granules which form in the cytoplasm or nuclei of the cells (Mahboubi and
Stochaj, 2017). It is possible that the effect of PMs on the macrophage cells caused a stress
response, leading to the inclusion and visualisation of the granules, alongside the PMs, on the
CARS images collected. One study researched stress granule formation in macrophages after a 3-
hour arsenite exposure, and the confocal images collected showed similar structures to those

seen within this study, although far more sparse and lower in number (Naz et al., 2019). In
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contrast, and reassuringly for this work, another group measured stress response in macrophages
after exposure to PMs. They applied PMs at a higher concentration than in this project’s CARS
assay, and found there to be no significant differences in stress-related gene regulation between
untreated- and PM-treated macrophages (Fenaroli et al., 2020). Despite this, any future work
using CARS for this project should involve repeating this experiment using specially designed
deuterated polymer to form the PMs. This would allow fixation around the C-D bond, as opposed
to the C-H bond. As these bonds are not present in natural cell structures (Zhang et al., 2019), any
signal seen from CARS images would unambiguously show that PMs were present within cells,
without any interference from potential stress granules. Nevertheless, the images from this
project almost certainly show PM uptake into the cells of interest and, importantly, highlight the
potential for label-free imaging of nanoparticles inside cells. Despite its benefits, there are
minimal publications using CARS analysis of cellular uptake of nanoparticles. To the best of our
knowledge, the work within this project is the first example of PMs being investigated for uptake

into macrophage cells.

The next body of work presented in this chapter came from investigating nanoparticle uptake into
cells which possessed a prior B. thailandensis intracellular infection. Despite infection, cells were
observed to take up fluorescently labelled PMs, and furthermore a direct co-localisation occurred
between PMs and bacteria. A higher level of intracellular fluorescence was seen after 21 hours,
compared to after 3 hours. This trend has been reported before within the literature, where one
group looked at the uptake of a fluorescently labelled polymer-drug bioconjugate nanoparticle
into RAW 264.7 cells. They found, similarly, that between 0-6 hours there was relatively low
uptake, but by 24 hours a significant increase in fluorescence was measured (Abed et al., 2015). It
was observed that control cells (which had never been exposed to B. thailandensis) achieved the
highest level of PM uptake, followed by cells which had been exposed and possessed associated
bacteria, and finally with exposed cells which remained uninfected taking up the least amount of
PMs (Figure 4.11). These observations were interesting, as they seem conflicting in that in one
case the control cells have the highest level of uptake, whilst those exposed but also uninfected
possess the least. Despite this, the control group and the uninfected cells from the exposed
population are not directly comparable, due to the fact that even the exposed, but uninfected,
cells were still subjected to media containing B. thailandensis. It is possible the bacteria are
responsible for secreting chemical signals which act upon the macrophages and signal them to

limit uptake.
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Macrophage activation, and the possible differences between bacterially exposed versus
unexposed populations, may provide an answer for the variations seen in PM uptake in Figure
4.11. It is well known that macrophages can be activated in response to specific stimuli, and there
are two routes this priming can take which have traditionally been put forward. Classically
activated macrophages (M1) tend to arise as a result of bacterial infection, whereas alternatively
activated macrophages (M2) are more immune modulator, anti-inflammatory, types of cells
(Reichel et al., 2019). This M1/M2 terminology came as a result of experiments that were
performed in vitro (Mills et al., 2000). In reality, and certainly within in vivo systems, there is likely
not such a distinct split, and activated macrophages are able to show a spectrum of phenotypes
rather than one extreme polarisation (Hume, 2015). Interestingly, the work reported from
multiple papers suggested that polymeric nanoparticles caused an activation in macrophages that
represented an M2-like activation over M1 (Bygd et al., 2015; Ye et al., 2016). However, literature
is also present showing how polymeric nanoparticles stimulate production of pro-inflammatory
cytokines, indicating more of an M1 polarisation (Nicolete et al., 2011). This highlights the

complexity of macrophage cell signalling and the effects nanoparticles may have on these cells.

There has been suggestion that in vitro M1 type macrophages experience enhanced phagocytosis
capabilities (Qie et al., 2016), whereas M2 type macrophages display increased pinocytosis
capabilities (Montaner et al., 1999). It is possible, therefore, that in the ‘B.t exposed cells + PMs’
cell population, the cells have been M1 activated and primed for enhanced phagocytic uptake,
whereas in the ‘Control cells + PMs’ they are more M2 activated, and so primed for enhanced
pinocytosis. As previously mentioned, phagocytosis usually involves the uptake of larger particles,
and pinocytosis smaller nanometre particles, therefore it is not unreasonable to suggest
pinocytosis is the primary route of uptake into cells. This could explain why the control group
experiences the highest intensity of PM fluorescence. Within the B. thailandensis exposed cell
population, the uninfected cells show the lowest level of fluorescence (Figure 4.11C) perhaps
because they have been primed for phagocytic uptake, but due to a lack of bacteria invading the
cells this is happening less effectively, resulting in less PM uptake. One possible future experiment
which could determine if this is the case would be to culture cells and bacteria together, spin
them out, and apply just the media supernatant along with any signalling factors to fresh cells.
One would hypothesise that secreted cell signalling factors would be enough to induce M1-type
activation of new cells. This would explain the difference between the uninfected cells in the

bacterial exposed population versus the healthy unexposed controls.
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The ImageStream data also provided excellent information on the ability of PMs to directly co-
localise with intracellular B. thailandensis. Other groups have attempted to perform similar
studies, and one such paper investigated the co-localisation of actively targeted nanoparticles
with intracellular Staphylococcus aureus. Peptides which specifically bind to S. aureus were shown
to display 21.5% co-localisation with intracellular S. aureus when analysed by confocal
microscopy. The paper then reports that when this peptide was coated onto silver nanoparticles
and incubated with RAW 264.7 macrophages, the pattern of localisation of the nanoparticles was
in good agreement with the previous confocal data (Hussain et al., 2018). Another group
researched co-localisation between fluorescent lysostaphin loaded PMs and intracellular S.
aureus, and found there to be intracellular co-localisation between the two (Fenaroli et al., 2020).
The main limitation to the methods within these papers was the use of confocal techniques as a
guantitative readout. The ImageStream has a far higher throughput and is more all-encompassing
of the samples being tested. Furthermore, confocal microscopy has the potential to include bias
into results as one may search for the best images. Another group showed how Raman scattering
can be used to observe co-localisation between silver nanoparticles and Escherichia coli
(Chaudhari and Pradeep, 2015). This study was, however, an extracellular interaction and not in
the presence of cells, making it slightly less relevant in the context of intracellular drug delivery.
Another study used fluorescence microscopy to assess co-localisation between polymeric PLGA
nanoparticles and Mycobacterium bovis BCG within macrophage cells. The paper reported that
there was good nanoparticle uptake into cells, but unequivocally no co-localisation with the BCG
bacteria. They determined that the vast majority of bacteria were residing within early
phagosomes, LysoTracker negative compartments, whereas the nanoparticles were consistently
found to co-localise with LysoTracker, suggesting their presence in phagolysosome-like
compartments (Kalluru et al., 2013). Whilst this paper doesn’t share the co-localisation findings of
this project, it does support the Nanoimager data showing PM co-localisation with lysosomes
(Figure 4.4). Furthermore, despite Kalluru et al. not seeing co-localisation, their rifampicin loaded
PLGA nanoparticles were able to effectively clear macrophages of the M. bovis infection. This
shows that even if co-localisation is not present, or present at extremely low levels, in terms of
drug delivery this may not matter. The nanoparticles clearly do not need to be in directly the
same compartment in order to achieve bacterial killing. This bodes well for this project, as co-
localisation was present, but low. To the best of our knowledge no examples reside within the
literature of ImageStream technology being used to asses bacterial-nanoparticle intracellular co-

localisation.
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Overall the results within this chapter show that nanoparticles can be taken up well by RAW 264.7
macrophages. Despite this promising finding, there are many other factors which must be
considered when improving PMs for the use of intracellular drug delivery for medical applications.
For example, particle size can affect the level of cellular uptake seen in macrophages. It was
reported that the optimal particle size for macrophage uptake is in the micrometre range as
opposed to nanometre (Hirota and Ter, 2012). Peritoneal macrophages have been shown to
display increased rates of clearance with increasing particle diameter, with polystyrene beads 1.1
um in size being cleared 10 times faster than 100 nm beads, and 70 times faster than 30 nm
beads (Pratten and Lloyd, 1986). An excellent review by Bleul et al. (2015) reports on how
different techniques can be employed to control PM sizes. Future work for this project could
involve altering polymer properties prior to the production of PMs, leading to a change in PM size,
to see if this might enhance PM uptake into cells further. Similarly, the material of the
nanoparticles can affect uptake. It has been seen a great amount within the literature that
PEGylation of nanoparticles can hinder uptake into macrophages (Qie et al., 2016; Behzadi et al.,
2017). In part PEGylation remains desirable, as if administered in vivo it would increase circulation
time within the bloodstream and prevent clearance by the body, enabling a longer-lasting effect
for drug delivery. However, it is a fine balance between minimising clearance, through PEGylating,
and achieving good uptake into macrophage cells where bacterial infections reside, through
perhaps a different surface material. Nevertheless, the results from this chapter show that even
though PEGylated, the PMs are highly capable of being taken up into macrophage cells, and
furthermore are able to exhibit direct co-localisation with B. thailandensis, making them a highly

viable option for progression to in vivo studies.
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Chapter 5: Polymersomes for antibiotic delivery
and killing of Burkholderia thailandensis

5.1 Introduction

Work presented in the previous two chapters showed the potential of polymersome (PM)
nanoparticles to encapsulate a variety of antibiotics, and that they are taken up by RAW 264.7
macrophage cells infected with Burkholderia thailandensis. In order to become viable treatment
options for intracellular infections, the PMs must also display the ability to reduce the bacterial
burden within infected cells, once taken up. This introduction will discuss some of the challenges
associated with the development of antibiotic therapies, how nanoparticles are being utilised for
new approaches to drug delivery, and how PEO-PCL PMs might contribute towards this growing

area of nanomedicine.

The golden era of antibiotics has been short-lived due to the emergence of antimicrobial
resistance (AMR). Global deaths as a result of multidrug resistance are rising, and as of 2019 it
was thought that over 33,000 deaths yearly in Europe were a direct consequence of antibiotic
resistant infections (da Cunha et al., 2019). Coupled with this is the issue that a new class of
antibiotic has not been discovered for 40 years, largely due to reduced economic incentives for
this type of research to be performed (Bartlett et al., 2013). One avenue being explored is the
attempt to increase the efficacy of certain antibiotics by repackaging them into nanoparticles. In
this way, rather than discovering new antibiotics it may be possible to make existing ones work
more effectively, for example in an intracellular environment (Schalk, 2018; Dassonville-Klimpt

and Sonnet, 2020).

Nanoparticles, specifically liposomes (LMs), have been widely researched for their use in the
delivery of cancer therapeutics, and have received FDA-approval for a number of these
formulations (Olusanya et al., 2018). This is also now extending to liposomal formulations used for
antibiotic delivery purposes, of which some are beginning to receive FDA approval for their clinical
use (Fatima et al., 2018). One such product is the FDA-approved liposomal formulation, Arikace®,
which is used to treat patients suffering from Mycobacterium spp. related lung infections (Shirley,
2019). The LMs encapsulate the aminoglycoside antibiotic, amikacin, and in vitro investigations
highlighted that this antibiotic had potent activity against multiple Mycobacterium species
(Brown-Elliott et al., 2013). Upon encapsulation into LMs, the formulation was able to successfully

reduce intracellular counts of M. avium and M. abscessus from macrophages, and significantly,
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was found to do so more effectively than the free drug (Rose et al.,, 2014). The LMs are
administered via the inhalation route, and during nebulisation approximately 70% of the
antibiotic payload remains associated with the LMs, and the remaining dose delivered to the
lungs as free drug (Griffith et al., 2018). Whilst this highlights a level of stability from these
preparations, it is perhaps undesirable to have anything less than 100% stability until the target
infection site is reached. Without such stability there is a greater risk of selection pressures for
antibiotic resistance arising, and also from off-target side effects of the free drug. For this reason,
other nanoparticles which offer greater stability might be able to improve these current drug

delivery systems.

Section 1.5.6 covered extensively other examples of LMs used to deliver antibiotics to bacterial
infections. However, aside from LMs a number of other types of nanoparticle have also been
researched for this application. One example is the use of a polymer-drug conjugate nanoparticle
to deliver penicillin to intracellular S. aureus residing within RAW 264.7 macrophages. The group
engineered penicillin G (Pen G) to covalently link to polyisoprene chains, and furthermore added
an environmentally-sensitive linker which would release the antibiotic once inside the
macrophages. The group were able to achieve high levels of drug loading with the antibiotic
payload comprising between 55 — 62% of the final formulation weight. Whilst these nanoparticles
were able to inhibit the growth of S. aureus free in culture, minimum inhibitory concentrations of
up to 0.156 ug/ml were needed, compared to only 0.03 ug/ml for free Pen G. Interestingly, in
conjugates without the presence of the environmentally-sensitive linker no bacterial inhibition
was seen, suggesting the antibiotic was well sequestered by the nanoparticles. Similarly, in an
intracellular environment, only the nanoparticles containing the environmentally-sensitive linker
were able to reduce the bacterial burden, and the conjugates lacking this did not display any
significant killing. The group assessed the intracellular drug concentration using cell lysates and
HPLC, and found that Pen G was only able to be detected intracellularly using environmentally-
sensitive nanoparticles, but that even in the presence of cell efflux inhibitors this concentration
reached undetectable levels after 24 hours. Despite this, the use of nanoparticles allowed an
intracellular concentration to be achieved that was not possible with free drug, or nanoparticles
lacking the sensitive linker, highlighting the benefit of these fine-tuned drug delivery systems
(Abed et al., 2015). Whilst this is an excellent example of the direction the field of antibiotic drug
delivery using nanoparticles is taking, there are elements which need improving. For example, it
would be preferable to be able to develop a drug delivery system that was able to release its
payload intracellularly without the need for additional complex linker chemistries. Furthermore,

in the case of this example and the previous liposomal formulation, both lack the presence of PEG
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which is known to increase circulation time within the body (Sercombe et al., 2015). Therefore,
developing nanoparticles with both simple chemistries as well as the possession of PEG, or PEG-

like molecules, should be key when considering nanoparticles for clinical use.

PM nanoparticles possess a range of benefits over other nanoparticles, such as LMs, as already
discussed in Chapter 1. These include characteristics such as a reduced payload permeability
(Discher et al., 1999), longer time in circulation within the body (Allen and Cullis, 2013), and the
ability to control their chemical properties to allow them to become responsive to stimuli such as
temperature and pH (Du et al., 2005; Lomas et al., 2007; Lee et al., 2010; Gandhi et al., 2015).
However, despite these benefits no PM preparations have been given clinical approval for use as a
therapy, to the best of our knowledge. This highlights the area the research for this PhD project
occupies, and the advances that could be made for this field if the PM-antibiotic preparations

were able to inhibit the growth of an intracellular species, such as B. thailandensis.

Other research groups have also begun to use PMs for antibiotic drug delivery to intracellular
infections. One group has used PMs to encapsulate the antibiotics metronidazole and doxycycline
with the aim of delivering them to Porphyromonas gingivalis in an attempt to prevent
periodontitis (Wayakanon et al., 2013). In a more recent example, pH-sensitive PMs have been
used to achieve the intracellular targeting and eradication of Mycobacterium spp., Staphylococcus
aureus and also show their ability to access TB granulomas (Fenaroli et al., 2020). Much of this
work is also similar to that conducted by Lane et al. who used pH-sensitive PMs to show effective
killing of B. thailandensis (Lane et al., 2015). Despite the similarities some of this work shows to
this project, the methods mentioned in previous examples rely on complicated polymer chemistry
to engineer functionality into their PM systems. Furthermore, they do not incorporate the PEO
block which is responsible for preventing opsonisation and immune cell clearance once in the
body. Therefore, the simple PM systems used within this project, made completely from FDA-
approved materials, offer an attractive alternative and advancement on the PM technology which

already exists.

This chapter will investigate whether PEO-PCL PMs loaded with antibiotics are able to inhibit the
growth of B. thailandensis residing intracellularly within RAW 264.7 macrophage cells. The aims of
the experiments in this section are:

e To assess whether antibiotics lose potency during the PM preparation period which could

cause a reduction in bacterial growth inhibition
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To assess whether PM-antibiotic preparations are able to inhibit the growth of B.
thailandensis growing free in culture medium

To determine whether the PMs could be broken in order to release their antibiotic
payloads into medium containing free growing B. thailandensis, to prove encapsulation
within PMs does not inactivate the antibiotics

To assess the capabilities of PM-antibiotic preparations to reduce the bacterial burden of
intracellular B. thailandensis

To select a variety of poorly intracellularly available antibiotics and determine whether
their intracellular efficacy against B. thailandensis can be improved through their

encapsulation into PMs.
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5.2 Results

5.2.1 Comparison of old and new antibiotic efficacies

Before beginning bacterial inhibition investigations, it was first necessary to determine whether
there was any loss of antibiotic efficacy over time. The PMs were prepared each time with fresh
stock antibiotic, but due to the period of room temperature dialysis which must occur, they were
not used immediately. To assess whether this period impacted efficacy, a bacterial growth optical
density (OD) assay was performed, as described in section 2.2.4.1. Briefly, free growing B.
thailandensis were cultured with L-broth and either doxycycline (0 — 6.25 ug/ml) or rifampicin (0 —
50.0 pug/ml), using both freshly made stocks or those stored for a period of 7 days prior to use.
The bacteria were left to grow for 24 hours with an OD reading being taken every 15 minutes.
There were no significant changes in bacterial growth dependent upon whether fresh or 7-day old
stocks were used for either doxycycline (Figure 5.1A), or rifampicin (Figure 5.1B). The results are
also presented as 24-hour data only, for clearness, and in this set of results the media only
negative control has been subtracted from readings to remove interference (Figure 5.1C). The lack
of difference in efficacies implies that if no intracellular inhibition was seen in future experiments
by PM-antibiotic preparations, it would not be as the result of the antibiotic time spent at room

temperature.
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Figure 5.1 — Comparison of doxycycline and rifampicin efficacies at day 0 versus day 7. (A)
Growth of free growing B. thailandensis over 24 hours when rifampicin was applied at a day 0 or
day 7 stock. (B) Growth of free growing B. thailandensis over 24 hours when doxycycline was
applied at a day 0 or day 7 stock. (C) The 24-hour data from Figures 5.1A and 5.1B. There was no
difference in efficacy between new and old antibiotic stocks. Data is taken from one biological
repeat performed in triplicate, with the mean and SEM plotted. In this set of results the media
only negative control has been subtracted to remove interference.
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5.2.2 PM-antibiotic preparations did not inhibit B. thailandensis growing

free in culture

So far in the project it has already been determined that the antibiotics doxycycline and rifampicin
are able to inhibit the bacterial species B. thailandensis (section 3.2.1), and that these antibiotics
remain stable and effective over a 7-day period of being at room temperature. Furthermore, work
reported in Chapter 3 shows how stable encapsulation of these antibiotics into PMs makes them
viable drug-delivery systems for treating bacterial pathogens. It was next investigated how the
PM-antibiotic preparations affected the growth of B. thailandensis free in culture, with no cells

present.

An OD assay was performed, as in section 5.2.1, with the only exception that antibiotics were
loaded into PMs, not added free/unencapsulated. Samples were applied undiluted, however upon
addition of the B. thailandensis culture to the plate wells, this resulted in the highest final
concentration tested having a dilution factor of 1:2 (concentration dilution factor 0.5). Based on
the estimated encapsulated antibiotic concentrations from Chapter 3, this correlated to PM-
doxycycline being applied at concentrations ranging from 0 — 7.6 ug/ml, and PM-rifampicin from 0
— 4.2 ug/ml. A PM-empty control was also applied at the same dilution factor to ensure the same
number of PMs and PBS vehicle vector were administered. The PM-antibiotic samples were also
spun through a filter in order to separate the PM-antibiotic from the surrounding buffer (filtrate).
This filtrate was collected and applied to B. thailandensis, in the same manner as the rest of the

samples.

PM-doxycycline did not significantly reduce bacterial growth inhibition compared to PM-empty
samples at any concentration dilution factor tested (two-way ANOVA with Tukey’s post-hoc test).
Samples of filtrate did not affect bacterial growth, indicating that any unencapsulated antibiotic
was not at a sufficient concentration to inhibit growth (Figure 5.2A). This inability to reduce
bacterial growth can be seen clearly when the PM-doxycycline group is compared to the free,
unencapsulated doxycycline treated B. thailandensis control (Figure 5.2B). Similar results were
observed with PM-rifampicin samples, where no inhibition from PM-rifampicin was measured,
and also none from the filtrate sample. PM-empty samples were able to achieve a significantly
lower OD than PM-rifampicin in all cases (p < 0.01, two-way ANOVA with Tukey’s post-host test),
except at a concentration dilution factor of 0.5 where there was a significant increase in OD
compared to PM-rifampicin samples (p < 0.05). This suggests at the most concentrated PM-empty

sample tested the nanoparticles increased the level of bacterial growth (Figure 5.2C). Compared
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to the free rifampicin control, PM-rifampicin at the same concentration saw no effect on the

bacteria (Figure 5.2D). Overall, this assay highlighted that PM encapsulated antibiotics were

unable to inhibit bacterial growth compared to their unencapsulated equivalent concentration.
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Figure 5.2 — Effect of PM-antibiotics on free growing B. thailandensis. (A) PM-doxycycline and
control groups display a lack of inhibition on B. thailandensis. (B) When compared to the free
doxycycline control, PM-doxycycline at the same concentration displays no inhibition. (C) PM-
rifampicin and control groups show no inhibition on B. thailandensis. (D) Compared to the free
rifampicin control the PMs elicit no bacterial inhibition. All graphs display the 24-hour growth
data only, and are plotted to a non-linear regression, one-phase decay line of best fit. Data is the
mean and SEM of one biological repeat performed in triplicate.
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5.2.3 Broken PM-antibiotic effect on B. thailandensis growth free in culture

5.2.3.1 PM disruption using DMF

It was hypothesised that the lack of efficacy of PM encapsulated antibiotics in inhibiting bacterial
growth could be because the antibiotic was either tightly sequestered by the PMs, and so was not
bioavailable, or because the antibiotic had been inactivated during the process of PM
encapsulation. The bacterial OD assay provides a good method to test the presence of any free
antibiotic, due to the sensitivity of the bacteria. It was therefore hypothesised that if it were
possible to disrupt PM structure, and release the internal payload, then if functioning the

antibiotic should be able to inhibit growth.

Previously, in Chapter 3, adjusting the pH to an acidity level mirroring an intracellular
environment was tested, and found that it did not disrupt PM structure when using Rayleigh
scattering as an integrity indicator. Adding DMF to the PMs did appear to disrupt PM integrity
however, and so this was one method tested further using the bacterial OD assay. A caveat to
using bacterial OD as a readout for PM disruption as a result of DMF application is that DMF is
highly toxic to cells and so would likely kill B. thailandensis. For this reason, the volume of DMF
used had to be kept as minimal as possible, whilst being applied ideally at equivolume to the PM
solution, to ensure significant disruption (refer back to Chapter 3, section 3.2.2.1). To achieve this,
PM-antibiotic preparations were ultracentrifuged and pelleted, and then this small volume
resuspended in DMF. The benefit to this not only allowed minimal DMF to be used, but also
allowed the entirety of the PMs to be spun down and included in the assay, ensuring maximum

antibiotic was being applied to the B. thailandensis culture.

PM-rifampicin was pelleted and DMF applied to give a solution composed of 30 pl PMs:10 ul
DMF. The volume of the PM pellet was larger than anticipated, and so equivolume of DMF could
not be added due to the resultant concentration of DMF being too high for application to B.
thailandensis. The experiment was nevertheless continued in the hope that even this smaller
volume of DMF would be enough to elicit a level of PM breakage and antibiotic release. The
solution was made up to 350 pl using PBS to ensure there was a large enough volume to complete
the assay with triplicate technical repeats. This final solution had a DMF dilution of 1:35, which
would be reduced to 1:140 after the application of L-broth and B. thailandensis culture within the
assay. A DMF dilution of 1:100, or more, was desired to limit the effect on the bacteria. The
concentration of this final 350 pl solution of broken PM-rifampicin and DMF was measured on the

NanoDrop UV-vis spectrophotometer. Scattering was seen due to the large volume of PBS that
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was added to the broken pellet, which likely caused PMs to begin reforming as the aqueous phase
now dominated the inorganic DMF phase used to disrupt PMs (Figure 5.3). For rifampicin the peak
used to assess concentration is a higher wavelength (484 nm) and without significant interference
from the scattered region, however a PM-empty control was included and subtracted from the
PM-rifampicin signal regardless. A rifampicin concentration of 83.8 ug/ml was determined. Using
this stock solution of broken PMs and DMF, once used within the assay and diluted with L-broth
and B. thailandensis culture, it was calculated that the highest concentration in the assay would
be 20.9 pg/ml. This concentration should be high enough to measure bacterial inhibition, as the
MIC for rifampicin was 25 ug/ml and so an ‘S’-shaped growth curve should be detected if
rifampicin is fully released and functioning. A vehicle control was also prepared, using the same
ratio of PBS:DMF as in the PM samples, to ensure the effect of DMF on B. thailandensis was

accounted for.

= PM-rifampicin minus PM-empty

Absorbance

300 400 500 600
Wavelength (nm)

Figure 5.3 — Absorbance spectra of broken PM-rifampicin nanoparticles after DMF disruption.
The PMs were made and dialysed as usual, and then pelleted for 2 hours at 186,000 x g. The PM
pellet was mixed with DMF to aid PM disruption, resuspended in PBS, and then measured on the
NanoDrop to assess the concentration. A PM-empty control was included, and data presented is
with this control signal subtracted. The PM pellet/DMF/PBS solution was found to possess a
concentration of 83.8 ug/ml.

Disrupted PM-rifampicin samples did not inhibit B. thailandensis growth at any concentration
tested. There was also no significant difference between PM-rifampicin samples and PM-empty.
Furthermore, the lack of significance between PM-rifampicin and the PBS:DMF vehicle control
highlighted no effect from the presence of DMF (two-way ANOVA with Tukey’s post-hoc test). The

lack of significance between the free rifampicin dissolved in PBS:DMF, and the free rifampicin in
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PBS alone showed that the DMF had no effect on the efficacy of rifampicin (Figure 5.4). Overall,
these results support the theory that the antibiotic may become inactivated in some way as a
result of the PM production process, as no killing was seen despite DMF being capable of
disrupting the structure. That being said, as mentioned earlier an equivolume of DMF was not
used in this example, and so it is possible that not all of the PMs were broken. Furthermore,
during the resuspension in PBS it is likely that the broken PMs reformed due to the majority of the
buffer being aqueous PBS. It is possible the hydrophobic rifampicin then became re-associated

with the polymer and therefore remained bio-unavailable when mixed with B. thailandensis.

== PM-rifampicin broken = Free rifampicin in PBS
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Figure 5.4 — Effect of disrupted PM-rifampicin nanoparticles on the growth of B. thailandensis.
PMs were broken using DMF and then applied to free growing B. thailandensis at concentrations
ranging from 0 - 20.9 pug/ml. No growth inhibition was seen at any concentration, and there was
no significant difference between the broken PM-rifampicin samples and PM-empty. In addition,
no significant difference was seen between PM-rifampicin and the PBS:DMF vehicle control,
confirming that the DMF present had no significant effect on bacterial inhibition (two-way
ANOVA with Tukey’s post-hoc test). Graph shows the mean and SEM of one biological repeat
performed with triplicate technical repeats.

The same experiment was then performed using PM-doxycycline. This time the PM-doxycycline
pellet was mixed with a larger volume of DMF, in the ratio 20 pl PMs: 30 pl DMF. This was to

ensure PMs were being mixed with enough DMF to fully disrupt them, according to results from
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Chapter 3. This mix was then resuspended in PBS, resulting in a final DMF dilution of 1:20. After
further dilution in the assay with B. thailandensis culture and L-broth, this would result in a 1:80
DMF dilution — slightly more concentrated than desired however the appropriate controls were
included, as previously. The broken PM-doxycycline solution was measured on the NanoDrop,
with the signal from a broken PM-empty control being subtracted as usual. The concentration of
these PMs was found to be 54.8 pug/ml (Figure 5.5A). Using this as a stock solution meant that the
broken PM-doxycycline concentrations tested on B. thailandensis ranged from 0 — 13.7 ug/ml,
which was well above the MIC meaning that a good growth curve should be seen if the

doxycycline was released and functioning.

The results from this assay were similar to previously with broken PM-rifampicin samples. Broken
PM-doxycycline nanoparticles were unable to inhibit the growth at any concentration tested, and
there was no significant difference seen between their effect and that of broken PM-empty
nanoparticles, with the exception of the point at 1.7 ug/ml which was considered an outlier and
ignored (two-way ANOVA with Tukey’s post-hoc test) (Figure 5.5B). Contrastingly from the PM-
rifampicin assay a larger than equivolume of DMF was used on the PM pellet, suggesting
complete, or near complete, disruption of the PMs should have occurred. Furthermore, as
doxycycline is hydrophilic, resuspension in PBS is unlikely to have caused reassociation and
sequestration of antibiotic to PEO-PCL polymer, making it bio-unavailable, if this is what occurred

with the PM-rifampicin samples.

Overall, the results from this section point towards the hypothesis that the antibiotics may be
inactivated during the process of PM production. Based on results from Chapter 3, using DMF
causes a loss of Rayleigh scattering, indicative of loss of PM structure, and therefore predicted
payload release. As no bacterial growth inhibition was seen it suggests either the DMF is not

releasing the payloads as predicted, or the antibiotics are inactivated.
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Figure 5.5 — Effect of disrupted PM-doxycycline nanoparticles on the growth of B.
thailandensis. (A) Absorbance spectra of PM-doxycycline after disruption with DMF. (B) PMs
were mixed with DMF in an attempt to break them and release the doxycycline payload, so that
the antibiotic could inhibit free growing B. thailandensis, if functioning. However, at no
concentration tested was a decrease in bacterial growth seen, and there was no significant
difference reported between broken PM-doxycycline samples and broken PM-empty, with the
exception of the outlier point at 1.7 ug/ml (two-way ANOVA with Tukey’s post-hoc test). Graph
shows the mean and SEM of one biological repeat performed with triplicate technical repeats.
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5.2.3.2 PM disruption using heat

Heat was next investigated as another method to disrupt the PMs. Based on evidence from the
literature, the PEO-PCL polymer blend has a transition melting point of 60°C (Qiu et al., 2003). It
was hypothesised that if the PM-antibiotic preparations were heated above this point then the
PEO-PCL would melt, the structure lost, and the payloads released. Two temperatures were
tested, 65°C and 98°C. Similarly to in section 5.2.3.1, the PMs were pelleted prior to heating so
that all PMs and their antibiotic contents could be included within the assays. The pellet was then
resuspended in 400 pl of PBS to ensure a large enough volume to complete the assay with
triplicate technical repeats. The PM solution was heated at the various temperatures for a period
of 8 hours. In both cases, free antibiotic at the same concentration was also heated to the same

temperature.

After a period of heating at 98°C for 8 hours, the PM-doxycycline sample did not reduce bacterial
growth. There was no significant difference between PM-doxycycline samples and PM-empty
samples heated to the same temperature (two-way ANOVA with Tukey’s post-hoc test). At this
temperature the antibiotic itself was inactivated, as seen from the purple line representing free
doxycycline heated to 98°C (Figure 5.6). After the PMs had been heated some residue solid debris
remained in the solution. The samples were added to the B. thailandensis culture as planned,
however the error bars from the OD readings were large, and it is possible this was due to
interference from this debris. Nevertheless, heating the PMs to 98°C led to loss of antibiotic
activity (compare purple and green plots in Figure 5.6), which precluded testing that payload

release could be induced by heating at this temperature.
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Figure 5.6 — Effect of breaking PM-doxycycline nanoparticles, using 98°C heat, on the growth of
B. thailandensis. PMs were pelleted and then heated at 98°C for 8 hours before being applied to
free growing B. thailandensis culture. No bacterial inhibition was seen from the PM-doxycycline
samples, and there was no significant difference compared to the PM-empty control (two-way
ANOVA with Tukey’s post-hoc test). The free doxycycline control also heated to 98°C revealed
that the antibiotic was inactivated at these high temperatures. Graph shows the mean and SEM
of one biological repeat performed with triplicate technical repeats.

When the assay was conducted after a period of heating at 65°C for 8 hours a different trend was
seen. This time the free doxycycline control heated to 65°C showed the ability to inhibit growth at
the highest concentration tested (12.5 ug/ml), showing that at this temperature the antibiotic
remained effective (Figure 5.7). Although the doxycycline was able to inhibit growth, there was a
reduction in efficacy observed. The MIC from Chapter 3 suggested doxycycline was able to
completely inhibit growth at concentrations of 1.56 pg/ml, however anything less than 12.5 pg/ml
from the heated sample was unable to achieve this. Despite that, the heated PM-doxycycline
samples followed the same inhibition pattern as the free doxycycline control, and at the highest
concentration of heated PMs applied, a reduction in bacterial growth was seen. A significant
difference was seen between PM-doxycycline samples and PM-empty samples, at the highest

concentration tested (p = 0.0001, two-way ANOVA with Tukey’s post-hoc test).

These results suggest that antibiotic activity is retained on encapsulation in PMs, and that whilst

the antibiotic is sequestered from the bacteria it can be released by moderate heating.
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Figure 5.7 — Effect of breaking PM-doxycycline nanoparticles, using 65°C heat, on the growth of
B. thailandensis. PMs were pelleted and then heated at 65°C for 8 hours before being applied to
free growing B. thailandensis culture. Bacterial inhibition was seen at the highest concentration
dilution factor applied (0.5) from the PM-doxycycline samples, and there was a significant
difference compared to the PM-empty control (p = 0.0001, two-way ANOVA with Tukey’s post-
hoc test). Graph shows the mean and SEM of one biological repeat performed with triplicate
technical repeats.

5.2.4 PM-antibiotic preparations are able to successfully kill intracellular B.

thailandensis

To test the hypothesis that PMs need to be taken up by the host cell in order to be broken down
and release their payloads, their effect at killing intracellular B. thailandensis residing within RAW
264.7 macrophages was investigated. Initial work was performed using PM-doxycycline
preparations, rather than PM-rifampicin, as previous assays suggested doxycycline might be the
more potent of the two antibiotics against B. thailandensis. PM-doxycycline nanoparticles were
initially titrated onto the infected cells at a range of concentrations (0 — 4.56 pug/ml), and then
incubated for a period of 3 or 21 hours. Cells were then lysed, using distilled water, plated onto
agar plates and incubated for 48 hours before the colony forming units (CFU) were used as a
readout of bacterial killing. The concentration for the PM-doxycycline stocks was based on the PM
stability data presented in Chapter 3, and the conclusion that after their dialysis period the PM-

doxycycline preparations contain 15.2 ug/ml + 2.19 ug/ml. A bacteria only control was also
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included where the same volume of PBS was added as in each different PM sample, in order to

account for any effect of the buffer used.

After a 3-hour PM incubation there was no bacterial killing seen. No significant difference was
seen between PM-doxycycline and PM-empty samples (two-way ANOVA with Tukey’s post-hoc
test), and no significant difference was seen between PM-doxycycline and the bacteria only
control (two-way ANOVA with Tukey’s post-hoc test) (Figure 5.8A). The free doxycycline control
was also unable to eradicate intracellular B. thailandensis, even at concentrations tested higher
than the MIC. However, after a 21-hour incubation these patterns had changed, and intracellular
killing of B. thailandensis was observed. There was a significant difference between PM-
doxycycline and PM-empty in their ability to kill intracellular bacteria (p < 0.05, two-way ANOVA
with Tukey’s post-hoc test). PM-doxycycline was also able to significantly reduce the bacterial
burden compared to the bacteria only control group (p < 0.05, two-way ANOVA with Tukey’s post-
hoc test). One observation was that the PM-empty nanoparticles might cause an increase in
bacterial number compared to the control group, however no statistical significance was reported
(Figure 5.8B). These results demonstrate that PM-doxycycline inhibit the growth of intracellular B.

thailandensis.
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Figure 5.8 — Effect of PM-doxycycline on intracellular B. thailandensis at 3 and 21 hours. PM-
doxycycline was applied to infected cells at concentrations ranging from 0 — 4.5 ug/ml, and then
left to incubate for 3 or 21 hours. (A) After a 3-hour incubation, no significant killing was
observed. (B) However, after 21 hours PMs were able to significantly reduce the bacterial burden
compared to either the no antibiotic control group, or the PM-empty control (p < 0.05, two-way
ANOVA with Tukey’s post-hoc test). Graph data is presented as the mean and SD of three
biological repeats, n = 3.

Bacterial counts can vary quite largely from one assay to the next and so it was next tested
whether the variation seen previously (Figure 5.8) was from experiment-to-experiment bacterial
variation, or variation within the same assays. For the following experiments only the highest PM-
doxycycline concentration (4.5 pug/ml) and the lowest (0.75 pg/ml) were investigated. The same as
previously, PMs were incubated for 3 or 21 hours. Within the first repeat no significant bacterial
reduction was seen after 3 hours, however after a 21-hour incubation there was a significant level
of killing by PM-doxycycline samples at both the high and low concentrations tested, compared to

the control (p < 0.001, two-way ANOVA with Tukey’s post-hoc test) (Figure 5.9A). At the lower
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concentration, 0.75 ug/ml, PM-doxycycline reduced the bacterial count to 5500 CFU/ml + 3500,
compared to the control bacterial count of 78,000 CFU/ml + 23,092. At the higher concentration,
4.5 ug/ml, a greater degree of killing was achieved with a bacterial count of only 120 CFU/ml £ 53,
versus the control count at 69,000 CFU/ml £ 22,096. In the second assay repeat there was
significant killing observed after 3 hours, although only at the higher concentration tested (p <
0.01, two-way ANOVA with Tukey’s post-hoc test), with a reduction from 611 CFU/ml + 327, to
170 CFU/ml = 107. In this repeat there was no statistical significance in the level of bacterial
reduction by PM-doxycycline compared to the control after 21 hours. However, at the higher
concentration tested there was significantly more killing than from PM-empty samples (p < 0.05,
two-way ANOVA with Tukey’s post-hoc test). Despite the lack of statistical significance compared
to the control, at the higher concentration tested PM-doxycycline samples were found to reduce

bacterial number from 2183 CFU/ml + 208 (control), to only 17 CFU/ml + 14 (Figure 5.9B).

The results from these two assays were then averaged and normalised against the control group
at the 1:20 dilution (0.75 pg/ml concentration). No significant difference was observed in any of
the 3-hour PM incubation samples. After normalisation, at 21-hours the PM-doxycycline applied
at the lower concentration achieved a count of 24 CFU/ml + 26, compared to the control count of
100 CFU/ml + 30 (p < 0.001, two-way ANOVA with Tukey’s post-hoc test). The higher
concentration achieved a count of 0.3 CFU/ml % 0.3, compared to the control of 75 CFU/ml + 24

(p <0.001, two-way ANOVA with Tukey’s post-hoc test) (Figure 5.9C).

Overall, the error within each assay was small. This shows that the PM-doxycycline preparations
are able to consistently have the same effect on the bacterial culture they are applied to, and that
variation most likely arises from the natural fluctuations which occur in the culture of B.

thailandensis.
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Figure 5.9 — Intraassay variability of PM-doxycycline nanoparticles on intracellular B.

thailandensis. PM-doxycycline was applied to infected cells at concentrations of 4.5 ug/ml and
0.75 pg/ml, and then left to incubate for either 3 or 21-hours. Each timepoint was performed
with triplicate technical repeats. (A) Data from biological repeat 1. Mean and SEM plotted. (B)
Data from biological repeat 2. Mean and SEM plotted. (C) Averages from repeats 1 and 2 with
data normalised to the control at the 0.75 pg/ml concentration. In all graphs data is presented as
the mean and SD. In all cases PM-doxycycline was not able to reduce bacterial burden
significantly compared to the control after a 3-hour incubation, however at the 21-hour
timepoint significance was seen. Significance was calculated using a two-way ANOVA with
Tukey’s post-hoc test. * = p < 0.05, ** = p < 0.01, *** indicates a p < 0.001.
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Next, the efficacy of PM-antibiotic samples was compared to their equivalent free antibiotic
concentrations. PM-antibiotics were applied at concentrations of 4.5 pg/ml for doxycycline

assays, and 2.6 pg/ml for rifampicin assays.

PM-doxycycline nanoparticles significantly reduced the intracellular bacterial burden compared to
the control group, with a count of 9 CFU/ml + 5 versus 1628 CFU/ml + 1308, respectively (p =
0.001, one-way ANOVA with Tukey’s post-hoc test). No significant difference was seen between
the PM-doxycycline group and the free doxycycline control applied at the same concentration
(Figure 5.10A). PM-rifampicin nanoparticles were also shown, for the first time within this project,
to be able to significantly reduce the intracellular B. thailandensis burden compared to the
control. PM-rifampicin nanoparticles reduced the intracellular count to 161 CFU/ml + 48,
compared to 1772 CFU/ml £ 1222 for the control (p < 0.05, one-way ANOVA with Tukey’s post-
hoc test). In this assay the free rifampicin control was able to significantly reduce the bacterial
count compared to the encapsulated equivalent concentration (p < 0.01, one-way ANOVA with

Tukey’s post-hoc test) (Figure 5.10B).

Overall results from these assays confirmed that PM-doxycycline samples could work to a similar
efficacy level as the free drug, with non-significant differences between the two. Results also
demonstrated that a second PEO-PCL-antibiotic preparation, PM-rifampicin, has successfully been

developed that can be used to treat intracellular B. thailandensis.
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Figure 5.10 - Comparison of PM-antibiotic preparations and their equivalent free drug
concentrations on the efficacy against intracellular B. thailandensis. (A) PM-doxycycline
nanoparticles were able to significantly reduce bacterial burden compared to the control,
however no significant difference was found between PMs and the equivalent concentration of
free drug. (B) PM-rifampicin nanoparticles were also able to significantly reduce bacterial burden
compared to the control, however the free drug equivalent was found to be significantly better
at doing so. Graphs represent the mean and SD of three biological repeats, n = 3. Significance was
calculated using a one-way ANOVA with Tukey’s post-hoc test. * = p < 0.05, ** = p < 0.01.

5.2.5 PM-antibiotic screening assay

Until now, all of the antibiotics used within this project have been ones which are capable of
penetrating host cells. The final section of this chapter will focus around testing PM-antibiotic
preparations comprising antibiotics which are currently poorly bioavailable to intracellular
bacteria. Generally, the two main classes of antibiotic which fit this criterion are the B-lactams,
and the aminoglycosides. Therefore a number of antibiotics spanning these classes were chosen,
which showed evidence of activity against free growing B. thailandensis, but that would work less

effectively in an intracellular environment.

Dynamic light scattering (DLS) was used to assess the size distributions of these PMs, as a method
of determining whether PMs were forming with the approximate expected sizes, based on
previous characterisation of PEO-PCL PMs. All of the PM samples generated DLS curves as

expected, with the characteristic PM peak at approximately 100 nm (Figure 5.11A), suggesting
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that loading the PMs with these new antibiotics did at least not alter their ability to form PMs of

usual structure. The polydispersity index (Pdl) values for all of the sample PMs was reported to be

low, showing a good level of monodispersity and a more uniform sample size (Figure 5.11B).
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Figure 5.11 — DLS sizing data of the new PM-antibiotic preparations. (A) All of the samples
tested possessed the characteristic PEO-PCL hydrodynamic diameter of approximately 100 nm.
This clear peak and lack of other peaks suggests the PMs form normally even with incorporation
of new antibiotics. (B) The Pdl values for each of the preparations remained low, showing good
monodispersity in the size of the samples.
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It was not possible to use UV-vis as a method for assessing encapsulated concentration for these
antibiotics. Some do not possess an absorbance spectrum due to their chemical structures, and
others possess characteristic peaks which fall within the lower wavelengths where PM Rayleigh
scattering is highest, causing interference and inaccurate measurement. This, alongside time
constraints, meant that the usual rigorous PM characterisation could not be performed. Instead,
PMs were prepared in the normal way, dialysed, and then applied to infected cells and
determined what effects occurred, if any. A ‘dialysed free antibiotic’ control was included within
the assay to ensure that if bacterial killing was seen it could be confirmed that this was not due to
un-dialysed antibiotic. The assay was optimised using the aminoglycoside antibiotic, kanamycin.
The MIC of kanamycin was determined, using OD, for its effect on free growing B. thailandensis,

and was found to fully inhibit growth at concentrations greater than 31.6 pug/ml (Figure 5.12).
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Figure 5.12 — MIC for kanamycin acting on free growing B. thailandensis, as determined by
using OD. Kanamycin was applied to free growing B. thailandensis culture at concentrations
ranging from 0 — 250 ug/ml. Growth was monitored over a 24-hour period, and the 24-hour
timepoint data plotted. Complete growth inhibition was observed at concentrations greater than
or equal to 31.6 pug/ml. Data is presented as the mean and SEM of three technical repeats, with a
non-linear one phase decay line of best fit applied.

PM-kanamycin nanoparticles were unable to reduce the intracellular B. thailandensis burden
within RAW 264.7 macrophages. Free kanamycin at 200 ug/ml was also found to be non-
significant compared to control groups, despite a concentration far greater than the MIC being
used, highlighting how poor this antibiotic is at penetrating into host cells. PM-doxycycline

nanoparticles were included as a positive killing control, and as expected reduced intracellular B.
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thailandensis counts significantly (p < 0.001, one-way ANOVA with Tukey’s post-hoc test). No
significant difference was observed between PM-doxycycline and the equivalent concentration of

free doxycycline (Figure 5.13).
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Figure 5.13 — Effect of PM-kanamycin nanoparticles on intracellular B. thailandensis. PMs were
loaded with 50 mg/ml of kanamycin, dialysed, and then incubated for 21 hours with B.
thailandensis infected RAW 264.7 macrophages. Neither the PM-kanamycin, nor free kanamycin
controls, were able to significantly reduce the bacterial burden of cells. Data is presented as the
mean and SEM of one biological repeat performed with triplicate technical repeats. Statistical
analysis was performed in the way of a one-way ANOVA with Tukey’s post-hoc test. ****
indicates a p < 0.0001.

Due to the time-consuming nature of these assays with all of the relevant controls, moving
forward the aim was to screen as many PM-antibiotic preparations as possible, and if any
reduction in B. thailandensis numbers was observed, those specific PM-antibiotic preparations
would be repeated alongside all of the controls listed in Figure 5.13. Six antibiotics belonging to
either the B-lactam or aminoglycoside classes were tested. There was no significant difference
between PM-antibiotic samples and the control for any antibiotics, with the exception of PM-

sisomicin nanoparticles. PM-sisomicin nanoparticles reduced the intracellular B. thailandensis
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count to 440 CFU/ml + 113 compared to the control level of 989 CFU/ml + 161 (p < 0.01, unpaired
t-test, two-tailed). Referencing Table 4, there are no obvious physicochemical differences
between sisomicin and the other antibiotics tested. As before PM-doxycycline also achieved a

significant level of bacterial reduction (p < 0.001, unpaired t-test, one-tailed) (Figure 5.14).

100000 *k
10000+ Rk
— & = o
T 10004 | + == =
5 —
L
© 100- T
T
10
-
1
1 1 ] 1 1 1 ] 1 I ] 1
S T & & S
& & {b-& I R CR A NP R
(\ ‘b{\ P \ & +‘\ xR x@
& \x\* @ \‘\ \g\Q b \ Q,‘bo
+‘\
60
&

<

Figure 5.14 — Effect of encapsulated B-lactam or aminoglycoside antibiotics on intracellular B.
thailandensis. There was no significant level of killing seen for any of the formulations, with the
exception of PM-sisomicin nanoparticles (p < 0.01, unpaired t-test, two-tailed). PM-doxycycline
preparations were also able to significantly reduce B. thailandensis numbers (p < 0.001, unpaired
t-test, one-tailed). Data is presented as the mean and SEM of one biological repeat performed
with triplicate technical repeats. *** indicates a p < 0.001.

Overall the results from these screening assays could hold highly significant results in the context
of antibiotic drug delivery to intracellular infections. They suggest that sisomicin may be an
antibiotic that is unable to penetrate the host cell macrophages alone, but when incorporated
into PEO-PCL PMs it can achieve a significant level of killing. However, in order to unambiguously
make this claim the assay must be repeated again alongside the free sisomicin control to ensure
this is not simply one exceptional aminoglycoside that is able to penetrate host cells unaided, and

that the PMs do truly make a difference to its delivery.
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5.3 Discussion

In Chapters 3 and 4 it has been shown that polymersome (PM) nanoparticles are able to stably
encapsulate and retain the antibiotics doxycycline and rifampicin, and that these PMs are
successfully taken up by RAW 264.7 macrophage cells. In this chapter work was advanced by
assessing the PM-antibiotic preparation’s abilities to inhibit the growth of the bacterial species
Burkholderia thailandensis, which resides primarily within these macrophages. This particular
species has limited treatment options which are often highly dosed, causing antibiotic resistance
selection pressures and patient off-target side effects. Other treatment options are therefore
required, and nanoparticles such as PMs may be able to assist by increasing drug targeting to
infection sites, and also by increasing the number of antibiotics available to treat such
intracellular infections. The experiments conducted within this chapter aimed to address these
points by showing that:
e Antibiotics retained efficacy over a 7-day period, confirming no loss of activity would
result from the PM formulation timeline process
e Although PM-antibiotic preparations were unable to inhibit the growth of free growing B.
thailandensis, significant bacterial killing was observed for intracellular B. thailandensis
e PMe-antibiotic preparations could be screened to assess the intracellular killing capabilities

of antibiotics otherwise bio-unavailable to this space.

During the preparation of antibiotic-loaded PMs, samples were dialysed to ensure the removal of
free, unencapsulated antibiotic. This process occurred at room temperature, and meant that at
their time of use within an experimental assay, the PM-antibiotic preparations may be up to one
week old. It was therefore investigated whether this time spent at room temperature would
reduce the antibiotic efficacy. Other reports in the literature show that doxycycline is able to
remain stable in aqueous solution for a period of at least 7 days (Redelsperger et al., 2016), and
rifampicin for a period of up to 8 weeks (Nahata et al., 1994). However, these studies were based
on concentration assessments rather than direct bacterial potency. Therefore, a simple optical
density (OD) assay was performed using day 0 and day 7 antibiotic stock preparations. Bacteria
growing free in culture grew in the same pattern with antibiotics at either age and were equally as
potent as one another, confirming a one-week time period at room temperature would not
interfere with efficacy. If, when the intracellular killing assays were performed inhibition was not
seen, this test allows confirmation that it is not due to the inactivation of the antibiotics as a

result of age.
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Upon the addition of PM-antibiotic formulations to B. thailandensis growing free in culture
however, no inhibition was observed (Figure 5.2) and PMs were unable to reduce growth
compared to the control. PM-rifampicin samples had an encapsulated concentration of 8.5 pug/ml
+ 2.4 pg/ml, however the minimum inhibitory concentration (MIC) for rifampicin on B.
thailandensis, that was measured in these studies, was 25.0 ug/ml for complete inhibition.
Furthermore, due to unavoidable dilution of the PMs with B. thailandensis culture during the
assay, the preparations had a starting concentration of only 4.2 pg/ml. For this reason, it is
unsurprising PM-rifampicin preparations did not inhibit bacterial growth. PM-doxycycline
preparations did not share this limitation however; an MIC of 1.56 ug/ml was previously recorded,

and the starting concentration for the assay was well above this at 7.6 pug/ml.

It was hypothesised that the antibiotics may remain sequestered inside the PMs, and therefore
bio-unavailable to the B. thailandensis. Efforts were made to disrupt the structure of PMs as a
method to release the encapsulated payloads and allow the antibiotic to take effect, if able to do
so. Heating PM-antibiotic preparations to temperatures of 98°C saw no resulting bacterial growth
inhibition, and furthermore these high temperatures were found to inactivate doxycycline. This
heat inactivation has also been reported within the literature, where one group investigated the
effect of heating antibiotics on their MICs. They showed that when doxycycline was heated to
56°C for a period of 30 minutes there was no change in its potency against S. aureus and E. coli
strains. However, when heated to 121°C for only 15 minutes the MIC was drastically altered, and
concentrations as much as 32-times greater were needed to inhibit bacterial growth (Traub and
Leonhard, 1995). In this project the antibiotics were heated for a considerably longer period than
this, = 8 hours at 98°C, and so it is unsurprising no inhibition was seen. Heating PM-antibiotic
preparations to temperatures of only 65°C did lead to a reduction in the growth of free B.
thailandensis, and comparable results to the free doxycycline control. This suggests that the
antibiotics are still active within the PMs, and can become potent upon release from the PM’s

structure.

There have been other examples in the literature of groups researching nanoparticle interaction
with bacteria alone, in the absence of cells. Largely these studies have been performed using
metal-based nanoparticles, and one in particular reported the ability of silver nanoparticles to
induce a pit formation on the E. coli bacterial wall, which allowed penetration and ultimately
bacterial cell death (Pal et al., 2007). Other factors contribute to the ease of which a nanoparticle
may associate with a bacterial cell, including the shape of the particle. It has been suggested that

nanoparticles possessing a rod or cube shape bind more easily than spherically shaped
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nanoparticles, such as PMs used within this project (Yang et al., 2009; Wang et al., 2014). In
addition to these reasons, it has also been suggested that PEGylation of the nanoparticle surface
can result in steric hindrance that prevents attachment to the bacterial cells (Yeh et al., 2020). The
PMs in this project certainly possess these PEG components, further supporting why inhibition of

free growing bacteria was not seen.

Aside from interaction studies using metal nanoparticles, there are also examples of polymeric
nanoparticle interactions with bacterial cells. One group used pH-sensitive PLGA-PLH-PEG
nanoparticles that would bind to E. coli and S. aureus bacterial cells under acidic conditions only.
They reasoned that due to the higher level of acidity associated with bacterial infection sites, this
would aid drug targeting (Radovic-Moreno et al., 2012). Additionally, another paper investigated
PMs loaded with rifampicin, and assessed their stability. They discovered that these PM-
rifampicin preparations would not release their payload at a neutral pH of 7.4, and that this would
only occur upon a drop to at least pH 6 (Fenaroli et al., 2020). This group were also using pH-
sensitive stimuli-responsive PMs, whereas the PMs used within this study were simpler and
without a pH-sensitive linker. Despite this, in both cases the PMs remained stable and
impermeable to antibiotic leaking in a neutral (and in this case ‘extracellular’) environment,

further explaining why no inhibition of free growing B. thailandensis was seen.

It has been hypothesised in this study that because the antibiotics remained active within PMs,
but were unable to inhibit free growing B. thailandensis, that they were tightly sequestered and
therefore remained bio-unavailable. It is also believed that the RAW 264.7 macrophage cells
would be necessary in order to break down the PMs and release the antibiotics. It is likely that
within the cellular environment a whole multiplex of events occur which would result in this
breakdown, likely including lower pH and enzymatic activity as the main causes (Behzadi et al.,
2017). One future experiment could be to add lysozyme enzymes to the PMs, without the
presence of cells, and see if this is able to degrade them. Overall, these results are highly
important in the context of drug-delivery to intracellular infection sites, and for reducing off-
target side effects and antibiotic resistance selection pressures. Usually, during the course of
antibiotic treatment the drugs systemically disseminate across the body, reaching areas such as
the gut microflora which are rich in beneficial bacterial species. As a result, these non-target areas
experience significant bacterial loss, causing secondary issues and side effects, and most
importantly expose all of these bacterial populations to the drug, creating selection pressures for
resistance (Zhang et al., 2019). If the PMs are able to keep their payloads sequestered until within

a cellular environment, this significantly aids in these challenges.
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Intracellular killing assays supported the belief that cellular machinery was needed to release PM
payloads, as a significant level of B. thailandensis killing was seen compared to control groups
when either PM-doxycycline or PM-rifampicin were applied to infected cells. The observation that
no significant killing occurred after a 3-hour PM incubation, but was observed after a 21-hour,
aligned well with results presented in Chapter 4, where it was shown that cells possess a higher
fluorescence intensity for PMs at 21 hours compared to 3 (Figure 4.11). The higher number of
PMs present intracellularly at 21 hours suggests a higher concentration of antibiotic payload will

have been delivered by this time, compared to at 3 hours.

Another interesting result from the intracellular killing assays came from the PM-rifampicin
samples and their efficacy on intracellular B. thailandensis. Previous MIC data from Chapter 3
suggested that a rifampicin concentration of 25 pug/ml was needed for a complete inhibition of
bacterial growth, based on optical density (OD) readings. When PM-rifampicin samples were
applied for 21 hours at a concentration of 2.6 ug/ml a significant level of bacterial killing was seen,
resulting in only 161 colony forming units/ml + 48 (Figure 5.10B). Although the CFU/ml count was
not zero, this small number of bacteria would almost certainly have given an OD reading of close
to zero as the machine is less sensitive than a CFU count. This sensitivity variance between
methods has also been reported elsewhere in the literature. Udekwu and colleagues investigated
the MIC for various antibiotics on cultures of S. aureus. In many cases the MIC needed was higher
based on CFU/ml data when compared to OD data. For example, they showed a ciprofloxacin MIC
of 0.5 mg/L was needed based on OD data, but 1 mg/L was needed based on CFU/ml data
(Udekwu et al., 2009). Nevertheless, this shows that being in the presence of cells the antibiotics
are somehow more effective at killing the B. thailandensis. The free drug control performed the
same as the PMe-antibiotic samples, and so unfortunately this difference is not due to
encapsulation via nanoparticles. However, it is likely that the cell accumulates the antibiotics,
thereby increasing the intracellular concentration over time. Another research group showed this
with their work, whereby they monitored intracellular macrophage accumulation of antibiotic
over time. Human HL-60 cells were differentiated into macrophages and then administered media
with a fixed concentration of 25 pg/ml of oritavancin. In as little as 24 hours the intracellular
oritavancin concentration had increased 200-fold compared to the extracellular concentration.

Similar results were also seen with murine J774 macrophages (Baquir et al., 2012).

Although cells are capable of accumulating drug over time, it is also possible, and likely, that the
macrophages possess efflux pumps that pump a level of the antibiotic back out of the cell. This

would lower the intracellular antibiotic concentration and reduce the chances of a complete
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bacterial killing. A paper by Seral et al. (2003) looked into the effects of inhibiting 1774
macrophage efflux pumps on the accumulation of the antibiotic azithromycin. Drugs, such as
verapamil, are able to inhibit efflux pumps in macrophages such as P-glycoprotein. The paper
found that the application of verapamil was able to increase the accumulation of intracellular
azithromycin by 2.4-fold. This bodes well for the work in this project, and an interesting future
experiment would be to repeat the intracellular killing assays in the presence of a drug such as
verapamil. One would expect a lower concentration of drug to be able to elicit the killing of B.
thailandensis, or a faster rate of killing — perhaps with killing seen at 3 hours rather than just 21
hours, or both. Verapamil is an FDA approved drug (Gupta et al., 2014), and so an interesting idea
to develop would be to assess the delivery of both antibiotics and verapamil within PM

nanocarriers, as a means to boost their performance further.

In Chapter 4 the use of imaging flow cytometry (IFC) was investigated, using the ImageStream
machine, to measure quantitatively nanoparticle uptake into cells, and specifically the co-
localisation between GFP-tagged B. thailandensis and DiD-labelled PMs. After a 3-hour PM
incubation there was a strong level of co-localisation reported, however by 21 hours this rapidly
decreased (Figure 4.13). These results were interesting, as one would expect the most bacterial
killing to take place during times of high co-localisation, however it was found that it was not until
the 21-hour timepoint that intracellular killing was observed. It is possible that a) co-localisation is
not required to achieve bacterial killing, b) PMs were hydrolysed by the 21-hour timepoint, and
the payload accumulated to levels high enough to achieve killing, c) the DiD fluorophore used to
assess PM intracellular localisation had dissociated from the PMs resulting in inaccurate reporting
of PM and bacterial co-localisation. In reality, it is likely a combination of these factors

contributed to the results seen.

The readout used within this project for intracellular killing was CFU counts. Whilst this technique
is widely used, one future experiment could be to utilise the high-throughput capabilities of the
ImageStream IFC to assess killing. The B. thailandensis strain used within this project possesses a
GFP tag, and so it might be possible to use the intensity of GFP fluorescence as a readout for the
level of living B. thailandensis. One potential limitation to this method, however, is the relatively
long half-life that GFP possesses. Within this project, B. thailandensis tagged specifically with
enhanced GFP (eGFP), a variant of GFP which has a brighter fluorescence allowing easier
detection (Zhao et al., 1999), was used. Wild-type GFP has a half-life of approximately 26 hours
(Kitsera et al., 2007), and eGFP has been reported to have a half-life of 15 hours (Danhier et al.,

2015). This means that even after a bacterial cell has died, the eGFP fluorescence would remain
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for a considerable period of time. Therefore, using the fluorescence of eGFP-tagged B.
thailandensis via IFC would not be the best model for assessing bacterial cell death. There are
other groups who have successfully used fluorescence and flow cytometry as a method for
assessing bacterial cell death. Hendon-Dunn et al. (2018) developed a flow cytometry method
that utilised two fluorescent dyes, one a marker for living cells (Calcein violet-AM), and one for
dead cells (SYTOX-green). The SYTOX-green marker is able to permeate through damaged bacteria
and bind to their DNA. The group used this method as a way to assess Mycobacterium

tuberculosis viability after exposure to different antibiotics (Hendon-Dunn et al., 2018).

Whilst PMs have been largely researched for their use as drug delivery vehicles for cancer
treatments (Sanson et al., 2010; Egli et al., 2011; Meng et al., 2012), their potential for antibiotic
drug delivery has also been explored. B. thailandensis has also been lightly researched as a species
of interest for antibiotic delivery using PMs. In 2015, Lane and colleagues constructed pH-
sensitive PMs to deliver the antibiotic ceftazidime to intracellular B. thailandensis infections. The
PMs were based upon a hydroxyethyl methacrylate (HEMA) and poly(ethylene glycol) methyl
ether methacrylate (FWa,yg = 950 Da) (0950), or poly(HEMA-0950), copolymer scaffold. RAW 264.7
mouse macrophage cells were cultured with GFP expressing B. thailandensis. Cells which were
infected, but received no antibiotic treatment, unsurprisingly had large levels of resulting bacteria
within cell lysate, in the order of 1.3 x 107 colony forming units per well (CFU/well). Cells treated
with 0.2 mg/ml of free ceftazidime displayed reduced bacterial growth, at around 35,000
CFU/well. Cells treated with PM-loaded antibiotic, at a concentration again of 0.2 mg/ml, resulted
in undetectable levels of bacteria from the cell lysate (Lane et al., 2015). The results indicate how
PMs can be used to deliver antibiotics with greater efficacy than the free drug version. This may
be due to the ease of which the free drug is able to cross the cell membrane, and how
encapsulation within PMs can aid this process. Additionally, the pH-responsiveness of the PMs
allows for drug release only once inside the acidic endosomal pathway compartments, which is
likely where bacteria reside, resulting in a greater proportion of the drug in the target location.
This paper is key to this project as it delivers PMs to not only the same bacterial model organism,
but also to the same cell model of RAW 264.7 macrophages. Success for this research group is
encouraging for the work being performed in this study. Future work could be to perform the
assays again using pH-responsive PMs to assess whether this increases the bacterial killing seen as
a result of increased payload release. It is possible that currently a slow-release, or incomplete
release, of drug from the PMs is experienced, hence why an increased efficacy over the free drug
was not reported. Despite this, limitations to the Lane et al. (2015) paper exist. Although excellent

results were presented, the polymers used are yet to have been given FDA approval, unlike the
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polymers within this project, and so translation from bench to clinic may not be possible.
Additionally, the preparation of these PMs is highly complex in comparison to the simple
nanoprecipitation method used in this project. There is a balance that needs to be achieved
between using materials which are the best suited to the experiments (perhaps pH-responsive
ones like in this paper), and using materials which will easily be applied to real-life scenarios down

the line, and that are simple enough to achieve easy reproducibility, relatively quickly.

More recently, another group used pH-sensitive PMPC-PDPA PMs to deliver antibiotics to
intracellular M. tuberculosis, M. bovis, M. marinum, and S. aureus. They showed the ability of PMs
to significantly reduce the intracellular burden both in vitro, and in vivo using zebrafish as a model
organism (Fenaroli et al., 2020). This paper mirrored a lot of the work done within this study, but
certainly had limitations. For example, the group confirmed that their PMs were able to retain
rifampicin until stimulated to release by a drop in the pH to at least pH 6. Whilst this supports the
work presented in this project, that PMs will not release their payloads until taken up by
macrophages, Fenaroli et al. failed to incubate their PMs with free growing bacteria and confirm
their hypothesis remained true in this environment. This project applied the PMs to free growing
B. thailandensis and confirmed unambiguously there was no release in the absence of
macrophages. One particular area where Fenaroli et al. achieved desirable results was through
their imaging of the PMs. Their PMPC-PDPA PMs were functionalised with a Cy5 fluorophore
meaning there could be no dissociation of the dye from the PMs. Despite this, it is still possible
that the PMs could break apart and degrade once inside the cells and this would not be
distinguishable even from a covalently attached fluorophore. Nevertheless, it is one step beyond
simply encapsulating a membrane dye into the PMs, like within this study, and so should be
something to consider in future work. Overall, the CARS technology is superior as it allows for
completely label-free imaging, and so this is the imaging technique that should be most heavily

pursued.

One thing Fenaroli et al. achieved, which was not seen in this project, was an increase in the
efficacy of PM-loaded antibiotic compared to the free antibiotic alone, both in vitro and in vivo.
This may potentially be due to the fact that the presence of a pH-sensitive linker allows for the
complete release of antibiotic payload. Even though results from this PhD did not show an
increase in drug efficacy, there are still huge benefits to the antibiotic payload working as
effectively but in an encapsulated form. Largely these benefits include the payload being
sequestered until inside the cells, and the benefits that come from targeted delivery and

reduction of off-target side effects. Furthermore, as stated in the context of the Lane et al. (2015)
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paper, these pH-sensitive PMs require complex production. The PMs used within Fenaroli and
colleagues’ study take a minimum of 4 weeks to produce and multiple post-synthesis purification
and characterisation steps. Furthermore, of the PMPC-PDPA materials used, only one (PMPC) is
FDA approved (Fujiwara et al., 2019), leading to possible delays in using these in a clinical
environment. Therefore, whilst these key papers provide reassurance that this project’s work is
similar and relevant, there are limitations to them that are not present within this study. At the
same time however, they do provide some useful direction to where future studies with PEO-PCL

PM-antibiotic preparations may go.

It has already been mentioned that intracellular infections are challenging to treat partly due to
the poor bioavailability of many antibiotics. There are multiple large groups of antibiotics, for
example B-lactams and aminoglycosides, which are largely unable to penetrate the host cell
membrane (McOrist, 2000). In many cases these antibiotics are effective at killing the bacteria
alone, but once shielded inside the cell they are ineffective. Therefore, a large number of
antibiotics have been rendered useless simply due to targeting challenges. Investigations were
therefore begun into whether some of these antibiotics may be able to be packaged within PMs
as a method to ‘Trojan horse’ these drugs into the cells. If able to be taken up by cells via the PMs,
they would then be released into an intracellular environment more efficiently than they
otherwise could have been. If successful, this is a method that could be used to increase the
number of antibiotics available to treat an infection. It is a method that repurposes antibiotics by

repackaging them.

A number of antibiotics were selected from the B-lactam and aminoglycoside classes that have
been shown to display activity against free growing Burkholderia spp. (Thibault et al., 2004,
Thamlikitkul and Trakulsomboon, 2010; Kovacs-Simon et al., 2019). Sisomicin was chosen due to
the minimal published research on its efficacy against Burkholderia, and also due to it being one
of the cheaper antibiotics to purchase and perform initial tests with. Results showed that none of
the PM-antibiotic preparations were able to inhibit intracellular B. thailandensis growth, with the
exception of sisomicin, which significantly reduced the burden compared to the control group.
Due to time constraints it was initially decided to screen many PM-loaded antibiotics, and then of
those, any that were effective would be repeated with relevant control groups. However, due to
the unforeseen COVID-19 pandemic, it was not possible to perform this repeat with control
groups. As a result, one key missing control was free sisomicin. Without this it cannot be
confirmed whether the PMs offer the delivery of a drug which would not otherwise be able to

penetrate the macrophage and take effect. It also cannot be said for certain that an antibiotic has
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successfully been delivered which would otherwise be useless. Future work would certainly
involve repeating this assay using the equivalent concentration of free sisomicin. This being said,
one group investigated the action of sisomicin on intracellular Legionella pneumophila residing
within J774A.1 macrophages, and found it to be fully ineffective (Chiaraviglio and Kirby, 2015).
The paper did not elaborate as to whether this was due to inability to be taken up by the
macrophages, or due to resistance by L. pneumophila. To the best of our knowledge, there is no
evidence in the literature for sisomicin efficacy on free growing Legionella spp. However, another
group reported that in a hospital setting only 26% of patients suffering from bronchopneumonias
caused by bacterial species sensitive to sisomicin in vitro had a favourable response to systemic in
vivo therapy (Klastersky et al., 1979). This suggests that sisomicin can be effective on free growing
bacteria but inhibited by cellular protection. The weight of these results is significant, as if it was
possible to show that sisomicin is ineffective when unencapsulated, but able to inhibit B.
thailandensis when packaged into PMs, that essentially adds another antibiotic therapy to the
current available options. Furthermore, there are no known examples in the literature of

sisomicin being used to treat Burkholderia infections, adding to the novelty of this work.

Overall the results within this chapter display how both PM-doxycycline and PM-rifampicin
nanoparticle preparations can be successfully used for the intracellular killing of B. thailandensis.
Whilst there was no significant killing compared to the free drug controls, there are many benefits
that come from the antibiotics simply being packaged within PMs, such as reduced side effects.
Results also provide the first example of PMs used from FDA-approved components being used to
treat B. thailandensis infections, and the translatability to other intracellular infections could be
applied with ease. In order to increase the level of killing seen, cellular efflux pump inhibitors
should be investigated, as previously mentioned. Furthermore, linking back to Chapter 3 the
possibility of actively loading the antibiotics into the PMs may also increase the amount
successfully encapsulated. In order to advance this project’s findings, and increase their
significance, assays should be repeated using B. pseudomallei, the category 3 pathogen of which
B. thailandensis only models. Additionally, rather than using RAW 264.7 cell line macrophages,
primary human macrophages should next be investigated, before finally moving onto in vivo
models, such as the zebrafish model used by Fenaroli and colleagues recently. The groundwork
performed within this PhD paves the way for exciting future applications for the PEO-PCL

nanoparticles.
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6.1 Summary of the main findings of the study

Intracellular bacteria are challenging to treat for multiple reasons, including their increased
shielding from host immune responses such as antibody exposure, and furthermore from the
poor bioavailability of many antibiotics to the intracellular niche in which they reside. For this
reason, current treatments involve lengthy courses of antibiotics which can in turn be problematic
due to off-target side effects of these drugs, and the selection pressures for resistance caused by
systemic exposure of the human microflora to these drugs. Nanoparticles have been suggested as
a solution to these challenges by offering a more targeted approach to drug delivery. With the
potential to release payload only at the site of infection, they could aid the creation of high
intracellular drug concentrations and simultaneously reduce off-target exposure by sequestering
their payloads until within an intracellular environment. The aim of this thesis was to assess the
viability of polymersome (PM) nanoparticles for their use as antibiotic drug delivery vehicles. This
work has been achieved by:
e Investigating the loading and encapsulation of multiple antibiotics into PMs, and
measuring the stability of these preparations over time
e Assessing the uptake of PMs into RAW 264.7 macrophage cells, where many intracellular
species reside, and their direct co-localisation with Burkholderia thailandensis
e Measuring the ability of the PM-antibiotic preparations to inhibit the growth and reduce

intracellular B. thailandensis burden within macrophage cells.

The study began with experiments conducted in Chapter 3 which tested the hypothesis that PEO-
PCL PM nanoparticles can stably encapsulate and retain antibiotics. The main aim of this chapter
was to show that not only could encapsulation of varying antibiotics be achieved, but that the
PM-antibiotic association was stable and the payloads would be retained. The results from this
section highlighted that PMs could encapsulate the antibiotics novobiocin, rifampicin and
doxycycline. A method of disrupting the PM structure was developed, using dimethylformamide
(DMF), which allowed antibiotic concentration measurements to be generated without interfering
signal from nanoparticle Rayleigh scattering. The initial antibiotic loading experiments confirmed
that a cut-off point existed whereby maximal drug had been incorporated into the PMs, and no
more could be encapsulated, based on the observation of precipitation of the drug into solution.
It was therefore suggested that the optimal loading concentration for each of the antibiotics was
the highest level reached before this occurred. In the case of rifampicin it was also shown that in

the presence of PEO-PCL polymer the solubility of this drug could be increased, as at a given
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concentration precipitation was only present in samples without the polymer. Furthermore, the
antibiotics could all be retained over a period of 14 days, with doxycycline and rifampicin showing
stable encapsulation over this duration. These PM-antibiotic formulations reached a steady state
after 3 days where no more drug was released from the PMs. Finally, it was shown that the PM-
antibiotic nanoparticles themselves possessed a high local concentration, much greater than the

bulk concentration of PMs in their final buffer solution.

These experiments confirmed that PEO-PCL PMs were viable drug delivery candidates, and so
work presented in Chapter 4 developed this and tested the hypothesis that PEO-PCL PMs can be
taken up intracellularly into cells such as RAW 264.7 macrophages. The main aim of this chapter
was to show that PMs could be taken up into both healthy macrophage cells, but also
macrophages that were B. thailandensis infected. Fluorescently labelled PMs were produced and
both confocal and epifluorescence microscopy used to determine that PMs were able to be taken
up by macrophage cells irrespective of whether or not intracellular bacteria were present.
Coherent anti-Stokes Raman scattering (CARS) was also used as a method to test PM uptake
without the need for prior PM labelling. CARS imaging supported previous findings that PEO-PCL
PMs could successfully be taken up by these macrophage cells. Finally, imaging flow cytometry
(IFC) was used a method to assess the level of direct co-localisation between fluorescently
labelled PMs and B. thailandensis bacteria within RAW 264.7 macrophage cells. Co-localisation
was detected between the two, with the highest levels being recorded after a 3-hour PM
incubation with infected cells. This is the first known example of IFC being used to assess co-
localisation between nanoparticles and intracellular bacteria, which highlights the novelty and

advance of work within this project compared to other reports within the literature.

The first two chapters confirmed that PMs can be used to encapsulate antibiotics, and that these
PMs are compatible with uptake into macrophage cells. The project therefore culminated with
the work presented in Chapter 5 where the hypothesis that PEO-PCL PMs can inhibit the growth
of intracellular B. thailandensis was tested. The main aim of this chapter was to show, for the first
time, how PEO-PCL PMs could be used to reduce the bacterial burden of an intracellular species
residing within mammalian cells. PMs did not inhibit the growth of B. thailandensis growing free
in culture medium. The buffer solution surrounding the PMs also did not inhibit growth,
highlighting lack of unencapsulated antibiotic within samples. Attempts to disrupt the PMs and
release the antibiotic payloads, using DMF and varying temperatures, were made using bacterial
growth inhibition as a readout for success. Only PMs heated to temperatures of 65°C were found
to be able to elicit a bacterial growth reduction, and this was hypothesised to be due to PM

structure disruption and the release of the otherwise stably sequestered antibiotic. When PMs
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were applied to B. thailandensis residing intracellularly within RAW 264.7 macrophages, bacterial
killing was observed after a 21-hour PM incubation. For both PM-doxycycline and PM-rifampicin
preparations a significant level of killing was seen compared to control groups. Finally, it was
shown that the developed intracellular bacterial killing assay allowed for the potential screening
of many different types of PM-antibiotic formulations. Of those initially selected for these tests, a
significant level of killing was observed with one PM-antibiotic formulation, PM-sisomicin, which

belongs to a class of antibiotics known to usually have poor intracellular penetration.

6.2 Relevance of the findings

The most relevant and exciting part of this project was the discovery that the PM-doxycycline and
PM-rifampicin preparations were able to inhibit the growth of intracellular B. thailandensis.
Bacterial infections, specifically intracellular infections, pose a threat to modern medicine as their
treatment becomes ever more challenging. Intracellular bacteria are capable of surviving and
replicating within human host cells, where they are protected from antibody immune responses,
and more problematically from many antibiotics which cannot penetrate the cell membrane. This
leads to a reduced number of treatment options. Furthermore, current treatment options for
these types of infections require lengthy courses of treatment (Abed and Couvreur, 2014), which
can cause off-target side effects, and contribute to the increased selection pressure for antibiotic

resistance (Dethlefsen and Relman, 2011; Zaman et al., 2017).

The field of nanomedicine is rapidly growing, and the use of vehicles such as PMs has already
been utilised, however this has largely been for the delivery of cancer therapeutics. Nanoparticles
have been employed with the aim of achieving a more targeted approach, and to enable high and
sustained cell drug concentrations, to in turn allow the potential for lower drug doses and/or for
shorter treatment periods. Despite their potential for this, only one liposomal nanoparticle
formulation has currently received Food and Drug Administration (FDA) approval for clinical
antibiotic treatment use (Fatima et al., 2018), and no PM formulations have received this. In part
this is due to the complexity of many of the PM preparations currently being researched. Many
are made from polymeric materials that do not have FDA approval, and they also require complex
chemical pathways to synthesise characteristics such as pH sensitivity. One of the key benefits to
the work performed within this project, compared to other groups within the literature, is the
simplicity of the PMs. They are made entirely from FDA approved materials, and their
formulations are simple and quick to synthesise. This in turn adds to their potential for good

clinical translation.
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This project focused on targeting the intracellular pathogen B. thailandensis. This is the model
organism of B. pseudomallei, a known biowarfare threat which can cause potentially fatal
infections and currently requires treatment lasting up to 6 months (Limmathurotsakul and
Peacock, 2011). The PEO-PCL PMs used within this project were shown, for the first time known
to be reported, to be able to reduce the intracellular B. thailandensis burden significantly
compared to control groups. Due to the similarity in antibiotic susceptibilities between B.
thailandensis and B. pseudomallei, this sets good foundations for the technology developed here
to be applied to this human pathogen. Furthermore, the PM formulations were shown to stably
retain the antibiotic until in an intracellular environment. This is significant when considering their
ability to limit off-target side effects to areas such as the gut microbiome, and also gives them the
potential to limit selection pressures for antibiotic resistance, due to fewer bacteria being

exposed to the PM-sequestered antibiotic.

Overall the work presented in this thesis strongly confirms that PEO-PCL PMs have excellent
potential as drug delivery vehicles for the treatment of intracellular bacterial infections. The PM
formulations should not be limited to application only to Burkholderia spp. as they have the scope
to be effective at killing any type of intracellular bacterial infection. Brucella spp. have shown
susceptibility to both doxycycline and rifampicin, and Francisella tularensis to doxycycline (Maurin
and Raoult, 2001). These cause the infections brucellosis and tularemia, respectively. Brucellosis is
a zoonotic infection which causes detrimental effects on livestock industries and in turn causes
socioeconomic challenges in low income communities, particularly in the Middle East. If the
disease is left untreated it can become chronic and persist over many years, and may also display
complications affecting bones, central nervous system and the heart (Nejad et al., 2020).
Tularemia is another example of a zoonotic infection, but also more importantly perhaps, one
which has the potential to be used as a bioweapon. It is extremely infectious, and it has been
reported that only 10 bacterial cells are required to initiate an infection, via inoculation or
inhalation (Dennis et al., 2001). Furthermore, both Brucella and Francisella infections require
undesirable treatments, with brucellosis requiring a lengthy course involving a minimum of a 6-
week combined antibiotic therapy, and tularemia requiring the use of a combination of antibiotic
classes including aminoglycosides, fluoroquinolones and tetracyclines (Alavi and Alavi, 2013;
Caspar and Maurin, 2017). Encapsulation of antibiotics within PMs may reduce treatment time

and also limit the chances of resistance arising to such a magnitude of antibiotic classes.
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6.3 Limitations and indications for future work

Whilst this project achieved novel and significant findings, there is the potential for improvement
and multiple future experiments which could be performed to strengthen the outcomes further.
This section will highlight some of the limitations experienced within each chapter, and

subsequently discuss how future experiments could overcome these.

In Chapter 3 the encapsulation of various antibiotics into PMs was investigated. The method used
to load these drugs was nanoprecipitation, a passive drug-loading process. Generally, this method
yields lower encapsulation efficiencies than remote/active-loading processes (Choucair et al.,
2005; Zhang et al., 2009). Therefore, one limitation to the work presented in this project was that
relatively low encapsulation efficiencies were reported. For nanoparticles that will be used for the
purpose of drug delivery, it would be desirable to achieve a loaded concentration as high as
possible to ensure the maximal drug delivery per dose. In the context of antibiotic treatment for
bacterial infections this would have a greater potential to reduce the need for long treatment
courses, in turn limiting side effects and risk of antibiotic resistance. Future work should involve
optimising the loading of the PMs using remote loading methods such as ammonium-sulphate
gradients, or pH gradients, so that less of the initially added payload is removed via dialysis and

more retained within the PMs.

Within the project antibiotics were selected for encapsulation based on their efficacy towards B.
thailandensis. Furthermore, due to the encapsulated concentration being assessed using UV-vis
light spectroscopy, antibiotics were also required to possess a UV-vis absorbance spectrum. For
the optimisation of the assays within this project the antibiotics chosen were: levofloxacin,
doxycycline, rifampicin and novobiocin. A large limitation to these choices is that these four drugs
are all capable of entering a human macrophage cell unaided by nanoparticles. The most ideal
outcome from this project would be to achieve the intracellular delivery and functioning of an
antibiotic that would not have otherwise had access to the intracellular niche. The main
antibiotics which fit this criterion are the aminoglycosides and the B-lactams. However, their use
for the work performed in Chapter 3 would have been challenging for multiple reasons. Firstly, in
the case of aminoglycosides, they possess little to no absorbance in the UV-vis region, due to a
lack of UV chromophores within their structures, making their detection using the NanoDrop
technique impossible (Blanchaert et al., 2017). Whilst B-lactams do possess UV-vis spectra, their
characteristic peaks tend to fall at very low wavelengths — reported as low as 190 nm (Chen and
Swenson, 1969). Peaks within these regions would be heavily interfered with from the PM’s

Rayleigh scattering signal. Even using DMF to disrupt PM structure and minimise this scattering
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interference, it is not fully efficient. This would mean that if low concentrations of B-lactam
antibiotics were encapsulated, their detection using UV-vis may be masked by nanoparticle
scattering. The ideal antibiotics are those which possess peaks with higher wavelengths, further
away from interference to allow unambiguous detection. Without this method of detection it
would not be possible to so easily confirm the presence of antibiotics within the PM preparations

after the dialysis period.

Another challenge that would have been presented by using these antibiotics is that B.
thailandensis, and B. pseudomallei, usually possess high levels of resistance to these classes
(Moore et al., 1999). It was not desired to begin the project by encapsulating antibiotics that
would not be effective once inside the infected macrophage cells. However, if more time was to
be spent on this project it would certainly be useful to know if these aminoglycoside and B-lactam
antibiotics could be encapsulated. This may involve the use of other detection methods, such as
mass spectrometry perhaps which would detect the compounds based on their unique chemical

structures rather than possession of UV-vis spectra.

In Chapter 4 the uptake of PEO-PCL PMs into RAW 264.7 macrophages was investigated, and it
was confirmed that these nanoparticles were capable of penetration into the target cells for this
project. Whilst uptake of the nanoparticles is important, another factor which was not considered
during this work was the assessment of intracellular release of the payload. Despite the increasing
interest in the use of nanoparticles for medical drug delivery applications, there remains little
reported on the number of nanoparticles internalised by single cells and subsequently the precise
concentration of payload released into cells. One paper by Scarpa et al. (2016) developed a
method to quantify intracellular release of fluorescein dye from PEO-PCL PMs into mouse
fibroblast cells. Fluorescein is a fluorescent dye that is quenched under high concentrations, for
example within PMs. Upon release from the nanoparticles the dye fluoresces and can be
measured. This group combined fluorescence measurements and flow cytometry to show that
approximately 170 PMs were taken up per cell (Scarpa et al., 2016). The work within this project
could be progressed by using PM-fluorescein preparations in macrophage cells to confirm that the
same pattern of fluorescein release from PMs can be detected. Furthermore, this would provide
information on how quickly the fluorescein, and in theory then the antibiotic, is released from the
PMs. To advance this work even further antibiotics conjugated with a fluorescent dye could be
used to give a direct readout of payload release, concentration and location. Within Chapter 4 the
IFC data collected assessed PM location within macrophage cells and their co-localisation to the
green fluorescent protein (GFP)-tagged B. thailandensis. This was achieved using PMs loaded with

a fluorescent dye, DiD, however the caveat to this was that all fluorescence detected was from
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the dye and not specifically the PMs. Using a fluorescently labelled antibiotic could allow for more
specific tracking of the PMs and their payloads, and also allow accurate assessment of the
intracellular antibiotic concentration on a single cell level. Another possible method to track PMs
intracellularly could be to use PEO-PCL polymer that had been covalently labelled with a
fluorophore, as this would also provide direct assessment of PM intracellular localisation, rather

than relying on indirect dye fluorescence readouts.

Using polymer or antibiotic covalently tagged with a fluorescent marker might be one method to
assess uptake into macrophages, however an avenue pursued in this project was to remove the
need for labelling PMs altogether. This was achieved using coherent anti-Stokes Raman scattering
(CARS) imaging. CARS allowed the visualisation of PMs within macrophages due to the Raman
spectra that could be obtained from the many C-H bonds possessed by the polymer. Although this
work successfully showed significant differences in the level of CARS signal detected from
untreated cells compared to PM-empty treated cells, one element that could not be ruled out was
the visualisation of stress granule formation, as opposed to PMs, as a result of a cell stress
response to nanoparticle exposure (Mahboubi and Stochaj, 2017). Future work should include
repeating these CARS experiments using deuterated PEO-PCL polymer. This would allow fixation
around C-D bonds instead of C-H, which is beneficial as the deuterated C-D bonds are not present
in natural structures such as stress granules (Zhang et al., 2019). This would provide results that

unambiguously reported label-free PM imaging inside macrophage cells.

Following on from the work performed to assess PM uptake into macrophage cells, the final
chapter investigated whether the PM-antibiotic preparations were able to reduce the intracellular
bacterial burden of B. thailandensis in RAW 264.7 macrophages. RAW 264.7 macrophages are a
murine cell line and were chosen to begin with due to being recognised as an appropriate model
for macrophages, and their ease of culture, with stability being shown up until passage numbers
as high as 30 (Taciak et al., 2018). However, there are limitations to using a murine cell line as the
model for infection rather than, for example, primary human macrophage cells. One paper
compared the cytokine response of RAW 264.7 macrophages and human leukocytes to shark
cartilage. The results revealed that there were significant differences in the level of TNFa
produced by the cells, and furthermore that the primary human leukocytes upregulated IL-1[3
production whilst the RAW 264.7 cells showed no such response (Merly and Smith, 2017).
Although little has been reported in the literature as to whether differences exist between RAWSs
and primary human macrophages in terms of rate and efficiency of phagocytosis, if there are

known differences in their immune responses it would be more ideal to use primary human cells
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in any future assays. This would also make the work more translatable and give a better basis for

progressing onto potential mouse model studies.

A similar direction for future work should be the use of the end goal pathogen, B. pseudomallei, as
opposed to the model organism initially used, B. thailandensis. Although B. thailandensis is not a
recognised human pathogen, the two species share 85% of their genetic information, are found in
similar environments, and have very similar intracellular survival mechanisms (Majerczyk et al.,
2014). Due to the success of the work presented within this PhD, the next natural step would be
to confirm that the same results are observed using RAW 264.7 macrophages infected with B.
pseudomallei. As mentioned previously, primary human macrophages infected with B.

pseudomallei would follow.

The final body of work within the project began to investigate the screening of different
antibiotics, currently with poor bioavailability, for their incorporation into PMs and delivery to
intracellular B. thailandensis. The aim of this project was to encapsulate antibiotics that could be
used to treat intracellular infections, and whilst this was achieved the results could be advanced
through choice of antibiotics encapsulated. As already discussed, certain classes of antibiotics
such as the aminoglycosides and B-lactams are very poor at penetrating into an intracellular niche
(McOrist, 2000). This therefore reduces the number of antibiotics available to treat such
infections. Although there are many benefits to encapsulating any antibiotic, the benefits to
encapsulating and delivering an aminoglycoside or -lactam would be enormous, as it essentially
repurposes an antibiotic which could otherwise not have been used for intracellular treatment.
Rather than creating and discovering new antibiotics, packaging in nanoparticles is a method of

making pre-existing antibiotics work more effectively, and increases the number available for use.

This project began to investigate the loading of some of the antibiotics from within these two
classes, however due to time constraints and the onset of COVID-19, experimental time fell short.
Some promising results were seen with one antibiotic tested, sisomicin, where a significant
reduction in intracellular bacterial burden was seen compared to the control. However, this assay
should be repeated with relevant controls to ensure free, unencapsulated sisomicin was definitely
unable to penetrate cells and that the PMs were showing genuine improvement of antibiotic
efficacy. Future work should also include expanding on these assays to test a wider range of
antibiotics currently possessing poor intracellular bioavailability. The benefit these results could

make to the project and to the application of PMs for antibiotic delivery are substantial.
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Although it has already been stated that these PMs have huge potential for clinical translatability,
there would need to be a large body of work performed in order to progress the PM-antibiotic
formulations to the point of clinical use. As already mentioned, the assays conducted within this
project would need to be advanced onto testing against B. pseudomallei, and ideally in primary
human macrophages. Past this, and animal models would need to be implemented. There is
already published literature showing the use of PEO-PCL micelles for drug delivery using mouse
models (Ukawala et al., 2012; Kao et al., 2013). Additionally, other unpublished work performed
within this research group at the University of Southampton has successfully used PEO-PCL PMs
to inject mice with a particular payload. In both examples, the micelles or PMs were injected
intravenously into the tail veins of the mice and found to be tolerated with no notable toxic side
effects. Although work performed within this project showed that PM-antibiotic formulations
were capable of greatly reducing in vitro intracellular bacterial burdens, this may change in an in
vivo environment. Work, potentially using animal models, could be performed to assess how
infections representative of a clinical manifestation could be treated using PMs. Before being
used within patients it must be known the upper limit to the number of PMs which could be
administered before potentially toxic effects occurred. Furthermore, in patients with more
advanced infection, higher doses of PM-antibiotic formulations may be required, all of which must

be tested as safe.

Another avenue which should be explored before reaching clinical use is the dissemination of PMs
within the body, and where they might accumulate. Although macrophages are often the target
cells for intracellular infections, other cells within the body will likely be capable of uptake. In vivo
imaging techniques can be used to visualise the accumulation of fluorescently labelled
nanoparticles within the body. One group used PEO-PCL micelles and an in vivo imaging system
(IVIS) to show that these nanoparticles located primarily to the lungs, spleen and livers of mice
after only 1 hour post-injection, and that strong fluorescence was seen in the livers and spleens
even after 48 hours (Asem et al., 2016). This work also supports the previously mentioned work
from the research group at the University of Southampton, where after injection of PEO-PCL PMs
into mice tail veins, PMs were found to strongly localise within the livers and spleens. Although
this may not necessarily have long-term side effects on patients, it should be considered how long
the PMs may reside within the body before being broken down and excreted. Furthermore, it
should be considered how to increase the nanoparticle time spent at the target site, rather than

accumulation within off-target organs such as the liver.
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6.4 Conclusions

The work within this project is the first example of PEO-PCL PMs being used to successfully
encapsulate antibiotics for the treatment of intracellular B. thailandensis. The results described in
this thesis demonstrate that PMs are able to stably encapsulate the antibiotics doxycycline and
rifampicin, that the PMs themselves are capable of being taken up into RAW 264.7 macrophage
cells, and that the PM-antibiotic preparations possess enough antibiotic payload to kill residing B.
thailandensis infections. Overall, the study provides excellent foundations for PMs to be

investigated further for their use as viable antibiotic drug delivery vehicles.
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Figure 6.1 — Polymersomes for intracellular antibiotic delivery. An illustration highlighting the
potential benefits to antibiotic drug delivery PMs can bring.
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