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Abstract

Urinary tract infections (UTIs) are one of the most commonly acquired bacterial infections,
resulting in frequent hospitalisations and increased economic burden on the healthcare system.
Due to the systemic exposure during the treatment, UTIs are often associated with increased
risk of side effects, diminished therapeutical effects within the bladder, and increased risk of

uropathogenic bacteria acquiring antimicrobial resistance.

Intravesical drug delivery (IDD) to the bladder was proposed as a solution for improved drug
delivery. IDD ensures full drug dosage instillation into the infection site, reduces systemic
exposure due to poor permeability of the bladder, and minimises the risk of side effects.
However, IDD suffers from fast drug dilution and wash-out, due to bladder physiological
functions such as urine filling and voiding. Therefore, use of nanotechnology has been
proposed, as coupled with mucoadhesive materials, drug nanocarriers would attach to the
bladder lining, prolonging drug retention time in the bladder. Additionally, drug entrapment
into polymeric nanoparticles could reduce drug associated toxicity and demonstrate sustained

drug release.

The aim of this project is to obtain two types of colloidally stable drug loaded polymeric
nanoparticles and enhance their mucoadhesive properties for prolonged retention time in the
bladder. The work presented herein involves the preparation, optimisation and characterisation
of hydrophilic antibiotic loaded and hydrophobic cyclooxygenase-2 inhibitor drug loaded
poly(lactic-co-glycolic acid) (PLGA) nanoparticles. Comparison between nanoparticle
synthesis methods was performed by utilising Design of Experiments, studying how
nanoparticle preparation parameters affect the physicochemical characteristics of drug loaded
PLGA nanoparticles. Additionally, chitosan was incorporated into nanoparticle formulations,
resulting in particles exhibiting cationic charge, allowing them to form electrostatic interactions
with anionic mucin layer of the urothelium. Finally, to improve the entrapment of hydrophilic
drugs into PLGA nanoparticles, hydrophobic ion pairing technique was used to increase

hydrophobicity of the antibiotic, also sustaining its drug release rate.
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1.1. Human urinary bladder and urinary tract infections

1.1.1. Anatomy and physiology of the human urinary bladder

The human urinary bladder is a muscular, tetrahedron shaped organ, that lies within the pelvis
and temporary stores urine until its excretion from the body [1,2]. The inner layer of bladder,
which is called mucosa, is comprised of transitional epithelium, also often referred to as
urothelium, and lamina propria (Figure 1.1). Mucosa plays an important role in signalling and
sensory transducing of physical and chemical stimuli, but its crucial role is to act as
permeability barrier [3]. Urothelium, in combination with junctional proteins and mucin layer
comprised of glycosaminoglycans (GAG), functions as a barrier, which prevents pathogens and
various molecules from entering deeper tissues in the bladder wall [2—4]. Lamina propria,
sometimes also referred to as sub-urothelium or sub-mucosa, is a layer that lies between the
basement membrane of the urothelium and detrusor muscularis [5,6]. This layer is comprised
of extracellular matrix, which contains interstitial cells, fibroblasts, adipocytes, as well as

efferent and afferent nerve endings [5,6].

Mucosa layer is covered by smooth muscle called detrusor, which is protected by adventitia
and then external serosa. Detrusor muscle layer consists of interlacing randomly orientated
muscle fibres, only organising into distinct layers — longitudinal and circumferential — near the
internal urethra [1]. The organised muscle layers help form the bladder sphincter, which
facilitates passage of urine through urethra, while maintaining urinary continence and allowing
volitional voiding. Smoot muscles located in the bladder provides elasticity to the bladder wall,
ensuring that urine can be stored during filling process [7]. Normally, human bladder can store
up to 500ml of urine, due to the consistent detrusor muscle cell relaxation and elongation to
accommodate storage of urine [1]. Upon receiving appropriate signals from neural control
system, the voiding reflex is initiated by coordinated contractions of detrusor muscle. These
contractions can be inducted by parasympathetic fibres releasing transmitters that lead to
contractions to void urine [8]. By fulfilling the functions of storing and voiding urine that is
constantly excreted by kidneys, bladder disposes of substances that are toxic to human

organism [1].
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Figure 1.1: Schematic representation of structure of the human urinary bladder. Detailed view
of the (A) layers of the bladder wall and (B) layers of urothelium. Figure reprinted with

permission from GuhaSarkar and Banerjee, 2010 [9].

1.1.1.1. Structure and function of the urothelium

The urinal tract is lined with urothelium layer, which is a stratified epithelium tissue comprised
of single layer of umbrella cells, one or multiple layers of intermediate cells, and single layer
of basal cells (Figure 1.1B) [10]. Urothelium is a permeability barrier, that accommodates the
urine flow and volume, while controlling metabolic product exchange between urine and blood
[11]. In addition to this, it also protects deeper bladder tissues from pathogens. Urothelium has
been demonstrated to be the least penetrable epithelium among mammalians, as it prevents
permeation of water, ions, solutes and noxious agents back into bloodstream and underlying
tissues [12]. The outermost layer of umbrella cells, which forms a barrier comprised of apical
membrane, GAG layer and tight junctions of umbrella cells, plays a crucial role in protecting

deeper layers of urothelium [10].

Urothelium surface is lined with gel-like mucin layer, which is comprised of sulfonated GAGs
and glycoproteins [13,14]. GAGs are long, linear and highly negatively charged
polysaccharides, that bind water molecules resulting in well-hydrated and non-adhesive

bladder surface (Figure 1.1B) [15]. GAG layer is comprised of hyaluronic acid, heparin,
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chondroitin sulphate, dermatan sulphate, and keratan sulphate [13,16]. Chondroitin sulphate
and hyaluronic acid have been reported to play a significant role in antibacterial defence
mechanism [16]. Damiano et al., 2011 reports that intravesical treatment of patients with
chondroitin sulphate and hyaluronic acid demonstrated reduced numbers of recurring UTI
cases in women [17]. This suggests that repaired GAG layer successfully prevents bacterial
adhesion to the bladder wall and protects from further pathogen penetration into the deeper
layers [16,17]. If untreated, pathogen access to mucosa can lead to chronic bladder epithelial
damage, that could then further escalate into chronic inflammatory bladder diseases, such as

recurring UTTs, cystitis or bladder pain syndrome/interstitial cystitis [18].

Apart from GAGs, there are other types of proteins that are important in controlling
permeability of the bladder. Uroplakins are small family of transmembrane proteins, suggested
to contribute to the apical membrane permeability layer [10]. Uroplakins form a constantly
recycled urothelial plaque, which covers the umbrella cells and can modify their surface area
to facilitate bladder filling and voiding [4]. This plaque provides transcellular resistance,
therefore controlling water and ion absorption from the urine, as well as functioning as a barrier
against all substances found in urine to protect the underlying tissues [19]. In addition to the
plaque, tight and adherens junctions between umbrella cells also contribute to the low
permeability of the bladder [4,20]. If the barrier function of the urothelium is compromised,
the normal and abnormal contents of the urine can reach the muscle or neural layers of the

bladder, therefore resulting in urgency, frequency and pain during voiding.

Aside from protective function, bladder participates in the maintenance of homeostasis of
plasma osmolality, by altering urine osmolality and ensuring the stability of plasma pH, as well
as hallmarked nutrient and electrolyte levels [21]. Bladder participates in homeostasis through
endocrine and stretch-mediated urine reabsorption, which matches slow and steady urine filling
due to kidney excretion [3,21]. Poor permeability of tightly positioned umbrella cell layer,
along with asymmetric membrane on the apical side, ensures that urothelium can withstand

low pH and three-fold-higher osmotic pressure of urine, compared to the serum [21].

1.1.2. Urinary tract infections (UTIs)

Urinary tract infections (UTIs) are one of the most commonly encountered bacterial infections,

estimated to be about a quarter of the cases of the healthcare associated infections [22]. In
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October 2023, the National Health Service (NHS) and UK Health Security Agency launched a
new awareness of UTIs campaign due to estimated 1.8 million hospital admissions involving
UTlIs between years 2018-19 and 2022-23 [23]. In addition, a population-based household
survey revealed that 37% of women over 16 years of age reported at least one episode of UTI
over their lifetime, with 29% of women reporting more than one episode of UTIL, and 3% of
the same group reporting history of recurring UTI in the past year [24]. In the United States of
America (USA), the cost of UTI antibiotic treatments reaches over $1 billion annually, making
15% of all antibiotics prescribed in USA to be used for treating UTIs [22]. Based on these
numbers, a clear clinical and economic burden on healthcare systems can be observed,

including social and psychological pressures that could impact the quality of life of the patient.

Most common bacterial pathogen to cause UTIs is uropathogenic Escherichia Coli (UPEC),
responsible for more than 80% of the community-acquired infections [25]. This pathogen
originates from intestinal microbiome, where it normally exists within symbiotic relationship
with intestinal microflora and rarely results in any complications [26]. However, this bacterial
strain has adapted to disseminate via oral-faecal routes, as well as through contaminated food
products or sexual contact [27]. The mechanism of infection begins with contamination of
periurethral or vaginal areas by pathogenic bacteria, leading to its colonisation in the urethra,
followed by pathogen migration to the bladder lumen [28,29]. Once there, UPEC can adhere
and penetrate the bladder epithelium cells via various virulence factors. These include surface
structural components, such as flagella, pili, non-pilus adhesins, lipopolysaccharides, secreted

toxins and more [11,29].

After urothelium envelopment, intracellular bacteria enter rapid doubling, thus forming
intracellular bacterial communities (IBC) (Figure 1.2) [30]. Consequently, within 12 hours of
post-infection more than half of the bacteria are intracellular. Promptly, the infection can be
sensed by innate host responses, therefore initiating cytokine production, recruitment of
inflammatory monocytes and neutrophils, along with exfoliation of dying urothelium cells [11].
Although the latter response is needed to eliminate infected cells from the body, it can also
cause the exposure of deeper layers of epithelium to the pathogens, allowing bacteria to invade
and persist in small quiescent intracellular reservoirs (QIRs) (Figure 1.2) [11]. These QIRs
present in urothelium cells do not elicit an immune response and are protected from antibiotic
treatment, as well as rinsing flow of urine due to resilient barrier function of urothelium [31].

Through an unknown mechanism, reservoirs of the bacteria can reactivate and release UPEC
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back into the bladder lumen, therefore making QIRs a considered mechanism for recurrent

UTIs [32].
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Figure 1.2: Schematic representation of underlying mechanism of bacterial invasion and
colony establishment resulting in UTIs. Figure reprinted with permission from Kumar and Das,

2017 [22].

Similarly to IBC formation, UPEC can also form multi-cellular communities known as biofilms
[33]. These bacterial communities protect UPEC from innate host immunity and antibiotic
treatments, while uropathogenic bacteria undergoes maturation and further invasion [34].
Reports in literature indicate that some of the same virulence factors and polysaccharides,
which facilitate the formation of IBS, are also important in initiating the formation of biofilms
[35]. Biofilms are known for their distinct bacterial colony embedment in matrix, usually
produced by microorganism themselves [36]. Therefore, biofilm production is initiated once
bacteria adhere to the appropriate surface and change their form from planktonic to sessile,
allowing production of extracellular polymeric substances (EPS) [33]. These substances are
made of conglomeration of different types of biopolymers and are important for biofilm
adhesion to the surfaces and for the cohesion within the biofilm [36]. Produced matrix
immobilises the microorganisms and keeps them in close proximity for cell-cell interactions,
nutrition source, DNA reservoir important for horizontal gene transfer, as well as protection

from antibiotics and host immune defences [36]. Due to biofilm structure, most of the
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antimicrobials struggle to penetrate the matrix barrier, therefore resulting in infections that are

challenging to treat and could require multi-drug treatment strategies [37].

Apart from UPEC, other pathogens such as Klebsiella pneumoniae, Proteus mirabilis,
Pseudomonas aeruginosa, Enterococcus faecalis, Enterobacter cloacae, Streptococcus bovis

and fungus Candida albicans can also cause UTIs [29].

1.1.3. Classification of UTIs and risk factors

UTIs can be classified into different types, depending on clinical symptoms, laboratory data
and microbiological findings [38]. Based on this, the most important criteria for patient
assessment include clinical specificity and severity of symptoms, pattern of infections,
contributing risk factors, pathogen identification and circumstances under which the UTI was
acquired. Completed assessment then allows to identify the category of the UTI that the patient
is suffering from, such as asymptomatic bacteriuria, uncomplicated UTI, complicated UTI,
acute or recurrent UTI [39]:

e Asymptomatic bacteriuria (ABU) shows no physical signs or symptoms that could
refer to UTI cases, apart from having positive bacterial cultures in the urine [40]. It can
be diagnosed only through laboratory tests and urinalysis;

e Uncomplicated UTIs usually affect patients that have healthy urinary system with no
abnormalities or injuries, therefore infection rarely cause any serious damage to the
urothelium and it can be naturally cleared by the immune system [26];

e Complicated UTI cases are characterised by infection occurring due to structural or
functional anatomical abnormalities, compromised state of the immune system, use of
medical devices such as catheters, and/or due to impaired renal function [41]. This kind
of infection requires prolonged treatment and is associated with increased risk of
complications [26];

e Acute UTIs are usually a complication of untreated symptomatic UTI, which can result
in cystitis (lower UTI, with bacteria present in the bladder) or pyelonephritis (upper
UTI, with infection present in the kidneys) [29];

¢ Recurring infection is identified by at least 2 UTI episodes in 6 months or 3 episodes
in 12 months [39]. Treatment of recurrent UTI can result in bacteria developing

multidrug resistance, due to repeat treatment courses of antibiotics [42].
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The risk factors for acquiring UTIs can be behavioural, anatomical or of genetic nature, with
transient or permanent health conditions also having an impact on severity of the infection [43].
The main risk factors of UTI are linked with being a female and include use of spermicides,
that might alter vaginal pH, back-to-front wiping after bowel movement, younger age of the
first intercourse and increased frequency of sexual intercourse, obstructed urinary flow and
lower vitamin D levels [42,44]. Additionally, history of UTI during childhood, along with
maternal family history with UTIs can also contribute to elevated risk of contracting bladder
infections. Analysis of several studies revealed that child obesity and poor fluid intake
increased the risk of recurring UTIs in children, while circumcision and breast-feeding were

protective factors for UTI [45].

There are higher risks associated with complicated UTIs in pregnant women, as they are more
likely to develop ABU, which during the pregnancy can become symptomatic and evolve into
complicated UTI cases [43]. Development of ABU during pregnancy is very common due to
predisposing factors, such as changes in hormones, slowed peristalsis, uterine growth, bladder

displacement and increased volume of residual urine [43].

According to European Association of Urology (EAU), urological conditions, such as urinary
incontinence, urogenital atrophy, renal transplantation and bladder catheterisation in post-
menopausal and elderly women also increase the risk of acquiring UTI. In addition, patients
suffering from pelvic prolapse are often at risk of developing UTI due to voiding issues [44,45].
If surgical intervention is needed, pre-surgical cases of UTI signify the risk for acquiring the
post-surgical UTIs. Increased length of post-surgical stay in the hospital is significantly

associated with UTIs, especially if indwelling or intermittent catheterisation is needed [45].

1.2. Treatment of UTIs

1.2.1. Current treatment options and antimicrobial resistance

UTI method of treatment has not fundamentally changed in over 70 years as to this day bladder
infections are treated with antibiotics. After oral administration, traditional drugs are absorbed
into the bloodstream, where they circulate until the target site is reached and drug concentration
achieved determines the drug efficacy [46]. This can lead to systemic side effects and organ or
tissue function disorder, as higher concentrations of drugs are administered to enhance the

treatment efficiency. However, orally administrated antibiotics for bladder infections face the
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opposite issue, where due to renal clearance of antibiotics into the bladder, a minimum inhibitor
concentration (MIC) of the drugs is delayed [21]. MIC is defined as the lowest concentration
of the antimicrobial needed to prevent the growth of the bacterial strain after defined incubation
period under in vitro conditions [21]. As demonstrated in Figure 1.3, prolonged drug filtration
into the bladder creates a “window of opportunity”, where in sublethal concentration of the

drug bacteria can acquire antimicrobial resistance (AMR).
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Figure 1.3: A schematic representation of repeat oral dosage of antibiotics, where time-
dependent variability in antibiotic concentration in urine leaves a window of opportunity for
the activation of AMR in bacterial colonies. Figure reprinted with permission from Tyagi et al.,

2024 [21].

AMR can be acquired by UPEC strains through different mechanisms, where resistance genes
are acquired though mobile genetic elements, such as plasmids, transposons, gene cassettes in
the integrons, or changes in regulatory locus on the chromosome of bacteria [27]. With
resistance genes acquired, UPEC strains then employ AMR mechanisms that aim to counteract
the treatment of UTI with antibiotics [47]. These mechanisms include destroying antimicrobial
compound enzymatically by use of B-lactamases, modifying the bacterial targets of the
antibiotics, restricting the access of antibiotics by changing the function of outer membrane

porins, or removing antimicrobial compounds by expression of efflux pumps [27,47].

AMR has become one of the biggest threats to human health worldwide, as it has elevated

morbidity and mortality associated with common bacterial infections [48]. Although AMR can
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arise naturally through genetic changes in organisms resulting in acquired resistance, the
resistance problem is largely driven by ubiquitous use of antibiotics, especially due to
inappropriate and excessive use of them [48,49]. If inappropriate antibiotics are selected for
UTI treatment, the antimicrobials are unable to destroy bacterial reservoir, in turn acting like a
shelter for bacterial survival in the bladder cells [27]. Additionally, lack of knowledge of
antimicrobials also contributes to the problem, where large portions of general public,
especially in the developing countries, believe that antibiotics can be used for treating viral
infections and common colds (Figure 1.4) [48,49]. Recent data estimates that by year 2050
AMR will be responsible for 100 million deaths annually, due to ineffectiveness of the

treatments [49].

Aggregate resistance

Low severity High severity

Figure 1.4: Figure demonstrates global aggregate resistance (%), defined as average resistance
prevalence of E. Coli, Klebsiella spp., and Staphylococcus aureus [49,50]. Figure reprinted
with permission from Collignon et al., 2018 [50].

Over the last decades, improper use of antibiotics has resulted in UPEC bacteria acquiring
multidrug resistance [51], which in turn significantly decreased the activity of previously used
key antibiotics for UTI treatment, such as cefotaxime, amoxicillin, gentamicin (GEN) and co-
trimoxazole [52]. Statistically, the resistance rates of antibiotics such as trimethoprim,
ampicillin, amoxicillin and sulfonamide in Europe risen up to 20%, with some data suggesting

resistance rates of amoxicillin and trimethoprim as high as 50% [53]. Therefore, treatment of
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UTTIs with antibiotics that have high prevalence of bacterial resistance, such as ampicillin and

amoxicillin, are no longer advised.

National Institute for Health and Care Excellence (NICE) guides the general practitioners
(GPs) to only use nitrofurantoin as first choice antibiotic for men and non-pregnant women
aged 16 and over, due to high effectiveness against UPEC and comparatively low AMR rates
[53]. If used in short-term treatment, nitrofurantoin does not exhibit severe adverse reaction
and can be an appropriate treatment option for adults [54]. However, extended prophylaxis
treatment by this drug have been documented to result in pulmonary fibrosis and hepatoxicity
[55]. According to the NICE guidelines, trimethoprim can also be used to treat UTI cases if
patient’s likelihood of resistance is low. However, due to rising resistance rates, as well as
increased risk of acute rise in potassium levels and hyperkalaemia, it is less likely to be
prescribed to patients [56,57]. It was also found to have higher risk of more adverse drug event
outcomes than treatment with nitrofurantoin [56]. Additionally, no microbiome related adverse
effects were observed with nitrofurantoin treatment as therapeutically active concentrations of

this drug are possibly achieved only in urine [56].

Numerous studies have reported dysbiosis of the gut microbiome due to systemic exposure of
antibiotic treatment [42,56,58,59]. Recent studies have shown increased risk of obesity, types
1 and 2 diabetes, inflammatory bowel disease, asthma, allergies and Chron’s disease in patients
that were exposed to antibiotic treatment in early childhood, when the adult microbiome was
yet to fully establish [58,59]. Healthy microbiome in the gut is responsible for vitamin
production, nutrient metabolism, protection against infection and immunomodulation,
therefore harm to microbiota can lead to compromised immune system in fighting infections,
increased risk in developing Parkinson’s disease, Alzheimer’s and multiple sclerosis, as well
as depression, anxiety and psychosis [58]. Research has proved that antimicrobials alter
balance of natural flora that lives within human body and therefore creates an attractive
environment for harmful organisms to thrive in [42]. It has been observed that UTI treatment
by antibiotics significantly affects the diversity of gut microbiota, leading to its diminished
abundance and dysbiosis [58]. Although some evidence has shown resilience and potential
recovery of microbiota once the treatment with antibiotics ceased, some drugs had permanently
damaging effect on the healthy bacteria [58]. These findings highlight the need of restrictive

and well-regulated use of antibiotics in order to prevent potential long-term toxicity.
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Proposal from the NICE suggested full clinical assessment for each patient in order to identify
the most suitable antibiotic treatment [42]. However, although this suggestion could potentially
reduce part of the AMR problem, the delay in drug prescription would put patient at risk for
development of UTI related complications and potential hospital admission. In addition,
systemic exposure of the drug, as well as sub-lethal antibiotic concentrations in bladder at the
beginning of antibiotic treatment would still mean that AMR and adverse toxic effects remain

associated with the UTI treatment by antibiotics.

1.2.2. Novel treatment methods

Given the challenges of conventional UTI treatment, there is an urgent need for more effective,
safe and targeted ways to treat patients suffering from bladder infections. Due to the rising risk
of AMR caused by use of current antibiotic treatment, along with their side effects on healthy
flora of the human body, scientist have turned to develop novel strategies for UTI treatment:
novel antibiotics, vaccines targeting virulence factors of the bacteria, probiotics, bladder

instillations and improved drug delivery systems enhanced by nanotechnology [60].

It is important to note, that most of these novel treatment options still need improvements and
additional testing in order to be accepted as routine treatment options for UTI. In addition,
although these therapies appear like attractive methods that do not involve antibiotics,
antimicrobials will remain to be the most effective strategy in fighting bacterial infections.
However, alternative methods can be implemented as preventative or prophylaxis methods for
UTI management, while use of antibiotics can be reduced or used in an improved safety and

efficacy way.

1.2.2.1. Novel antibiotics

A promising novel antibiotic drug cefiderocol (formerly S-649266) was approved for human
use by the Food and Drug Administration (FDA) in November of 2019. Due to the unique
chemical structure of the drug, where both a cephalosporin core and a catechol siderophore
side chain is present, it is more likely to overcome several AMR mechanisms [61]. This drug
is known to bind to the iron and take advantage of bacterial iron transport system, therefore
achieving periplasmic penetration and binding to penicillin-binding proteins [62]. Additionally,
cefiderocol is stable against B-lactamase enzymes and is able to overcome efflux pump

overexpression [61]. Pharmacokinetic studies revealed that two thirds of orally administrated
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drugs are excreted by kidneys as unchanged parent drug [63]. RCT data demonstrated non-
inferiority and superiority of cefiderocol compared to imipenem/cilastatin, however now this
antibiotic is administrated only intravenously in the hospital setting to treat complicated UTI

cases [62].

Another potentially promising new antibiotic is finafloxacin, a fluoroquinolone that is being
developed for intravenous and oral use [62]. This drug was demonstrated to withstand in acidic
environments, making it an appealing option for treating infections in urinary tract and vagina
[63]. Due to the chemical structure of finafloxacin, it demonstrates enhanced penetration into
the bacterial cells, along with strong hydrophobic interactions with the grove of bacterial DNA,
which are responsible for large bioavailability of fluoroquinolones [64]. Finafloxacin was
reported to be less absorbed at the tubular level in the kidneys, therefore enhancing its
availability in the bladder. In the phase II of the clinical trials, finafloxacin was shown to
eradicate pathogens and improve clinical outcomes on average about 10% better than
ciprofloxacin [60]. Additionally, shorter treatment times were reported, with bacterial

eradication achieved within 3 days with no increased rate of relapse recorded [65].

1.2.2.2. Vaccines

A new UTI treatment strategy has emerged, where UPEC genomic components could be used
as potential vaccine antigens. The guidelines established by EAU recommend the use of
immunoactive strategy for preventing UTIs by priming the immune response to uropathogens
[66,67]. Currently, there are several available vaccines that have gone through or are still in
progress of RCTs: Uro—Vaxom®, Urovac®, ExPEC4V, MV140 and Uromune® [66]. The
vaccines are comprised of bacterial extracts from UPEC strains or several inactivated bacterial
pathogens, that help to generate protective antibodies and act as preventative strategy against
recurrent UTIs [66]. These vaccines show reduction in UTI occurrences compared to placebo
group patients, as well as reduced severity of the UTI symptoms, with documented reduction

of antibiotics use during recurring UTI treatment [67,68].

1.2.2.3. Probiotics

In the last couple of decades, several small trials tried to investigate the efficacy of using
probiotics in order to treat or prevent recurring UTI in women. Normally, healthy female

urogenital flora is comprised of different species of micro-organisms, of which Lactobacilli are
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dominant within this microbiota [69]. However, alterations in vaginal or periurethral
microbiota have been observed in women with recurring UTI [60]. Probiotics were reported
to prevent pathogen ascension into the bladder by interfering with pathogen adhesion,
preventing biofilm formation, as well as diminishing the growth, invasion and expression of
virulence factors of the pathogens [69,70]. In addition, several Lactobacilli strains have
demonstrated potential in clearing UPEC reservoirs in the bladder, therefore reducing risk of
recurring UTIs [29]. A recent trial by Gupta et al., 2024 reports that the number of recurrent
and complicated UTI cases were lower in test groups that were treated with oral and vaginal
probiotics compared to the placebo test group [70]. However, no statistically significant
differences were observed between the groups, indicating that while probiotics could be a good
tactic to reduce risk factors of acquiring UTIs, it might not be an effective treatment option.
Similarly, some Lactobacilli strains have been tested as a prophylactic measure against
recurring UTIs, which again showed no significant effect on reducing number of the
occurrences [29,70]. Although some great insights were achieved by smaller trials leading to
promising effects of probiotic therapy in lowering the risk of recurrent UTIs, however large-

scale RCTs are warranted.

1.2.2.4. Non-steroid anti-inflammatory drugs (NSAIDs)

Non-steroidal anti-inflammatory drugs (NSAIDs) are a family of drugs that are used to relieve
inflammation and pain. During UTI episode, the pain experienced during voiding is caused by
an inflammatory reaction, therefore use of NSAIDs could help to reduce the release of pro-
inflammatory cytokines and chemokines, as well as lower prostaglandin E2 levels [71].
NSAIDs work by inhibiting the cyclooxygenase (COX) enzymes that normally catalyse the
production of prostaglandins, which are responsible for controlling inflammation and pain [72].
NSAIDs usually target COX-1 and COX-2 enzymes non-selectively, however use of non-
selective NSAIDs elevate the risk of gastric irritation, due to COX-1 generating prostaglandins
mainly in gastrointestinal tract [72,73]. Therefore, some studies choose to investigate COX-2
selective NSAIDs, which are thought to be a safer and more efficient option for symptomatic

UTI treatment [73].

A small RTC investigated the use of COX inhibitor drug ibuprofen as alternative treatment for
UTI instead of antibiotic ciprofloxacin [74,75]. After 3-day treatment no significant difference

between the drugs were observed, suggesting that symptom control by NSAIDs could be
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sufficient option for uncomplicated UTI treatment. However, this outcome could have been
observed due to uncomplicated UTI being a self-limiting disorder, which usually converts into
asymptomatic bacteriuria that is relatively common in healthy women [74]. Some adverse
events reported by the patients in both study groups, mostly involving gastrointestinal disorders

and headache.

Subsequently, a study by Hannan et al., 2014 demonstrates that COX-2 inhibitors can be used
as treatment and prevention option for UTI [76]. This study demonstrates that treatment with
COX-2 selective drug celecoxib (CLX) reduced pyuria in mice UTI model, as well as showed
no influence on mucosal responses of the urothelium, such as urothelium exfoliation and innate
immune system activation [76]. In addition, this study observed that previously UTI affected
mice were prone to more severe inflammation and mucosal damage, that could lead to recurrent
UTIs. Authors suggest that by inhibiting COX-2, the damage to the urothelium barrier can be
prevented, therefore suggesting that CLX can also be used as prophylaxis measure in

preventing recurring UTIs [76].

In addition, CLX was shown to increase sensitivity of multi-drug resistant (MDR) bacteria to
antibiotics in study done by Kalle and Rizvi, 2011 [77]. Authors demonstrated that by inhibiting
the efflux pump of MDR bacteria with CLX, the concentration of intracellular antibiotics can
be increased. They demonstrated that combination therapy of CLX with different antibiotics
(ampicillin, kanamycin, ciprofloxacin or chloramphenicol) has significantly increased bacterial

sensitivity to the treatment [77].

Based on small amount of evidence acquired, COX-2 inhibitor drugs could be a used as an
option to reduce antibiotic treatment for UTIs, by increasing bacterial susceptibility to the

antimicrobials, as well as providing quicker symptomatic relief to the patients.

1.2.2.5. Bladder instillations

In standard clinical practise, pharmaceutical treatments are often dosed systemically, although
the target for the treatment might be specific tissue or organ. Additionally, to achieve
therapeutic concentrations of the drug in target areas, usually a much larger drug dose is
administrated, which increases the likelihood of side effects [60]. Therefore, UTI treatment

could be immensely improved if drugs were to be delivered directly to the bladder. This would
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reduce antibiotic systemic exposure, reduce the risk of adverse side effects, and most

importantly would eliminate the risk of AMR.

Over the last decade, there were a lot of studies and trials testing the efficacy of intravesical
GEN instillations as treatment or prophylaxis for lower UTIs [78—85]. In these studies, mainly
80 mg of GEN (in some studies lower dose of 14 to 28 mg were used [80,81]) dissolved in
0.9% sodium chloride or sterile water were administered once daily directly to the bladder,
after complete drainage of the urine prior to the treatment. It is important to note that high dose
of GEN instilled directly to bladder would eliminate the issue of temporary sublethal antibiotic
concentrations in the bladder (discussed in section 1.2.1.), observed after oral administration
of antibiotic dose [21]. Results of intravesical GEN studies demonstrated significantly reduced
number of UTI occurrences, with 90% of the bacteria eliminated within 3 hours of the treatment
administration, along with minimal or no contribution to AMR, extremely rare cases of
systemic absorption of GEN, and no side effects reported [21,78—82]. Due to low GEN levels
in the plasma, significantly higher dose of GEN can be administered, while the same dose

delivered orally or intravenously would be toxic [21].

Contrary to positive results reported, intravesical GEN is only offered as off-label alternative
UTI treatment, when conventional treatment of oral antibiotics has failed or been ineffective
over time [79,81]. In addition, some challenges persist, making this treatment less appealing to
the GPs and general public. Firstly, intravesical drug delivery requires catheterisation, which
is mostly performed by a trained professional in a hospital setting to ensure safe and effective
treatment. Furthermore, the conventional drugs are not licensed for intravesical use by
medicines regulatory agencies, making this unregulated off-label treatment. This arises the
problem of standard drainage catheters used for intravesical drug delivery, which are not
certified for such use and therefore significantly increase infection risks [86]. Based on this,
the perception of GPs and general public remain rooted in using oral antibiotics for UTIs that
occur handful of times in a year, as oral drugs are quicker, easier, safer and cheaper to
administer [81]. However, as the threat of AMR persists, alternative treatment methods might

need to be considered as the new conventional treatments.
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1.3. Nanotechnology: a solution for improved drug delivery

An increase in high-mortality diseases has identified that current traditional treatment options
do not provide desired therapeutic results even when using highly potent active agents [87].
Therefore, nanoscale technology has provided novel methods in disease diagnosis, treatment
and prevention to enter the scientific field [9,22,88,89]. Combining nanotechnology with
pharmaceutical and biomedical sciences enhanced the development of novel drugs delivery
systems, that improve the efficacy and safety of the treatment [9,22,89,90]. Encapsulation of
drugs into nanocarriers could improve the metabolic stability of the drug, increase molecule
penetration through permeability barriers, allow tissue targeting, reduce toxic side effects and

provide sustained drug release [9,22,91].

Different carriers of nanosized agents, such as liposomes, micelles, polymeric or metal
nanoparticles, dendrimers and nanocrystals (Figure 1.5), can be administrated through oral,
intravenous, intravesical, transdermal, rectal or buccal mucosa delivery routes [92-94]. From
these, liposomes, lipid and polymeric nanoparticles were considered to be most popular types
of nanocarriers, due to their cost effectiveness, easy synthesis, and biodegradable properties
[22,95]. Some of the drug loaded liposome and polymer nanoparticle products have been
approved by FDA for nanomedicine use as early as 1990s, with steady increase of clinical trial
approvals observed since the late 2000s [90]. In the last decade, more of micellar, metallic and

protein-based particles have entered the development process [90].
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Figure 1.5: Illustrative representation of different nanocarrier types and their associated
approximate size, compared with the size of biological structures. Figure reprinted with

permission from Fornaguera et al., 2020 [94].

Due to the small particle size and large surface area, encapsulation of the drugs into nanosized
carriers can improve the solubility and permeability properties of the drug, allowing the
particles to cross even the most impermeable barriers [88,96]. In addition, drugs that were
claimed to be no longer suitable for the market, due to high AMR or acute toxicity, can now

have another chance with an improved drug formulation by using nanotechnology [97].

To ensure that the pharmaceutical agent has the capacity to reach its maximum efficacy, design
of the drug formulation can be challenging [87]. By encapsulating active molecules, the
biodistribution of the therapeutic agent relies on physicochemical properties of the carrier [98].
Therefore, alterations in particle size, shape and surface chemistry are the key factors that

determine performance criteria [90].



1.4. Polymeric nanoparticles as drug delivery vehicle

One of the most used materials for nanocarriers are polymers, due to their wide applicability
across the field and relatively easy synthesis [90]. Depending on the polymers selected and the
composition of the nanoparticle formulations, physicochemical, toxicity and drug release

profiles can be adjusted in order to achieve desired nanomedical product [2,94].

1.4.1. Composition of polymeric nanoparticles

Polymeric nanoparticles can be made from natural polymers, starches, cellulose, albumin,
chitosan, as well as synthetic polymers synthesised from natural monomers, such as polylactic
acid and poly(lactic-co-glycolic acid) (PLGA) [93,99]. Synthetic polymers were observed to
be biocompatible, biodegradable and non-toxic, making them FDA-approved for drug delivery
use in humans [90,100,101]. PLGA copolymer has been often used as delivery system for
active drugs, genes and macromolecules [102]. Additionally, it has been employed in various
fields of medicine, to enhance diagnosis, tissue engineering, facilitate vaccine, gene or protein

delivery [103].

PLGA is a copolymer of lactic acid (LA) and glycolic acid (GA) [104]. It can be synthesised
by ring opening polymerisation of two different monomers, which the cyclic dimers of GA and
LA [105]. During the polymerisation, the two monomers are linked together in PLGA by ester
linkages (Figure 1.6). Degradation of PLGA occur through cleavage of polymer chains by
hydrolysis, therefore leaving LA and GA products in the body to be later naturally eliminated
through Krebs cycle [105,106]. The time required for hydrolysis to degrade PLGA structure
depends on LA to GA ratio, end group of the polymer and overall molecular weight (MW)
[105,107].
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Figure 1.6: Chemical structure of LA, GA, and PLGA. Graph represents copolymerisation
reaction of lactic acid and glycolic acid monomers, leading to formation of PLGA, followed
by hydrolysis and monomer elimination through metabolic pathways. Figure reprinted with

permission from Alvi et al., 2022 [108].

PLGA is known for its shorter degradation time compared with other synthetic polymers [106].
Degradation rate can be controlled by choosing the right composition of PLGA, where higher
concentration of GA enhances the hydrophilicity of the polymer, leading to faster hydrolysis
[107,109]. Study by Budhian et al., 2005 showed that increasing LA to GA ratio in PLGA from
50:50 to 95:5 significantly sustained the release of haloperidol from 2 days needed for complete
drug release from 50:50 PLGA, to 13 days when drug was entrapped in 95:5 PLGA [110].
However, some studies suggest that shorter degradation time helps to reduce adverse reactions
during treatment, which is often observed when polymers with longer degradation time are
used [107,108]. In addition to LA to GA ratio, pH of the surrounding medium also plays
important role in PLGA degradation. With increase in pH a decrease in polymer degradation
rate and improved stability of the overall system can be observed [105,107]. Furthermore,
studies have reported, that lower MW facilitates faster degradation of the polymer, therefore
resulting in faster drug release rate [105]. Different grades of PLGA are available
commercially, which provide different LA to GA ratio, as well as capped or uncapped ester or
acid end group [107]. Ester end group polymers are reportedly more resistant to hydrolytic
degradation, therefore prolonging the shelf life of the polymer [107].
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Apart from PLGA, polymeric nanoparticle composition also often includes use of surfactants.
They are mainly used to stabilise the nanoparticles and reduce the surface tension [111].
Surfactants are known to prevent particle aggregation due to their amphiphilic nature, where
hydrophobic regions of the surfactants bind to the nanoparticles, while hydrophilic regions
interact with water providing colloidal stability [111,112]. In addition to this, use of surfactants
also often affects particle size, polydispersity index (PDI), zeta potential, sometimes also
improving solubility of the drug, which can lead to improved drug loading into the particles
[112]. Different surfactant materials are often used for polymeric nanoparticle preparation:
poly(vinyl alcohol) (PVA), polysorbates (Tween 20, Tween 80), emulsifiers (Span 20, Span 80)
and poloxamers (Pluronic F127, Pluronic F68) [113,114]. Out of these, PVA and poloxamers
are most commonly used for manufacturing polymeric nanoparticles in the biomedical field

[112].

1.4.2. Preparation methods of polymeric nanoparticles

Over the last decade, use of polymeric nanoparticles has increased exponentially due to their
advantages when compared to conventional therapies or other nano-systems [94]. Most
importantly, these particles can be obtained through easily scalable and affordable methods.
Some of these methods have been extensively documented in polymeric nanoparticle synthesis:
emulsion — solvent evaporation, nanoprecipitation (NPPT), emulsion — solvent diffusion, and
salting out techniques [94,101,115]. According to the literature, out of these, emulsion — solvent
evaporation and NPPT methods are most commonly used for PLGA nanoparticles synthesis.

Therefore, they are discussed in detail in section 1.4.2.1. and 1.4.2.2.

Polymeric nanoparticles usually carry an active pharmaceutical ingredient (API), gene or
molecule of interest, which can be either encapsulated within the particle, adsorbed on the
particle surface or chemically linked to the particles surface [101]. Mostly, polymeric
nanoparticles exist as either nanocapsules or nanospheres (Figure 1.7) [94,101]. Nanocapsules
are vesicular systems, where the substance of interest is entrapped in a cavity consisting of
liquid core, while surrounded by a solid material shape [116]. In contrast, nanospheres are
homogenous matrices, where the core and the outer surface made up of polymeric material,
where substance of interest is either retained or absorbed into the structure [94,101]. In most

studies both types are rarely differentiated, typically referring to both as nanoparticles [94].
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However, for certain applications specific types of nanoparticles are aimed to be synthesised,

which can be achieved based on the materials and synthesis methods used [115].
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Figure 1.7: Schematic illustration of nanocapsules and nanospheres as structures of polymeric

nanoparticles. Figure reprinted with permission from Zielinska et al., 2020 [115].

1.4.2.1. Emulsion — solvent evaporation

Emulsion — solvent evaporation was the first method to be developed for nanoparticle
preparation, as well as most commonly used to this day for drug encapsulation [117-119].
Emulsion — solvent evaporation method relies on the use of volatile water immiscible solvent,
which upon mixing with aqueous solution at high shear force forms nanoparticle droplets that
after solvent evaporation harden into nanoparticles [ 119]. The main advantage of this technique
is the ability to encapsulate not only hydrophobic drugs, but also hydrophilic drugs by including
additional emulsification steps to protect the drug from surrounding aqueous phase [108,119].
In addition, this method synthesises high yield of small sized particle in a short reaction time,
and despite the use of organic solvents, produces non-toxic particles [108,119]. However, some
disadvantages are also observed. Various parameters in preparation methods need to be
optimised depending on the properties of selected API and overall application of the
formulation to achieve the best results [120]. Use of homogeniser or sonication is necessary to
achieve small nanoparticles, however due to high energy and subsequently increased

temperatures of the solution, this step could affect the stability of certain drugs [112].
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During emulsion — solvent evaporation preparation method, organic phase, containing polymer
and active agents (e.g. drug) dissolved in organic solvent, is mixed with aqueous phase
containing a surfactant [115]. Then, the mixture is processed by using a high-speed
ultrasonication, which creates a dispersion of nanodroplets. The nanoparticles are formed
through the evaporation of organic solvent, after which the particles are centrifugated to obtain

solidified nanoparticles [120].

In order to minimise the escape of the hydrophilic drug to the aqueous phase, the double
emulsion — solvent evaporation method is used [117]. This method ensures that the active
agents entrapped in the internal aqueous phase can facilitate slow and sustained release, while
also protected from enzymatic degradation or oxidation [102]. However, this process is
complex and thermodynamically unstable, and therefore it is often challenging to achieve a
stable, good quality product [102]. The drawbacks of this methods are most often associated
with polydisperse, large and non-uniform particles, due to at least two emulsification steps
involved. Additionally, slow inner membrane formation might result in drug leaching out of

the hydrophilic core into external aqueous phase [102,118].

Double emulsion process involves mixing aqueous phase, that contains the hydrophilic drug,
with the organic phase, that contains dissolved polymer in the organic solvent [121]. The first
emulsion is achieved after ultrasonication process, followed by addition of the second aqueous
phase, that contains a surfactant. After another round of sonication, the final product is left
stirring until organic solvent evaporates. Some common pharmaceutical drugs, such as
anticancer drugs, anti-inflammatory and antibiotics, have been reported to be encapsulated into

nanoparticles by double emulsification method [102].

1.4.2.2. Nanoprecipitation

NPPT technique is one of the most adopted techniques for nanoparticle synthesis, due to its
single step process, good reproducibility, easy scalability, low energy input, and production of
small nanoparticles with narrow size distribution [108,115,119,122]. Contrary to the technique
of nanoparticle preparation by emulsion — solvent evaporation, NPPT method does not require
use of surfactants [115]. However, use of NPPT is limited for mostly hydrophobic active
ingredient encapsulation [102]. NPPT technique requires the use of two miscible solvents

[115]. Polymer and drug are dissolved in water-miscible organic solvent, such as acetone or
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acetonitrile, and then thoroughly mixing it with an aqueous antisolvent, which can be water or
aqueous buffer [115,122]. Spontaneous diffusion of organic phase into aqueous phase and

PLGA precipitation results in instant formation of nanoparticles [116,122].

During formation of drug loaded nanoparticles, some drug precipitation might occur, however
that depends on the concentration of the drug and its solubility in the solvent/antisolvent
mixture. Study by Hamdallah et al., 2024, refers to this as degree of supersaturation (DOS),
which is defined as ratio of between component concentration in the solvent/antisolvent
mixture after mixing and its equilibrium solubility in that mixture [122]. With high DOS,
component precipitation time could be shortened, which would lead to precipitation occurring
before homogenous component mixing is achieved [122]. This would result in reduced drug
entrapment, as two phases are formed: PLGA nanoparticles and drug particles in nano or
microparticle form [122]. Based on the DOS, other outcomes can also be observed, where drug
is entrapped into a drug-enriched core of polymeric nanoparticles, drug is entangled within

polymer chains, or drug is adsorbed onto the polymeric nanoparticles surface [122].

1.4.3. Physicochemical properties of polymeric nanoparticles

Physicochemical properties of polymeric nanoparticles, such as particle size, PDI, zeta
potential and drug entrapment efficiency are crucial parameters that determine the quality of
the nanoparticles. Multiple studies have investigated how changes in parameters of
nanoparticle synthesis methods affect the particle characteristics. These are presented in detail

in Table 1.1.

Table 1.1: Table presents a summary of different parameters that can be manipulated when
preparing polymeric nanoparticles, how changes in those parameters affect the final
characteristics of the particles, and underlying reason why changes in characteristics are
observed. Supporting literature is split between publications investigating changes in particles

prepared by emulsion — solvent evaporation (E-SE) and nanoprecipitation (NPPT) methods.

Parameters | Effect on particle | Underlying reason of the effect Supporting
characteristics studies
Polymer Increase in polymer | Increasing the concentration of the | E-SE:
concentration | concentration polymer in the organic phase |[119,123-127]
increases the overall viscosity of the | NPPT:

49



increases particle | phase. This leads to higher resistance | [119,128-130]
size against shear forces, which in turn
increases the size of the particles.
Additionally, higher viscosity of the
polymer phase contributes to slower
diffusion rate of the organic phase
into aqueous phase, which contributes
to larger particle size. Size of the
particles could also be affected by
PLGA co-polymer structure,
depending on the ratio of lactic acid
and glycolic acid, as well as different
MW of PLGA.
Polymer Increased ratio of | PLGA is a co-polymer made up of | Applicable to
structure lactic acid in PLGA | lactic and glycolic acids, where lactic | both E-SE and
co-polymer prolongs | acid is hydrophobic and has a slow | NPPT: [107-
the release of | degradation rate, while glycolic acid | 110,131,132]
encapsulated active | is hydrophilic, and therefore degrades
molecules much faster. Hence, PLGA with
higher ratio of lactic acid takes longer
release the entrapped molecules.
Surfactant Increase in surfactant | Increased viscosity of aqueous phase | E-SE:
concentration | concentration improves the stability of the | [119,125,133]
decreases  particle | emulsion, leading to a decrease in

size (only applicable
to E-SE method)

particle coalescence and aggregation.

Increase in surfactant
concentration
increases particle
size (only applicable

to NPPT method)

Due to surfactant adsorption on the

nanoparticle surface, higher
concentrations of surfactant lead to

increase in particle size.

NPPT:
[119,134,135]

Increased surfactant

concentration leads

Several studies have demonstrated

that surfactants coat the surface of

E-SE:
[112,136-138]
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to decrease in their

anionic charge,
which could also
reduce colloidal
stability  of  the

nanoparticle system

polymeric nanoparticles. PVA, which
is often used in particle preparation by
emulsion — solvent diffusion method,
form hydrophobic bonds with acetyl
groups of  PLGA, therefore
permanently attaching itself to the

surface of the nanoparticles.

NPPT:
[112,134,135]

Organic
solvent
evaporation

rate

Faster evaporation of
organic solvent leads
to smaller particle
lower

size and

polydispersity

Higher rate of solvent evaporation

leads to increased solvent front
kinetic energy, which results in higher
degree of droplet dispersion in the
aqueous phase. In contrast, slower
solvent diffusion prolongs particle
hardening process, which in turn can
lead to droplet coalescence and
aggregation during the early particle

formation process.

Applicable to
both E-SE and
NPPT:
[119,125,139]

to monomodal.

Aqueous to | Increase in organic | Larger volume of organic solvent | E-SE:

organic phase | phase decreases | reduces overall viscosity of the | [123,125,140,1

volume ratio | particle size and | polymer phase, which then prevents | 41]
ensures overall | the droplet aggregation due to faster | NPPT:
stability = of  the | organic phase diffusion into the | [123,129,130,1
particles aqueous phase. 42]

Sonication Increased  duration | By using high shear stress, the | E-SE:

amplitude and power of the | emulsion droplets are reduced in size | [119,125,143,1

and time | sonication  reduces | upon formation, therefore providing | 44]

(only the particle size reduced mean diameter as a result.

applicable to Sonication also changes particle

E-SE method) population distribution from bimodal

Particle size is the most important criterion of the nanoparticles, as it determines the in vivo

distribution and biological fate, toxicity, targeting ability, drug loading, drug release kinetics,
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and stability of the drug formulation [89]. Smaller nanoparticle size results in larger surface
area to volume ratio, which could mean faster drug release as it is closer to the surface than in
larger sized particles [96]. In contrast, larger nanoparticles can have larger drug enriched core,
therefore being able to store more drug and release it in a prolonged manner [89,138]. However,
nanoparticles sized above 200 nm were shown to trigger clearance by lymphatic system and
therefore resulting in quicker removal from the circulation [89,96]. Alternatively, it has been
shown that nanoparticles sized 100 nm had 2.5-fold greater uptake by Caco-2 cells than 1 pm
sized particles [89,96]. Furthermore, depending on the size, some nanoparticles can cross even
the most complex permeability barriers in human body, such as blood brain barrier or
urothelium [88,96]. These findings indicate that due to their small size and mobility
nanoparticles can be a desirable option for drug delivery to cellular and intracellular targets
[89]. In addition, size distribution of the nanoparticles determines the quality of the system, as
wide size distribution is often associated with particle aggregation, while uniform size

distribution (PDI < 0.3) demonstrates good quality samples with no particle coalescence [134].

Manipulation of surface characteristics of the nanoparticles can prevent particle aggregation,
ensure stability of the system, and facilitate receptor binding [89]. Surface charge shows the
electrical potential of the particles, which is influenced by the composition of particles in the
medium that they are dispersed in [89]. Generally, positively charged particles have been
shown to be better internalised in various cell lines compared to neutrally or negatively charged
nanoparticles [145]. Positively charged nanoparticles can interact with the negatively charged
mucin, which facilitates the drug transportation across mucus and enhances internalisation of
epithelial cells [97]. In addition, nanoparticles also can interact with each other, which affects
particle system stability, as well as determines if any aggregates are formed. These outcomes
depend on repulsive electrostatic forces and van der Waals attractive forces, as well as overall
surface charge of the particles which can be measured by zeta potential [146]. In order to
achieve stable formulations and prevent particle aggregation, it is recommended that particles
demonstrate the highly positive or highly negative zeta potential [89,146]. To prevent
nanoparticle coalescence, particles are often coated with surfactants, which decrease surface
tension. In addition, they also improve pharmacokinetics, encapsulation efficiency and drug
release profile [147]. Other surface modifications by membrane permeation enhancers or
ligands, that bind the receptors expressed on the cellular membrane, can improve transcellular

particle accumulation and specific tissue targeting [97].
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The shape of the nanoparticles demonstrates significance in biodistribution, loading capacity
and interactions with in vitro and in vivo systems [148]. Studies have shown that the radius of
the curvature where the initial contact between the cells and particles occur could determine
the rate of particle phagocytosis [149]. Study by Decuzzi et al., 2010 found that non-spherical
particles had more effective internalisation into different types of in vitro tissues [150]. Rod-
shaped nanoparticles were reported to have better cell uptake due to larger surface area for
nanoparticle-cell interactions, while nanowires were demonstrated to evade phagocytosis due
to their length [149,150]. However, many studies have shown that spherical particles have
unmatched high surface area to volume ratio, high drug-loading capacity and dynamic

characteristics, making them superior to non-spherical particles [151].

It is essential to understand the interactions between nanocarriers and target tissue or organs to
ensure efficient nanodrug delivery and improved drug pharmacokinetics [152]. Generally, most
critical nanoparticle-host interactions happens when particles enter the blood system, where
the biodistribution, efficacy and toxicity of the drug is determined [153]. As nanoparticles are
highly organised clusters of chemical groups and biomolecules, in some cases they can be
considered as foreign agents by human body due to differences in sugars, polysaccharides,
proteins or nucleic acids present on the surface of the nanoparticles [153]. This can lead to
insufficient absorption and diffusion of the drug into tissues compromising the drug activity
[152]. It can also have a contrasting effect, where excessive accumulation can result in
enhanced tissue-specific toxicity [152]. However, nanoparticles can be delivered directly to an
organ, such as the eye, lungs, gastrointestinal tract or bladder, which limits drug systemic
exposure, significantly reduces the chances of the drug being cleared through the lymphatic

system, as well as minimises the risk of toxicity [97,154—156].

Another important interaction between nanoparticles and target tissue is nanoparticle cellular
internalisation, that depends on the intracellular processing pathways that are activated upon
cell entry [94,153]. While traditional drugs with small molecules rely on passive diffusion or
active transport for intracellular entry, nanoparticles enter the cells via endocytosis [46]. This
process is defined as material transfer to the inside of the cell by the use of cell membrane as
collector of solutes, molecules and different particles [94]. Endocytosis is considered to
improve specific cell targeting and help nanoparticles to accumulate in the right location.
Nanoparticles internalisation endocytosis pathways can be classified into phagocytosis and

pinocytosis, which can be split into caveolar- or clathrin-mediated endocytosis, and
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macrocytosis (Figure 1.8) [46,94,97]. Phagocytosis is internalisation and elimination of mainly
larger than 0.5 um particles by mammalian cells, such as macrophages, neutrophils and
monocytes [46,94]. Pinocytosis focuses on intracellular fluid uptake, that can be surrounding
fluid or all substances in fluid form [94]. Scientists have showed that the pathway of
endocytosis depends on physiochemical characteristics of the particles, such as size, shape and
charge [46,94]. However, the intracellular entrance of the nanoparticles can be often
manipulated by using membrane permeation enhancers or ligands that bind with the receptors
expressed on the cellular membrane [97]. Particle ability to bind and interact with biological
material can alter nanoparticles surface characteristics, therefore highlighting the importance

of therapeutic formulation optimisation and examination [94,101].
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Figure 1.8: Schematic representation of the mechanisms of endocytosis internalisation

pathways. Figure reprinted with permission from Fornaguera et al., 2020 [94].

Ensuring that nanoparticles interact with the target tissue or internalise intracellularly is
important for enhanced particle accumulation at the target site, however efficient drug loading
and drug release is crucial when developing nanoparticle drug delivery system. To achieve that,
drugs can be loaded into nanoparticles by either incorporating the drug during particle
preparation process or by adsorbing it to the nanoparticles after their formation is finished

[89,157]. Difterent particle preparation methods can result in different types of drug
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entrapment, where drug is entrapped in polymer matrix, encapsulated in liquid core, adsorbed
on the particle surface, or trapped in the nanoparticle core by shell-like polymer membrane
[105]. Thus, depending on the drug entrapment in the polymer, different drug release
mechanisms can be observed: desorption of the drug from the surface of the particle, diffusion
from particle matrix, diffusion through the polymeric shell of the nanoparticles, or diffusion
out of particle matrix due to polymer erosion [105,157]. The rate of drug release depends on
chosen polymer matrix, specifically its biodegradation, drug solubility, as well as pH and

temperature of surrounding medium [96].

1.4.4. Toxicity profile of polymeric nanoparticles

With increasing attention of using polymeric nanoparticles as a drug delivery vehicle, potential
toxicity related to increased human exposure and unknow dosage of nanomedicine has to be
investigated to ensure safe and effective treatment. Due to different factors and different APIs
involved in polymeric nanoparticles, it is challenging to establish cytotoxicity profiles of PLGA
nanoparticles on different cell lines [158]. However, based on the results of multiple studies, it
appears that cytotoxicity is increased with the length of the exposure of nanoparticle treatment,
due to the high intracellular accumulation of the drug over treatment time [158-160].
Additionally, some studies have demonstrated that size-dependent -cytotoxicity by
nanoparticles is caused by their ability to internalise within cells and modify their crucial
cellular functions, which leads to rupture of membrane of the subcellular structures and
overproduction of reactive oxygen species (ROS) [161,162]. Overexpression of ROS results in
oxidative stress, that affects the normal physiological functions of the cells and can cause DNA

damage, dysregulation of cell signalling, and ultimately cell death [161].

Surface modification of nanoparticles, which is often implemented for specific tissue targeting
or to improve particle attachment and permeation through biological barriers, can also
contribute to the overall toxicity of the nanomedical treatment [158,161,162]. Nanoparticles
with reactive surface moieties can interact with different intracellular and extracellular
biomolecules, which could lead to disturbance of the tissue or cellular homeostasis [161]. Most
reports demonstrate that cationic surface charge contributes to the enhanced cytotoxicity,
however such reports are mostly based on studies examining inorganic nanoparticles
[161,163,164]. In contrast, some studies have found that surface modifications can improve

toxicity profiles of the nanoparticles. For instance, polyethylene glycol (PEG) is often used to
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coat polymeric nanoparticles in order to enhance their systemic circulation time, enhance
penetration of biological barriers, and prevent or enhance particle binding to mucous
membranes, depending on the MW of the material used [104,115,165,166]. Findings
demonstrate that API encapsulation into PEGylated PLGA nanoparticles had significantly
reduced cytotoxicity compared to the free API treatment [161,167].

The components, that are usually used for polymeric nanoparticle synthesis, have been shown
to be safe to use in human body. The most commonly used polymer for nanoparticles, PLGA,
is a biodegradable polymer that has been approved for drug delivery purposes in humans by
FDA [90]. Surfactants, such as poloxamers and PVA, have demonstrated some cytotoxicity
systemically with higher concentrations of surfactants used, however it was proven by multiple
studies that low concentrations used for nanoparticle synthesis do not seem to cause any
cytotoxicity in vitro [136,168—170]. In addition, conventional nanoparticle synthesis methods
use organic solvents, which are later evaporated from nanoparticle formulations [108,115,171].
However, even after several washes, some residual organic solvent remains in the nanoparticle

system, which could lead to some undesirable toxic effects [171].

1.5. Nanomedicine: current and future products on the market

Nanomedicine is a field that combines nanotechnology with pharmaceutical and biomedical
sciences for the development of therapies with higher efficacy and improved toxicology
profiles [90]. Similarly to the traditional drugs, nanomedicines also require pre-market
approval and their pre-clinical and clinical validation from FDA and European Medicines
Agency (EMA) [90]. Although a clear interest in development of nanotechnology has been
observed in most countries, researchers still face challenges related to insufficiency of specific
regulatory guidelines for production of nanomedicines [172,173]. Due to diversity of
nanoparticle composition, characteristics, and potential surface coatings, their interactions with
the biological systems and interparticle interactions in vivo and are hard to predict, increasing
the risk of unexpected therapeutic effects or toxicity [172,174]. Lack of standard protocols in
the early development of the nanomedicine products leads to often unforeseen toxicity of the
treatment in the later stages of clinical trials, resulting in overall failure of the product [172].
Most often, clinical trials are long, complicated, and expensive, which means that standardised
and improved regulatory process for nanomedicines is necessary to enable novel

nanotherapeutics to enter the market [174].

56



1.5.1. Approved polymeric nanoparticle products

The very first generation of nanoparticle-based therapies focused on liposomes and micelles,
which have been approved by FDA for drug delivery use since the late 1990s [172]. Current
nanomedicine products that are approved for clinical practise all revolve around the drugs that
have low solubility and high toxicity, as encapsulation of these drugs into nanoparticles enabled
better bioavailability and reduces toxicity [172]. However, since 2016 the majority of FDA
approved nanoparticles for drug delivery were polymeric, with liposomal and lipid-based
nanoparticles following closely [175]. Since the 1990s, there had been several PLGA-based
injectable depot formulations that were approved for use by FDA [173]. These are long-acting
formulations in form of microparticles, in-situ gels, or solid implants, where drug depot needs
to be reintroduced after predetermined amount of time, ranging from 1-2 weeks, to several
months [173]. Out of prolonged drug delivery depot types, polymeric nanoparticles appear to
be most often ones used, with many products, such as Nutropin Depot®, Arestin®, Vivitrol®,
Sublocade® and Rebinyn® products already in the market [173,175]. These products mainly
focus on prolonged treatment of disorders such as cancers, haemophilia, control and reduce
infections, help manage alcohol or opioid dependencies, or supplement crucial hormones
[90,172,173,175,176]. Currently, there are no drug loaded PLGA nanoparticles that have been
approved by FDA or EMA.

1.5.2. Nanomedicine for treating bladder infections

Extensive studies have attempted to treat bladder diseases and infections by using
nanomedicine. Implementation of nanotechnology has overcome the limitations often
exhibited by traditional drugs administrated orally, intravenously, or intravesically. by
increasing drug retention time in the bladder, improving drug bioavailability and uptake
through biological barriers, as well as reducing drug-related toxicity [2,177]. Most of the
studies that explore nanoparticle facilitated drug delivery to the bladder focus on treating
bladder cancer [88,95]. Despite that, multiple studies have investigated whether UTI treatment
with drug loaded nanoparticles was possible. They demonstrated successful antibiotic
encapsulation in PLGA nanoparticles, which resulted in sustained drug release, effective
antimicrobial activity against pathogenic bacteria, and improved drug accumulation
intracellularly, thus enhancing therapeutic efficacy and reducing drug toxicity [121,154,178—
181].
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In the past, GEN was used as one of the main antibiotics in treating bacterial infections,
however due to high risk of side effects and AMR, it had to be substituted with other antibiotics
[52]. However, several studies shown that encapsulating GEN into polymeric nanoparticles or
microparticles can reduce the side effects of this drug and improve its efficacy. Study by
Abdelghany et al., 2012 have observed elevated antimicrobial efficacy of gentamicin loaded
PLGA nanoparticles in vivo when it was used to treat Pseudomonas aeruginosa infection in
mice model [121]. In addition, after 96 hours of the treatment, free GEN seized to prevent the
rise of the bacterial count, while significantly lower bacterial concentrations were detected in
mice treated with GEN loaded PLGA nanoparticles due to continued sustained release of the
drug [121]. Similarly, the study by Imbuluzqueta et al., 2013 provided evidence that localised
delivery of hydrophobic GEN loaded PLGA nanoparticles improved the efficacy of GEN
compared to the free drug [178]. Additionally, the study demonstrated reduced toxicity of the
GEN nanoparticle treatment, whereas free GEN treated mice exhibited pathogenicity in kidney
tissue [178]. Study by Dorati et al., 2018 showed that GEN loaded PEG-PLGA nanoparticles
had the same antimicrobial activity in vitro compared to free GEN [182]. Results demonstrated
successful 100% drug release achieved within 10 hours, which did not show significant impact

on the antimicrobial properties of the drug [182].

Alternatively, some studies have attempted to encapsulate antibiotics such as nitrofurantoin and
trimethoprim, which are currently used as first-choice treatment from uncomplicated UTIs.
Due to effective and non-toxic systemic treatment of nitrofurantoin, only a few studies have
attempted to encapsulate this drug into nanoparticles [183,184]. Study by Lau et al., 2020
provides evidence how encapsulated nitrofurantoin is more effective in destroying UPEC
reservoirs than a free drug [185]. PLGA nitrofurantoin loaded microparticles demonstrated
reduced bacterial count for the duration of 3 days, indicating that encapsulation of
nitrofurantoin does not interfere with the efficacy of the drug. In addition, results showed
enhanced intracellular drug delivery from nitrofurantoin microparticles in vitro and in vivo,
compared to free nitrofurantoin treatment, which lead to poor drug accumulation of therapeutic
levels in bladder cells. This research also found that microparticle entrapped nitrofurantoin
does not show any adverse effects, additionally, encapsulation of the drug reduces its toxicity
compared to the same dose of the free drug [185]. Alternatively, trimethoprim has been
successfully encapsulated into nanoparticles and microparticles by Brauner et al., 2020 [186—

188]. Studies found that higher drug loading was observed in PLGA nanoparticles, with
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sustained release observed for 24 hours, while microparticles showed much poorer drug
loading, however it prolonged drug release up to 9 days [187]. Study by Skoll et al., 2023
demonstrated successful trimethoprim encapsulation into human serum albumin nanoparticles,

which could be used to treat UTIs [189].

Apart from antibiotic drug encapsulation, other methods of UTI treatment with nanoparticles
have been investigated. Study by Macedo et al., 2017 found that incorporating amino-cellulose
nanoparticles into silicone of standard urinary catheters had antibiofilm effect, preventing
biofilm growth and formation by E. Coli [190,191]. Interestingly, some antibiofilm materials,
such as amino-cellulose or glycerol monolaurate, did not exhibit any antimicrobial properties
as free molecules, however their encapsulation into nanoparticles improved their solubility and
bioavailability, as well as provided different particle surface characteristics [190,191]. This has
allowed cellular penetration and accumulation in the target tissues, as well as cationic
nanoparticles improved particle adhesion to the negatively charged cell membrane of the
bacteria [191,192]. Alternatively, some studies demonstrated encapsulation of natural
compounds, such as cranberry and polyphenol 60, that demonstrated enhanced antimicrobial
activity against E. Coli due to enhanced bioavailability, improved pharmacokinetics, stability

and cellular uptake [191,192].

Some nanoparticles have been synthesised to specifically target bacterial cells, that not only
establish contact between drug loaded nanoparticles and bacteria, but also enhance bacterial
recruitment to the treatment site [192]. These can be antibody-based, aptamer-based, or
electrostatic interaction-based strategies [192]. Nanoparticle surface modification by
antibodies or aptamers improves direct binding of the nanoparticles and bacteria, due to
antibody or aptamer recognition of bacterial cell elements [192]. These have been especially
utilised to be used as vaccines for UTI prevention and treatment, discussed in more detail in
section 1.2.2.2. Alternatively, surface medication of nanoparticles to obtain a cationic surface
charge has allowed electrostatic interactions with negatively charged bacterial membrane
[88,192]. Nanoparticles made or coated with chitosan are probably the most established
cationic nanoparticles in the nanotechnology field, as they are biodegradable, non-toxic and
demonstrate mucoadhesive properties due to their positive surface charge [193]. This is further

explored in section 1.6.1.
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Great number of potential inorganic nanocomposites have been investigated for UTI treatment,
such as silver, gold, copper and iron based nanocarriers [191,192]. Since they are metal
nanoparticles, they do not aim to induce alterations in metabolic pathways of pathogens,
meaning that cannot trigger bacterial resistance mechanisms [194]. Silver nanoparticles have
attracted the most attention, as they have been shown to promote downregulation of the
expression of the genes associated with citric acid cycle and amino acid metabolism, which are
involved in the cellular growth of E. Coli [192,194]. This means, that silver nanoparticles can
enter bacterial cells and inhibit DNA synthesis, as well as release silver ions, which cause
oxidative stress to the bacteria and exhibits its antimicrobial activity [195]. While multiple
studies showed that bacterial infection treatment with silver nanoparticles demonstrated
comparative antimicrobial activity to common antibiotic treatments, study by Lopez-Carrizales
et al., 2018 showed that combining the antimicrobials with silver nanoparticles significantly
enhanced the efficacy of the treatment in multi-resistant uropathogens [191,196,197]. Zinc
oxide nanoparticles have also gained a lot of attention, as it exhibits cell internalisation and
bactericidal effects against several uropathogenic bacterial strains [191,194,197]. Several
studies have reported zinc oxide nanoparticles exhibited significant antimicrobial properties
against resistant bacteria, making it an excellent candidate for UTI treatment [194,197].
However, metallic nanoparticles demonstrate some limitations too. Synthesis of metallic
nanoparticles uses toxic elements, which questions the safety of the treatment, as well represent
environmental problems due to hazardous waste [191]. Additionally, issues such as difficulty

in scale-up production, instability and aggregation are often mentioned [191,197].

1.6. Intravesical drug delivery (IDD) to the bladder

Human urinary bladder is a hollow organ with a urethral access, therefore, localised treatment
through injecting the drug via catheter are an attractive option for drug delivery. Intravesical
drug delivery (IDD) ensures that the drug is not affected by first pass metabolism, which in
turn significantly enhances therapeutic effect on desired tissue, along with significantly
reducing drug degradation before reaching the target location [198]. Localised delivery of the
drug also contributes to lower drug levels in the serum, therefore eliminating the risk of side
effects caused by toxic drugs [199]. Intravesical drug delivery to bladder specifically ensures
minimal systematic drug exposure, as urothelium is known to be the most impermeable
biological barrier in human body [81,82,198]. In addition, minimised drug exposure to the

whole body reduces the risk of AMR [200].
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However, IDD system has its own limitations. IDD to the bladder requires catheterisation, and
as discussed in section 1.2.2.5., current standard catheters used for urine drainage are not
approved for drug delivery purposes and their use is linked with increased risk of contracting
bacterial infections [86]. It is also important to mention that catheterisation and IDD to treat
uncomplicated UTI cases, that are normally successfully treated orally, is seen as unnecessary
procedure by the GPs and general public [81]. However, one of the biggest limitations of the
bladder is low permeability of the urothelium, which prevents drug or particle internalisation
into the bladder cells [9,198]. In addition, as the main function of the bladder is to store and
void urine, frequent dilution and washing out of the drug might require more frequent dosing
[9]. However, over the last decade researchers have explored different options to overcome

challenges associated with IDD to the bladder.

1.6.1. Urothelium permeability enhancement

Urothelium constantly maintains urine-to-blood electrochemical gradient by regulating passive
diffusion [9]. If manipulated, this barrier can be made more permeable to allow better passage
for solutes. Electromotive drug administration (EMDA) is a technique that allows aqueous drug
transport into the urothelium using small electric current on bladder wall [9]. The mechanism
of EMDA 1is based on iontophoresis, electro-osmosis and electroporation [201,202].
Iontophoresis is defined as ionised particle transportation across membrane due to the
application of electrical current [201,202]. Non-ionised particles are then transported through
the membrane due to electro-osmosis, that occurs based on the concentration gradient of
ionised molecules [201]. Finally, electroporation increases the permeability of the membrane
following the application of the electric current [201]. It has been confirmed to be an effective
drug delivery system to treat low-risk bladder cancers with mitomycin C, with several trials
and cohort studies demonstrating significant benefit in this type of treatment [202—-204]. Side
effects of the EMDA treatment were comparable with side effects observed with other bladder
cancer treatments, such as passive mitomycin C or passive bacille calmette-guerin (BCG)
[201,202,204]. However, EMDA is a complicated drug delivery method, as it requires a strict
monitoring of voltages to ensure no damage is caused to the bladder wall [9]. At the moment,
this method has not been widely embraced by urologists as larger RTCs are needed to confirm

the efficacy and safety of this treatment [205]. While EMDA application in delivering
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antibiotics to treat UTIs have not yet been studied, it could be a potential treatment method for

patients suffering from recurring UTIs.

Chemical penetration enhancers have been reported to interact with tightly packed umbrella
cell layer [9]. One of the enhancers, dimethyl sulfoxide (DMSO) is known as an organic solvent
that has anti-bacterial and anti-inflammatory properties, as well as ability to penetrate tissues
without inflicting damage. However, use of chemical penetration enhancers can irreversibly
disrupt the barrier function of the urothelium and cause side effects, such as painful and
frequent urination [177,198]. Interestingly, use of DMSO was shown to enhance
chemotherapeutical drug delivery to bladder tumours [9]. In addition, 50% of DMSO has been
marketed as intravesical treatment, called Rimso-50, for interstitial cystitis/painful bladder
syndrome. DMSO is known to stimulate bladder afferent pathways and release of nitric oxide
from afferent neurons, which desensitise the nociceptive pathways leading to symptomatic

relief [206].

Other biomolecules have also demonstrated effective ways to improve permeability layer of
urothelium. For example, cell-penetrating peptides (CPPs), which are short peptides that can
transfer various cargoes across cell membranes [177]. These cargoes can either be attached
directly to a CPP or can be encapsulated into CPP-modified nanocarriers. Study by Hsieh et
al., 2011 found that a small amino acid CPP called R11 successfully passed through bladder
wall and was found internalised into bladder urothelium in the mice model [207]. Authors
hypothesised that attaching antibiotics to R11 could enhance the drug uptake into bladder cells
and provide faster treatment of bladder infections. Several other studies demonstrated
promising outcomes from CPP based treatment of bladder disorders, such as interstitial cystitis,
bladder overactivity or even bladder cancer [208-211]. However, no CPP-conjugated drugs
have been FDA approved, with several clinical trials also terminated [212]. Use of CPP for
enhanced permeability for improved drug delivery reported limitations such as poor stability
in vivo, increased risk of immune system response, cellular toxicity due to increased levels of
internalisation of therapeutic molecules, low specificity and endosomal degradation after

entering the cytosol of the cell [212].

Chitosan has been proposed as a polymer that could be used to enhance permeability of the
urothelium [213]. Chitosan is a biocompatible, biodegradable and non-toxic polymer, that has

bio-adhesive properties and is often used for drug absorption enhancement during IDD [214].
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Chitosan is a polysaccharide composed of N-acetyl-D-glucosamine and D-glucosamine, linked
by 1-4-B-glycosidic bonds, and is obtained through alkaline deacetylation of chitin [215,216].
Due to its positive charge, chitosan is known to interact with negatively charged epithelial
surfaces, and therefore is widely used as a mucoadhesive agent, as discussed in detail in section
1.6.2. [213,215]. However, chitosan also enhances urothelium permeability by disrupting the
tight junctions between umbrella cells [9,217,218]. It has been demonstrated by Hsu et al.,
2013 that during electrostatic interactions between chitosan and integrin aV33, confirmational
change of integrins occurs arranging integrins into clusters along the cell border (Figure 1.9)
[219]. This, in turn, leads to F-actin rearrangement, protein CLDN4 down-regulation and
increased paracellular permeability, which indicated disruption of tight junctions [219].
Electrostatic interaction between the chitosan and the cells is essential for disruption of tight
junctions, as increasing pH and subsequent deprotonation of chitosan reduces paracellular
permeability [219]. It is important to note, that Hsu et al., 2013 study was performed on Caco-
2 cells line, that is originally derived from colon carcinoma and therefore could have cancerous

properties.
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Figure 1.9: Schematic representation of molecular mechanisms that occur as a consequence of
electrostatic interactions between positively charged chitosan and negatively charged
epithelium cells and disrupt tight junction function in a pH-dependent manner. Figure reprinted

with permission from Hsu et al., 2013 [219].

Studies have showed that once chitosan adheres to the apical membrane of umbrella cells, it
then causes necrotic changes and desquamation of the umbrella cells [213,217]. Although the
mechanism of desquamation induction is unknown, it has been observed that higher

concentrations of chitosan and longer cell exposure to chitosan lead to significantly increased
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permeability of the urothelium [220]. Despite this, no long-term toxic effects have been
reported, with several studies demonstrating differentiation of umbrella cells almost
immediately following chitosan induced cell desquamation [213,217,221]. Interestingly,
chitosan has been suggested as potential treatment to combat recurring UTIs. As discussed in
section 1.1.2., UPEC QIRs can be found in the inner layers of urothelium and lay dormant for
long periods of time before triggering resurgent growth of UPEC, causing an UTI episode.
Study by Erman and Verani¢, 2018 propose that by using several instillations of chitosan,
combined with antibiotics, exfoliation of umbrella cells can be triggered, followed by
regeneration process until UPEC QIRs are destroyed [213]. They have demonstrated success
of this treatment on mice model, where four rounds of chitosan and ciprofloxacin lead to
complete bacterial eradication, with no reported relapse episodes or recorded toxicity to the

urothelium [221].

1.6.2. Mucoadhesive nanocarriers for direct to bladder delivery

Incorporating mucoadhesive materials onto drug loaded nanoparticles for IDD have gained a
lot of interest, especially in drug delivery to treat bladder disorders. Mucoadhesive nanocarriers
could prolong drug residence in the bladder by adhering to the bladder wall and prevent it from
being flushed out by the urine [222]. It has been shown that mucoadhesive materials can
interact with GAG layer components via free hydroxyl or carboxyl groups, therefore allowing
prolonged attachment to the urothelium [9]. The adhesion of mucoadhesive molecules to mucin
layer involves physical interaction, followed by mucoadhesive particle interpenetration into the
GAG layer, then electrostatic and/or covalent bond formation between the surface and the

mucoadhesive polymers [177].

Multiple studies have demonstrated mucoadhesive properties of chitosan, as due to its cationic
charge it forms electrostatic interactions with negatively charged GAG layer on the bladder
surface [9,223]. As stated previously, chitosan is a biocompatible, biodegradable and non-toxic
polymer, that has been FDA approved for wound dressing applications, as well as determined
to be safe for human dietary use [215]. Advantages of chitosan have been widely reported in
mucosal area targeting studies. Reports in literature state that chitosan coated nanoparticles
have enhanced drug bioavailability due to prolonged drug residency time in the target tissue
[223]. Several studies have shown that higher MW of the chitosan used for polymeric

nanoparticle coating demonstrated enhanced mucoadhesive properties, suggesting that longer
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polymer chains achiever stronger interaction with GAG layer [88,224,225]. Additionally,
concentration of chitosan used for nanoparticle coating was also shown to influence overall
mucoadhesive properties, with higher concentrations of chitosan leading to stronger
mucoadhesive properties [224]. Some studies have proved, that adding chitosan coating to
PLGA nanoparticles have reduced initial burst effect observed during the in vitro drug release
assay [193,226,227]. It is suggested that chitosan coating reduced the amount of drug that could
be absorbed onto the nanoparticle surface, therefore reducing the concentration of loaded drug
released at the beginning of the drug release assay [193]. Another important criterion for
mucoadhesive properties of chitosan is pH of the surrounding media. Chemical structure of
chitosan shows that this polymer possesses reactive hydroxyl and amino groups, of which the
latter have a pKa value of 6.3 [228]. At pH above 6, chitosan becomes deprotonated, which
leads to loss of its cationic charge and solubility [228,229]. Therefore, the chitosan coated
nanoparticles demonstrate strongest mucoadhesive properties in acidic pH medias [224].
Several studies have confirmed the mucoadhesive properties of chitosan coated polymeric

nanoparticles on ex vivo porcine or lamb bladder tissues [222,230,231].

Chitosan derivatives have gained interest as multiple studies provided evidence that
derivatisation improved mucoadhesive properties of chitosan [216]. Additionally, some
derivatisations showed increased permeation of hydrophilic drugs, protection of the acid
sensitive drugs, enhanced drug release in basic environment, and overcome limited solubility
in neutral pH [215]. Chitosan derivatives can be produced by alteration of hydroxyl or amine

functional groups [215].

One of the well-known chitosan derivatives is a thiolated chitosan. Thiolated polymers are
known to form disulphide bonds with cysteine domains in mucous [88,232]. Therefore,
thiolated chitosan demonstrates enhanced mucoadhesive properties, achieved through
disulphide bonds between thiolated polymers and mucous, as well as disulphide bonds between
chitosan and cysteine-rich mucous glycoprotein domains [88]. Study by Barthelmes et al., 2013
found that chitosan-thioglycolic acid (chitosan-TGA) nanoparticles have exhibited
significantly higher adhesion to the urinary bladder mucosa, compared to unmodified chitosan
nanoparticles. This was shown in in vivo rat model, where more than 50% of the chitosan-TGA
nanoparticles were present on the bladder mucosa 6 hours after the treatment, compared to only

15% of unmodified chitosan nanoparticles remaining on the bladder surface.
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Chitosan derivatisation with methacrylate groups has also demonstrated to enhance
mucoadhesive properties more than unmodified chitosan [88]. Methacrylate groups form
covalent bonds with thiol-groups present in the cysteine-rich domains on mucosal surface
[233]. Study of Kolawole et al., 2018 tested mucoadhesive properties of the methacrylated
chitosan [233]. This chitosan derivative was achieved through amino groups of chitosan
reacting with methacrylic anhydride. Results of the study found that highly methacrylated
chitosan had superior mucoadhesive behaviour compared to unmodified chitosan. In addition,
the study reported no significant different in toxicity on in vitro bladder tissue when treated
with unmodified or methacrylated chitosan, therefore indicating that this chitosan derivative
can be used safely to enhance mucoadhesive properties [88,233]. Other chitosan derivatives,
such as trimethyl chitosan, carboxymethyl chitosan, glycol chitosan, have been reported to

improve mucoadhesive properties [216].

Alternatively, a new approach for mucoadhesive drug delivery to the bladder has been gaining
interest. A mucoadhesive in-situ forming gel has been investigated as drug delivery system for
IDD to the bladder [234-238]. One of the main advantages the in-situ forming gel is the
relatively easy administration, as it could be facilitated by a standard catheter and sol-gel
transition should be triggered only within the bladder due to exposure to the body temperature
[235]. Study by Sherif et al., 2018 demonstrated that the hydrogel would not interfere with the
physiological functions of the bladder, as mucoadhesive hydrogel adhered to the bladder wall
and did not block the urethral passage needed for urine voiding [239]. Alternatively, study by
Lin et al., 2014 presented an in-situ gel, which after gel-sol transition in the bladder exhibited
production of CO2, which when attached to the surface of the hydrogel, allowed it to float on
the urine [240]. Mucoadhesive properties of the nanoparticles entrapped in chitosan hydrogel
were compared with free chitosan coated solid-lipid nanoparticles in study by Shawky et al.,
2022 [234]. Results revealed that after 5 rounds of urine washes, nanoparticles entrapped in
hydrogel demonstrated 12% to 24% better retention on the bladder wall, compared to free
mucoadhesive nanoparticles [234]. In addition, nanoparticle entrapment into hydrogels

demonstrated sustained release of the encapsulated drugs [234,238].

1.7. Thesis objectives

UTIs are one of the most common bacterial infections in the world, requiring urgent solutions

and improved treatment to combat increasing infection rates, economic burden on healthcare
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institutions, and rising AMR cases. Current treatment of orally administrated antibiotics
continues to contribute towards AMR disaster, increasing the possibility that in the next several
decades bacterial strains will show ineffectiveness to most antimicrobial agents [48].
Therefore, new therapeutical agents and drug administration routes need to be investigated to
improve effectiveness of UTI treatment, reduce the risk of side effects associated with systemic

antibiotic exposure, and minimise the risk of AMR.

This project aims to combine nanotechnology with IDD, creating a mucoadhesive nanoparticle
system for drug delivery directly to the bladder to treat UTIs. Combined therapy of antibiotic
and COX-2 inhibitor drug was proposed, with therapeutical agents encapsulated in separate
nanoparticle systems tailored to enhance the loading of each drug. In addition, nanoparticle
coating with mucoadhesive materials is explored to prolong particle retention time in the
bladder. Chapter 3 focuses on improving GEN therapy for treatment of UTIs, as entrapment
of this antibiotic into nanoparticles and direct to bladder delivery could place this drug back on
the market for UTI treatment, based on minimised associated risk of AMR and side effects.
The work in this chapter studies hydrophobic ion pairing (HIP) with hydrophilic GEN to reduce
hydrophilicity of the antimicrobial agent and improve its entrapment into the PLGA
nanoparticles. Chapter 4 examines the physicochemical properties and toxicity of the
polymeric nanoparticles coated with different types, MWs and concentrations of mucoadhesive
polymer chitosan, with mucoadhesive properties of the nanoparticles assessed on ex vivo
porcine bladder tissue. In addition, mucoadhesive properties of water-soluble chitosan
derivative, called carboxymethyl chitosan, were investigated on bladder urothelium, which has
not yet been reported in the literature. Finally, the work in Chapter 5 aimed to develop a novel
therapeutical treatment of UTIs using a COX-2 inhibitor drug. Two nanoparticle preparation
methods were compared to obtain desired physicochemical characteristics of the CLX loaded
nanoparticle formulations. Mucoadhesive coating, which was optimised in Chapter 4, was
then successfully applied to the CLX loaded nanoparticle formulations, presenting stable

colloidal particle systems.

Thus, the aims of this study include the following:

Discussed in Chapter 3:

e To investigate which counterion achieves most efficient binding to GEN, as well as full

dissociation from the drug once in physiologically accurate medium.
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To prepare polymeric nanoparticles loaded with high concentration of ion paired GEN
complexes.

To evaluate if GEN complexation into HIP enables in vitro sustained drug release from
ion paired GEN (GEN:HIP) loaded polymeric nanoparticles.

To compare antimicrobial sensitivity of ion paired GEN loaded nanoparticles with free,
un-paired GEN (UNP-GEN) loaded nanoparticles and observe whether HIP enhances
GEN antimicrobial properties.

Discussed in Chapter 4:

To study the impact of formulation parameters, such as type, concentration and MW of
chitosan, as well as concentration of surfactant, on the physicochemical characteristics,
such as size, polydispersity index, and particle charge, of mucoadhesive polymeric
nanoparticles.

To investigate pH dependency of mucoadhesive properties of chitosan coated PLGA
nanoparticles.

To measure mucoadhesive properties of mucoadhesive polymeric nanoparticles in vitro
and ex vivo, as well as compare the results of both assays.

To evaluate toxicity and mucopenetrative properties of mucoadhesive polymeric

nanoparticles on ex vivo porcine bladder tissue.

Discussed in Chapter 5:

To compare two nanoparticle preparation methods (nanoprecipitation and single
emulsion — solvent diffusion) by analysing how the selected parameters (polymer
amount, drug amount, volume of the organic phase) affect the characteristics of CLX
loaded PLGA nanoparticles.

To utilise DoE technique to achieve colloidally stable CLX loaded PLGA nanoparticle
system, with small particle size and polydispersity index, but high drug entrapment and
drug loading.

To apply mucoadhesive coating on the optimised CLX loaded PLGA nanoparticles and

examine how it affects nanoparticle physicochemical and biological parameters.
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Chapter 2

Materials and methods
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2.1. Introduction

This chapter provides insights into the materials, methodologies and characterisation
techniques used throughout the project. During the project, polymeric nanoparticles were
developed using poly(lactic-co-glycolic acid) (PLGA) polymer, with additional use of chitosan
to coat the nanoparticle surface. In order to achieve this, conventional nanoparticle preparation
techniques were used: emulsification — solvent evaporation and nanoprecipitation (NPPT). The
preparation of polymeric nanoparticles also included the use of excipients poloxamer 407
(P407) and poly(vinyl alcohol) (PVA). Obtained PLGA nanoparticles were loaded with either
hydrophilic antibiotic Gentamicin (GEN), or hydrophobic non-steroidal anti-inflammatory
drug (NSAID) Celecoxib (CLX). Polymeric nanoparticles obtained for fluorescent analysis
were loaded with hydrophobic fluorescent dye Coumarin-6 (C6). For particular experiments

and studies blank polymeric nanoparticles were examined.

Several analytical chemistry techniques were used to examine the physicochemical properties
of the crude materials and formulated nanoparticles. These techniques included dynamic light
scattering (DLS), attenuated total reflectance — Fourier transform infrared spectroscopy (ATR-
FTIR), transmission electron microscopy (TEM), and powder X-Ray diffraction (PXRD), and
in vitro drug release. The drug quantification for encapsulation efficiency calculations was
performed by high-performance liquid chromatography (HPLC), while fluorescence of the
fluorescent dye C6 was measured using spectrofluorometer. Additionally, histology studies

were conducted on ex vivo porcine bladder tissue.

This chapter describes general techniques and main materials used for this project. However,
some specific protocols that were used in the certain sections of this study are detailed in the

“Materials and methods” sections of the relevant results chapters.

2.2. Materials
2.2.1. Poly(lactic-co-glycolic acid)

Poly(lactic-co-glycolic acid) (PLGA) is a copolymer, formed by copolymerisation of lactic and
glycolic acid monomers via ester linkages (Figure 2.1). The molecular weight (MW) and
composition of the polymer depends on the ratio of lactic and glycolic acid, which also
determines the degradation rate of the polymer [241]. PLGA is an amorphous polymer, which

is often used as nanocarrier due to good biocompatibility and biodegradability. Additionally,
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this polymer is soluble in wide variety of solvents, water miscible and immiscible, and
therefore can be processed into any shape and size, making it a versatile tool for encapsulation
of variety of biomolecules. Since it was developed, PLGA has been used to encapsulate wide
variety of molecules, including drugs, proteins, chemotherapeutics, hormones and genes [242].
For this study, amorphous PLGA with 50:50 lactic to glycolic acid ratio was chosen. The MW
of this polymer was 38,000 — 54,000 Da, with reported glass transition (T) temperature of 46

— 50 °C, and a terminal ester group.

CH, 0O

OH 0

Figure 2.1: Chemical structure of Poly(lactic-co-glycolic acid) (PLGA).

2.2.2. Chitosan

Chitosan is a biodegradable polysaccharide, that was derived from chitin via deacetylation
[243]. It 1s generally accepted that over 70% deacetylation of chitin results in chitosan, with
MW of the polymer also depending on the deacetylation percentage [244]. Higher
deacetylation increases MW of the chitosan, leading to improved stability, but it also reduces
its solubility in most solvents. Chitosan is water-insoluble, however it is soluble in aqueous
acidic media below its pKa (pH = 6.5) [244]. To improve solubility of chitosan in water and
other solvents, several chitosan derivatives have been established by chemical modification of

the reactive functional groups, such as hydroxy and amine groups [245].

In this study, different MWs of chitosan are selected: low MW (50-190 kDa, 75-85%
deacetylated chitin), medium MW (190-310 kDa, 75-85% deacetylated chitin), high MW (310-
375 kDa, >75% deacetylated chitin) (Figure 2.2). The form of the chitosan changes from oft-
white powder of low MW to increasing amount of coarse ground flakes within the powder of
higher MW. Additionally, chitosan derivative carboxymethyl chitosan (>80% deacetylated
chitin) is also used in this study (Figure 2.2). It appears as off-white fine powder and

demonstrates improved solubility in water, where no acid is needed for full solubilisation.
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Figure 2.2: Chemical structure of (A) chitosan and (B) carboxymethyl chitosan.

2.2.3. Poloxamer 407

Poloxamers, also sometimes referred to as Pluronics, are block copolymers, that are comprised
of hydrophilic ethylene oxide (EO) and hydrophobic propylene oxide (PO) blocks arranged in
a triblock structure of EOx-POy-EOx (Figure 2.3) [138,168]. Poloxamers are widely used in
pharmaceutical formulations, often added to the nanoparticle formulations as surfactant or
solubilising agent. They coat the particle surface through hydrophobic interactions between the
polymer and hydrophobic PO moieties, with hydrophilic EO block extending into the aqueous
media [138]. For this study Kolliphor® P 407 (P407) was selected, with reported 95 to 105 EO
units and 54 to 60 PO units, totalling a MW of 10,000 to 14,600 g/mol. Poloxamer was of oft-
white colour, formed of coarse-grained powders with a waxy consistency. It demonstrated a
great solubility in some solvents, including acetonitrile and dichloromethane, and water, with

reported critical micelle concentration (CMC) at 34.2 mg/L (at 37 °C).

HO O H
o 0
a b a
CHj

Figure 2.3: General structure of poloxamers. Figure reprinted with permission from Guan et

al., 2016 [246].

2.2.5. Gentamicin

Gentamicin (GEN) is an antibiotic drug that belongs to the group of aminoglycosides, which
are known to be an effective therapy for treating urinary tract infections (UTIs). It is mostly
used to treat Gram-negative bacteria, with limited effectiveness reported on Gram-positive

bacteria. Aminoglycosides are considered to be one of the critically important antibiotics due
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to its retained effectiveness against bacteria with multidrug resistance [247]. GEN is known to
cause nephrotoxicity in 10% to 20% of patients, as well as ototoxicity [247,248], therefore in
the recent years the focus was aimed at developing a safe and non-toxic way of delivering the
drug to the site of the infection. The structure of GEN is made up of 4 major congeners, which
are C1, Cla, C2 and C2a, and 1 minor congener C2b (Figure 2.4) [247]. These five components
mainly differ at the methylation sites and methylation of these components can influence
antimicrobial activity of the antibiotic drug [249]. GEN belongs to the Biopharmaceutics
Classification System (BCS) class III, due to high solubility but poor permeability. Its
hydrophilicity and small MW make the encapsulation of the drug into polymeric nanoparticles
very challenging. For this study, GEN with the composition of 33.4% of C1, 19.8% of Cla,
and 46.8% of C2 + C2a + C2b was used. It demonstrated white hydroscopic powder and
reported pH of the drug was 4.7. Melting point temperature (Tm) was reported to be 218 to 237
°C, LogP of -3.1 and pKa of 12.55. Gentamicin is freely soluble in water and aqueous buffers,

and practically insoluble in ethanol and in ether.

Ro
Rea = NP
o)
HoN
H,N O
NH,
HO o
0 CHj
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H,e— NH on
GentamicinCl Cla C2 (C2a C2b
R1 CHs H H H CH:
R2 H H H CHs H
R3 CHs H CH: H H

Figure 2.4: Chemical structure of gentamicin, where five congeners (C1, Cla, C2, C2a, C2b)
can be seen. Composition of gentamicin differs at each R site, as depicted in the image. Figure

reprinted with permission from Wei et al., 2019 [249].

2.2.6. Celecoxib
Celecoxib (CLX) belongs to the group of non-steroidal anti-inflammatory drugs (NSAIDs),

often used to treat pain and inflammation. In addition, CLX was evaluated as potential anti-
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cancer treatment and has been labelled as chemopreventative agent by Food and Drug
Administration (FDA) of the United States of America [250]. CLX is a selective
cyclooxygenase-2 (COX-2) inhibitor drug, reportedly 10 to 20 times more selective for COX-
2 than COX-1. It is BSC type II drug, as it is mostly insoluble in water but have strong
permeability properties (Figure 2.5). CLX has demonstrated some cardiovascular toxicity
when used in high dosages, however it reports significantly lower cases of gastrointestinal or
renal adverse effects compared to other non-selective COX-1 and COX-2 inhibitor NSAIDs
[250]. CLX used for this study was a powder to crystalline powder, that demonstrated white to
off-white colour. Reported Tr, of CLX was at 164 °C, with LogP of 3.53, and pKa of 11.1. CLX
is practically insoluble in water, but freely soluble in methanol, ethanol, dimethyl sulfoxide and

other organic solvents.

H,C
OO
/)
o
/ N
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Figure 2.5: Chemical structure of Celecoxib. Figure reprinted with permission from

Yamakawa et al., 2014 [251].

2.2.7. Coumarin-6

Coumarin-6 (C6) is a derivative of coumarin, where a benzothiazolyl group is added to the
position 3. Due to its fluorescence in the green-blue spectrum, it is often used as fluorescent
dye in visualisation of nanocarriers in biological applications. C6 demonstrates excitation peak
at 450 nm and emission peak at 501 nm. Its structure is presented in Figure 2.6. Coumarin-6
comes as an orange to dark orange crystalline powder, with variable solubility in solvents and

poor solubility in water.
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Figure 2.6: Chemical structure of Coumarin-6. Figure reprinted with permission from Raikar

etal., 2006 [252].

2.3. Methods

2.3.1. Nanoparticle preparation methods

Several nanoparticle preparation methods have been developed for polymeric nanoparticle
synthesis. This study focuses on the use of conventional methods, which are used most often
in polymeric nanoparticle preparation [115]. In addition, nanoparticle preparation methods
were selected for each formulation based on the properties of the drug that is to be loaded into

the nanoparticles [115].

2.3.1.1. Nanoprecipitation

Nanoprecipitation (NPPT) method, also sometimes referred to as solvent displacement,
involves the use of two miscible solvents [115]. Once organic solvent phase is added to the
aqueous phase during a constant stirring, the nanoparticles are formed instantly [253]. During
NPPT method, polymer, hydrophobic drug and surfactant were all dissolved in acetonitrile
(ACNT) and added dropwise into aqueous phase comprised of MilliQ water (MQW), as shown
in Figure 2.7 [254]. For mucoadhesive formulations, chitosan was dissolved in the aqueous
phase. Detailed formulation compositions are reported in Chapter 4 and Chapter 5.
Evaporation of organic solvent was facilitated by Rotavapor R-210 system (Buchi UK Ltd,
UK), equipped with B-491 heating bath set at 55 °C and V-700 vacuum pump. Samples were

then stirred at 250 RPM for at least 1 hour to remove residual organic solvent.
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Figure 2.7: Schematic representation of the hydrophobic drug loaded polymeric nanoparticle

preparation by nanoprecipitation method.

2.3.1.2. Emulsification — solvent evaporation

Oil-in-water (O/W) is often used for encapsulation of hydrophobic or poorly soluble agents.
Encapsulation of hydrophilic molecules using the same method have demonstrated poor
loading into the particles due to their diffusion into the aqueous phase, as well as lack of
solubility in the organic phase [102]. Therefore, multiple emulsions, such as water-in-oil-in-
water (W1/0O/W>), are often used to encapsulate water-soluble agents, as they are trapped in the
inner aqueous phase and are surrounded by hydrophobic polymer phase, preventing the

diffusion of hydrophilic molecules [102].

In this study, polymeric nanoparticles, encapsulating hydrophobic drugs, were prepared using
water-in-oil (W/O) single emulsification — solvent evaporation method (SE) [255]. Organic
phase (O) was comprised of polymer and the drug dissolved in dichloromethane (DCM), while
aqueous phase (W) was comprised of surfactant dissolved in MQW. For mucoadhesive
formulations, chitosan was dissolved in the aqueous phase along with surfactant. Detailed
formulation composition is reported in Chapter 5. The organic phase (O) was added dropwise
to the aqueous phase (W), then emulsified using probe sonicator (Fisherbrand™ 505 sonicator,
UK) at 20% amplitude for 3 min in a 20:5 second on-off cycle (Figure 2.8). The formulations
were then left stirring at 250 RPM overnight at room temperature, to ensure complete

evaporation of organic solvent.
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Figure 2.8: Schematic representation of the hydrophobic drug loaded polymeric nanoparticle
preparation by single emulsion — solvent evaporation method. Figure reprinted with permission

from Ziclinska et al., 2020 [115].

For encapsulation of hydrophilic drugs, polymeric nanoparticles were prepared using water-in-
oil-in-water (W1/O/W>) double emulsification — solvent evaporation method [121]. The first
emulsion (W1/O) was prepared by adding the drug dissolved in MQW (W) to the organic phase
comprised of polymer dissolved in DCM (O), then using the probe sonicator (Fisherbrand™
505 sonicator, UK) at 20% amplitude for 3 min in a 20:5 second on-off cycle to yield dispersion
of nanodroplets (Figure 2.9). This emulsion was then added dropwise to the second aqueous
phase (W2), which was comprised of surfactant dissolved in MQW, followed by probe
sonication and evaporation process as described above. Detailed formulation composition is

reported in Chapter 3.

Add dropwise Add dropwise
& sonicate & sonicate

Remove
organic solvent

—

w2 24 emulsion NP dispersion

Figure 2.9: Schematic representation of the hydrophilic drug loaded polymeric nanoparticle
preparation by double emulsion — solvent evaporation method. In the image, (w1) contains the
hydrophilic drug, (o) contains polymer, (w2) contains surfactant. Figure reprinted with

permission from Kim et al., 2019 [256].
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2.3.2. General physicochemical characterisation methods

2.3.2.1. Dynamic light scattering (DLS)

Dynamic light scattering (DLS) is used to determine the nanoparticle size and aggregation state
in a colloidal solution [257]. DLS measures the hydrodynamic size of the particles by
mechanism of scattered light that passes through the colloidal solution, analysing the
modulation of intensity of scattered light as function of time [258]. Hence, when light

encounters the particles, it scatters in all directions and the intensity is recorded by a detector.

A hydrodynamic diameter of the particle can be measured based on the Brownian motion of
the particles. Brownian motion is defined as a random movement of the particles suspended in
fluids and achieved due to particle collision with fast-moving particles of the solvent [259].
The speed of Brownian motion is influenced by sample viscosity and temperature, therefore as
long as those parameters are known and the temperature is kept constant, the hydrodynamic
size of the particles can be measured based on the Brownian motion [257,259]. Additionally,
particle size can also influence Brownian motion, where smaller sized particles lead to faster
Brownian motion, while larger sized particles decrease the speed of Brownian motion [259].
The hydrodynamic diameter (dn) is calculated by converting the velocity of Brownian motion,
which is defined by the translational diffusion coefficient (D), into particle size using the Stokes
— Einstein equation (Eq. 2.1):

kT

= Eq. (2.1)
dn 3nnD

Where du is the hydrodynamic diameter of the particles, k is Boltzmann’s constant, T is the
absolute temperature, 1 is the viscosity of the dispersion media, and D stands for diffusion
coefficient [259]. It is important to note that hydrodynamic diameter of the particles will
depend on the particle core, as well as any surface structure or the concentration of any ions in

the media (Figure 2.10) [259].
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Hydrodynamic radius

Figure 2.10: Schematic demonstration of hydrodynamic diameter versus the true nanoparticle
diameter measurement obtained by DLS. Figure reprinted with permission from Lim et al.,

2013 [260].

DLS uses single - frequency laser to scatter the light at the angles of 90° and 173°, with detector
positioned at the back angle of 173° and right angle 90° to incident light [258]. Scattered light
is detected over a period of time, during which its intensity will fluctuate due to the particle
movement. Smaller sized particles move faster and therefore fluctuation is much faster than in
larger particles [261]. However, larger sized particles demonstrate larger amplitude between
the minimum and maximum intensities, as shown in the two top panels of Figure 2.11. These
fluctuations are then used to generate a correlation function, which describes the time that
particle spent at the same location within the sample [261]. As demonstrated in the bottom two
panels of the Figure 2.11, at the beginning of the correlation function is linear and constant,
therefore suggesting that the particle is at the same position within the sample. Later, an
exponential decay observed in the correlation function indicates of the particle movement.
Shorter decay indicates quicker movement of the particles, which is attributed to their small
size, while longer decay indicates longer movement time, therefore suggesting larger particle
size. Therefore, size-dependent movement is included in the decay of correlation function

[261].
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Figure 2.11: Schematic representation of (A) intensity measurement and (B) the corresponding
correlation function in DLS based on the particle size. Figure reprinted with permission from

Lim et al., 2013 [260].

Particle size measurements by DLS are usually expressed as Z-average, which are based on
intensity, due to fluctuations of intensity that are detected over time [261]. However, it can also
be expressed as volume or number based distributions. All three distributions represent the
same physical reality of a distribution of differently sized particles. However, intensity
distribution is very sensitive to the presence of aggregates compared to other two distributions,

which in turn usually leads to reports of larger sized readings [261].

The polydispersity index (PDI) is another important parameter that can describe the width of
the particle size distribution [258]. PDI measurements values vary from 0.1 to 1, where
colloidal particles with PDI less than 0.1 show monodispersed particle size distribution, while
PDI higher than 0.1 demonstrates some degree of polydispersity, which increases as PDI values

gets closer to 1. PDI is calculated by equation (Eq. 2.2) presented below:

o
PDI = (5)* Eq. (2.2)
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Here, PDI equals the square of standard deviation of particle size distribution (o) divided by
the mean of particle diameter (d) [258].

For this study, DLS (Zetasizer Nano, Malvern Instruments Ltd., Malvern, UK) was used to
measure the mean particle size and PDI. The dispersant (medium) was set to water with
viscosity (cP) of 0.8872 with an equilibrium temperature of 25 °C. All measurements were

done in triplicate and expressed as mean =+ standard deviation (SD).

2.3.2.2. Zeta potential

Zeta potential is electrostatic potential at the electrical double layer that surrounds the
nanoparticles in aqueous solution [262]. The electrical double layer is comprised of layer of
ions often referred to as Stern layer, where ions are bound to the nanoparticle surface and
present opposite charge to the particle itself, and a second layer situated upon the Stern layer,
composed of loosely associated counterions [262]. During the movement of the nanoparticles
in the aqueous solution, the double layer moves with it, forming a hydrodynamic parameter of
the particle [262]. The edge of this layer is called slipping plane, also called plane of shear, and
the electrical potential measured at this point is called zeta potential [263]. This measurement
is frequently used to determine relative surface charge of the particles, along with determining
the stability of the nanoparticle suspension by measuring the electrostatic repulsion between
similarly charged particles in the suspension. If the determined zeta potential is high (negative
or positive), the particles of the same charge repel each other in the suspension, however if zeta
potential is low (close to zero), the attractive forces might exceed repulsion forces, leading to

aggregation and flocculation of the particles and poor colloidal stability [263].

Zeta potential is measured by electrophoresis light scattering, also referred to as Doppler
microelectrophoresis [263]. This process can be defined as the movement of a charged particle
relative to the fluid it is suspended in under the influence of an applied electric field [259]. The
velocity at which the charged particles move is used to calculate the zeta potential of the
nanoparticles [259,263]. Zeta potential is typically measured in millivolts (mV). For this study,
measurement of zeta potential was determined using Zetasizer Nano (Malvern Instruments,
Malvern, UK), samples for analysis were prepared by 1:1 dilution with 1 mM sodium chloride

(NaCl). All measurements were done in triplicate and expressed as mean + SD.
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2.3.2.3. Attenuated total reflectance — Fourier transform infrared (ATR-

FTIR) spectroscopy

FTIR spectroscopy is a label-free, non-destructive analytical technique used to characterise
chemical and structural information of selected materials [264]. This technique is often used to
identify denaturation or aggregation of biopharmaceutical agents, study composition changes
in the material, predict and identify metabolites, as well as quantify their concentrations [264].
Infrared spectroscopy obeys to the Beer-Lambert’s law and therefore can be used for
quantitative purposes [265]. FTIR spectroscopy studies the interaction of the infrared light with
the matter, during which molecular vibrations of the substance leads to absorption of
electromagnetic radiation at different wavenumbers [266]. Most molecules present infrared
bands in the mid-infrared region (4000 — 400 cm™!), demonstrating vibrational bands that relate
to the intensity and position of the underlying molecular motion of atoms participating in a

chemical bond [265].

FTIR spectroscopy can be used in transmittance or attenuated total reflectance (ATR) mode.
As transmittance FTIR spectroscopy requires sample preparation for the light to traverse the
sample, ATR-FTIR spectroscopy is considered to be a superior technique with no sample
preparation required. ATR-FTIR spectroscopy involves directing the infrared light at an
interface between an infrared transparent material with a high reflective index called internal
reflection element (IRE) and a sample on the surface of IRE [266,267]. The infrared beam is
directed through the IRE, often referred to as ATR crystal, by a set of mirrors, where it is
internally reflected at least once before reaching the FTIR detector by the use of mirrors, as

demonstrated in Figure 2.12.
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Figure 2.12: General working principle of ATR-FTIR spectroscopy. Figure reprinted with
permission from Tiquia-Arashiro et al., 2023 [268].

FTIR analysis for this study was performed using FTIR spectrophotometer (Vertex 70, Bruker
Optics Limited, United Kingdom) connected with an internal reflection diamond ATR
accessory (Specac Ltd., Orpington, United Kingdom). Nanoparticle samples were freeze dried
and placed directly onto the diamond disk. The spectra were acquired from 128 scans in the
range of 500 — 4000 cm™! at a resolution of 4 cm™. All measurements were carried out in

triplicate, and data was analysed using OPUS software.

2.3.2.3. Powder X-Ray diffraction (PXRD)

Powder X-Ray diffraction (PXRD) is a non-destructive analytical technique to study the
crystallinity of the selected materials. This technique is useful when studying how crystalline
structure of active pharmaceutical ingredients (APIs) can affect its physicochemical properties,
as well as investigating polymorphs [269]. PXRD is based on constructive interference of
monochromatic X-rays, which are generated by the cathode ray tube and filtered to produce
monochromatic radiation, paralleled to concentrate and then directed at the sample (Figure
2.13) [270]. As a beam of X-ray is passed through the specimen and is scattered or diffracted,
the atoms that are in the path of the X-ray are investigated [258]. The crystalline characteristics
and structure of the material is determined by observing the interference of scattering X-rays,
which with the sample produces constructive interference (and a diffractive ray) when
conditions satisfy Bragg’s Law (Eq. 2.3) [258,270]. In order to attain all possible diffraction
directions of the lattice, the sample is scanned through a range of 26 angles due to random

orientations of the powdered material [270].
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nd = 2dsinf Eq. (2.3)

Where 7 is a positive integer, A is the wavelength of the X-rays, d is the distance between the
lattice planes in crystal, and 0 is the diffraction angle [270]. The Bragg’s Law relates to the
angular position of the X-rays to the lattice spacing and forms the basis of all X-ray diffraction

measurements (Figure 2.13B) [270,271].
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Figure 2.13: Schematic representation of (A) a diffractometer and a working principle of

PXRD, (B) the Bragg’s Law. Figures reprinted with permission from Harrington et al., 2021
[271].

For this project, Rigaku Miniflex 600 Powder X-ray diffraction system (SmartLab SE/PC,
Japan) with Cu-sealed tube — K* X-rays at 0.15419 nm, with voltage of 40 kV and current of
15 mA was used to investigate the crystallinity of crude materials and nanoparticle solutions.
The range of scanned 26 was from 3 ° to 60 ° at scanning speed of 4 ° per minute and step of

0.02 °.

2.3.2.4. Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) is the most commonly used microscopy technique
to characterise physicochemical properties of the nanoparticles. Additionally, due to very high
resolution, this technique can be used to investigate relationships between nanoparticulates and
cell or tissue components [272]. The images of the nanoparticles are obtained by a beam of
electrons transmitted through a thin specimen, when the beam of electrons is transformed into

elastically and inelastically scattered electrons upon electron beam interaction with the
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specimen [257]. TEM can achieve a sub-nanometre resolution, which corresponds to 0.2 nm
in conventional TEM, due to the very short wavelength of the electron beam [272]. TEM is
considered to be more advantageous compared to scanning electron microscopy (SEM), due to
precise particle characteristics provided in both brightfield and darkfield images, as well as
detailed information on particle morphologic, compositional, and crystallographic properties

[257].

In this study, the TEM mode of a Gemini 300 series scanning transmission electron microscope
(Zeiss, Germany) was used to analyse the morphology and characteristics of obtained
polymeric nanoparticles. Samples were prepared by pipetting 10 pl of nanoparticle solution
onto the 400-mesh grid (Agar scientific, UK), letting the solution soak into the grid for 5
minutes and then wiping off the excess with filter paper. The grid was then stained with

phosphotungstic acid (2%, pH = 6.8) to contrast the sample.

2.3.3. In vitro drug release studies

Drug release studies are used to identify the accurate quantification of drug release kinetics in
vitro. This data provides important information on how encapsulation of the APIs might alter
the rate of drug release, which can be of crucial importance when assessing the safety, efficacy
and quality of the obtained formulations [273]. In vitro drug release profiles can be obtained
by three methods: sample and separate, continuous flow, and dialysis membrane techniques, of
which the latter is used most often [273,274]. Dialysis membrane technique uses a semi-
permeable membrane, that separates the nanoparticle solution and released drug. The set-up
involves use of the dialysis bag, which is then placed into reservoir of known volume, meaning
that over time the drug will diffuse from the dialysis bag and will travel into the reservoir
(Figure 2.14) [274]. This technique does have some limitations, that can influence the drug
release profiles of nanoparticle formulations. Due to two diffusion barriers, the diffusion of the
drug might be affected and the drug concentration in the receiver compartment might not timely
reflect the actual concentration of the free drug released from the nanoparticle formulation

[273,274].

86



Sampling

Donor W
compartment | o Free d
(dialysisbag) |~ R @S, . . 9

\,
; ® ¢ \QO\ .

Recer|tver T.\ ‘\0'0\} |_ Drug-loaded
compartmen P e nanoparticle
i o
y \

Figure 2.14: Schematic representation of in vitro drug release assay with dialysis membrane.

Figure reprinted with permission from Zhou et al., 2016 [275].

In vitro drug release studies for this project used a dialysis bag (Thermo Scientific™
SnakeSkin™ Dialysis Tubing, 10K MW cut-off, regenerated cellulose, Fisher Scientific, UK),
which was then submerged into the release media, which consisted of phosphate buffered saline
(PBS), with additional surfactant or salt as required for specific experiments (detailed in
Chapter 3 and Chapter 5). Samples were incubated in shaking incubator (KS3000 i control
IKA®, UK) at 37 °C degrees, with rotary speed of 100 RPM, with sink conditions maintained
throughout the assay. At predetermined time intervals, a 1 ml sample from the total volume of
20 ml of the release media was collected and replaced with equal volume of the fresh release
medium. Study was performed in triplicate to generate an average drug release profile of drug

concentration versus time.

2.3.5. Histology

Histology is a branch of biology that studies the microscopic anatomy of the biological tissues.
Histology is often used in observing structural changes in the diseased tissues to obtain insight
on potential treatment options, as well as in diagnostics, forensic investigations, autopsy and
education [276]. Preparation of the tissue involves fixation, embedding, sectioning and
staining. Fixation is used to preserve the natural tissue and cell structure, as well as harden the
tissue for the sectioning and delay tissue degradation [276]. Afterwards follow the dehydration
of the tissue, which facilitates tissue hardening, and embedding the tissues into paraffin wax.
Finally, tissue staining is performed for general assessment of the cell and tissue morphology
[277]. Haematoxylin and eosin staining (H&E) is one of the principal tissue stains in histology.

Firstly, the samples are stained with haematoxylin, which stains nuclear components of the cell
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giving them a blue/purple hue, following a staining with eosin, which stains cytoplasmic

components of the cells by giving them pink/red hue [276].

In this study, freshly excised porcine bladders were used for histology studies. Preparation of
porcine bladder tissue and tissue treatment followed protocol adapted from Khutoryanskiy
group [230,237,278]. Bladders were obtained from a local abattoir, transported to the
laboratory on ice and used within the same day. After removing urethra, bladders were cut into
quarters, each piece rinsed with PBS (pH 7.4) buffer and then left to dry off residual buffer for
10 min in 37 °C. Afterwards, 400 pul of nanoparticle formulation was carefully pipetted onto
the centre of the tissue, ensuring that the whole solution stays on the tissue throughout the
incubation period. Tissues were left to incubate in petri dishes for 1 hour at 37 °C in dark
conditions. Afterwards, samples were dissected into smaller pieces to fit embedding cassettes
and fixed in 10% neutral buffered formalin overnight at 4 °C degrees. The following day
samples went through dehydration process, starting with samples immersed in PBS, to which
gradually increasing concentrations of EtOH were introduced until a pure water-free EtOH is
reached, as shown in Table 2.1. Afterwards, samples were immersed in Histo-clear for 1 hour
and 30 minutes, then leaving samples in paraffin wax overnight. Next day samples were
embedded in disposable moulds (15mm x 15mm x 5mm) and stored at 4 °C degrees until

sectioning.

Table 2.1: Protocol of tissue dehydration process in buffers with gradually increasing

concentrations of EtOH.

Time Buffer

1 h 30 min PBS 7.4

45 min 50% EtOH
45 min 70% EtOH
45 min 95% EtOH

1 h 30 min 100% EtOH
1 h 30 min Histo-Clear
Overnight Paraffin wax

Eight-micrometre-thick cross-sections were cut using Rotary Microtome HM 355S (Fisher

Scientific, UK). Sections were deparaffinized and hydrated through decreasing graded

88



concentrations of EtOH. Sections were then stained with H&E and dehydrated again, following
the same procedure as described above. Sections were then mounted onto the Superfrost Plus
microscope slides (Fisher Scientific, UK) using DPX mounting media (Fisher Scientific, UK).
Slides were observed under brightfield light using Zeiss Imager Z2 upright microscope (ZEISS,
UK). Study was performed in triplicate.

2.3.6. Statistical analysis

Data was analysed using GraphPad Prism 10 software. All measurements were done in
triplicate, with results represented as average mean + SD. Unpaired t-test was used to evaluate
the significance of the difference between the means of the two variables. The statistically
significant differences were represented as * (P < 0.05), ** (P < 0.01), *** (P < 0.001), ***%*
(P <0.0001), and non-significant differences as ns (P > 0.05)
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Chapter 3
Application of hydrophobic ion pairing (HIP) to enhance intravesical drug

delivery of hydrophilic drug loaded polymeric nanoparticles
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3.1. Introduction

Urinary tract infections (UTI) refer to the presence of bacterial infection in the urine or urinary
tract and are one of the most common infections across the world [22,29]. According to The
National Institute for Health and Care Excellence (NICE), current UTI treatment is orally
administrated antibiotics, which exposes the whole body to the drug, not only enhancing
chances of side effects, but also increasing risk of bacteria acquiring antimicrobial resistance
(AMR) [279]. In recent years, intravesical treatment for bladder diseases, such as bladder
cancer or cystitis, has emerged as an appealing treatment option, as poorly permeable
urothelium barrier reduces side effects of the drugs by preventing their systemic circulation
[82,88]. However, intravesical drug delivery (IDD) still has its own limitations, as drug doses
can be reduced to subtherapeutic levels due to urine filling and prematurely washed out by
urine voiding [88]. Therefore, encapsulation of therapeutical agents into micro or nano-sized
agents, especially if they have mucoadhesive coatings, can prolong drug release within the

bladder by elongating nanoparticle retention time at the site of action.

Gentamicin (GEN) belongs to aminoglycosides, a class of antibiotics commonly used to treat
serious bacterial infections caused by mainly gram-negative bacteria [247]. It is no longer
prescribed as first choice treatment for UTI due to high AMR risk, as well as common side
effects of ototoxicity and nephrotoxicity [121,248]. However, several studies have
demonstrated the advantages of performing bladder instillations of high GEN dose to eradicate
the infection and prevent systemic exposure to the drugs due to highly impermeable barrier of
urothelium [78-85]. Based on this, combining intravesical GEN treatment with
nanotechnology could achieve an appealing new treatment of UTIs, where initial high dose of
GEN would kill bacterial infection, while GEN loaded nanoparticles would ensure prophylactic

monitoring of the bladder to prevent recurring infections.

Encapsulation of highly hydrophilic drugs into polymeric nanoparticles have been widely
researched, with results demonstrating low drug mass loaded into the particles and burst drug
releases in vitro [182,280,281]. As a solution, hydrophobic ion pairing (HIP) has been
proposed. Charged hydrophilic molecules can form ionic interactions with anionic counterion,
resulting in a hydrophobic complex without irreversibly affecting the chemical structure of the
therapeutic drug [282,283]. As ion paired hydrophilic drug is complexed into a hydrophobic

complex, drug solubility in polar solvents, such as water, is reduced, and drug encapsulation
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into nano-sized delivery vehicles is enhanced [13]. The hydrophobicity of the drug and HIP
complex can be achieved by HIP agent masking the natural charge of the drug, and therefore
reducing solubility of the complex in aqueous medium [282]. To form HIP complexes,
counterions should have at least one ionisable group and one hydrophobic domain, therefore
surfactants, fatty acids, and sulphates are often used [282]. In addition, therapeutic agents must
also present at least one charged group for successful HIP, with many antibiotics presenting at
least one amine group that can be positively charged in physiological pH [282,283]. For
formation of stable pairs, it is recommended that ApKa between the counterion and the drug
should be > 2.5, where counterions would demonstrate low pKa and the therapeutic drug would
present a high pKa value [284]. Hydrophobicity of the counterions, measured as logP, can also
play an important role in HIP formation [282]. Longer and more saturated alkyl tails of the
counterion, or more alkyl tails present, demonstrate higher logP values, and therefore higher
hydrophobicity of the HIP complex [282]. However, while this is an important criterion to
consider, most hydrophobic counterions might not be the optimal HIP agents, as they often
have high molecular weight (MW), which reduces the drug fraction in the final HIP complex,
as well as are difficult and costly to obtain [282]. The evaluation of suitable counterions for
selected therapeutic drug depends on further investigation on pKa values of both molecules, as
well as surrounding pH, as it can influence pair stability, dissociation and overall

hydrophobicity [282,284].

The objectives of this chapter are:

e To investigate which counterion achieves most efficient binding to GEN, as well as
full dissociation from the drug once in physiologically accurate medium.

e To prepare polymeric nanoparticles loaded with high concentration of ion paired
GEN complexes.

e To evaluate if GEN complexation into HIP enables in vitro sustained drug release
from ion paired GEN (GEN:HIP) complex loaded polymeric nanoparticles.

e To compare antimicrobial sensitivity of ion paired GEN loaded nanoparticles with
free, un-paired GEN (UNP-GEN) loaded nanoparticles and observe whether HIP

enhances GEN antimicrobial properties.
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3.2. Materials and methods

3.2.1. Materials

Poly(lactic-co-glycolic acid) (PLGA, 50:50 ester terminated, MW 38,000-54,000 Da),
poly(vinyl alcohol) (PVA, MW 9,000-10,000 Da, 80% hydrolyzed), Docusate sodium salt
(AOT), sodium oleate (OA), dextran sulphate sodium salt (DSS), O-phthalaldehyde (OPA),
Ampicillin (AMP), boric acid, thioglycolic acid, sodium 1-heptanesulfonate monohydrate,
calcium chloride, sodium acetate, phosphate buffered saline, artificial urine diluent, Mayer’s
haematoxylin solution, Eosin Y solution (aqueous), dichloromethane (DCM), methanol
(MeOH, HPLC grade), isopropanol (HPLC grade), ethanol (EtOH) were purchased from
Sigma-Aldrich (Merck Life Science, UK). Sodium chloride (NaCl), sodium dodecyl sulphate
(SDS), potassium chloride, potassium hydroxide, 10% neutral buffered formalin, and glacial
acetic acid was purchased from Fisher Scientific, UK. Gentamicin sulphate (GEN) was
supplied by Fujian Fukang Pharmaceutical (Fujian Fukang Pharmaceutical Co., Ltd, China).
Histo-clear II was purchased from Scientific Laboratory Supplies (Scientific Laboratory
Supplies Ltd, UK). Freshly excised porcine urinary bladders were kindly supplied by Arthur
Howell Butchers (Wells-next-the-Sea, Norfolk, UK).

3.2.2. Synthesis and characterisation of ion paired GEN complexes

3.2.2.1. Preparation of ion paired GEN complexes

The ionic complex of gentamicin (GEN) and anionic surfactant was prepared by hydrophobic
ion pairing (HIP) technique following previously reported methodology [280,285]. Four
different counterions were chosen for this study: sodium oleate (OA), docusate sodium salt
(AQOT), sodium dodecyl sulphate (SDS), and dextran sulphate sodium salt (DSS). Stocks of
counterions were prepared by dissolving anionic surfactant in MilliQ water (MQW), while
GEN stock was prepared in buffered aqueous solution (10 mM sodium acetate, 10 mM
potassium chloride, 10 mM calcium chloride, at pH = 5) to achieve better ionisation of amino
acids present in GEN [280,285]. In brief, 0.5 ml of 5 mg/ml GEN solution was mixed with
equal volume of counterion solution, then sonicated for 5 min and vortexed. Both phases were
mixed in different mole (mol) ratios, where GEN was kept at constant 1 mol and mixed with 1

mol, 3 mol or 5 mol of anionic surfactant.

93



3.2.2.2. Binding efficiency of GEN and counterion

The amount of GEN that has been ion paired to a counterion in GEN:HIP complexes were
determined by indirect method. After preparation of GEN:HIP complex described in section
3.2.2.1., centrifugation was used to separate formed GEN:HIP complexes from the unpaired
drug. Formed GEN:HIP complexes were hydrophobic and thus they were precipitating out by
forming aggregates, while unpaired drug remained dispersed in the aqueous phase due to its
hydrophilicity. Samples were centrifuged (Megafuge™ 16 centrifuge, Thermo Fisher
Scientific, UK) at 12,000 RCF for 30 minutes. Supernatant with unpaired GEN was collected
and samples were prepared for high-performance liquid chromatography (HPLC) analysis
described in section 3.2.3. Binding efficiency of HIP (HIP%) of GEN was calculated using

equation:

HIPY, Amount of GEN initially added — unpaired GEN x 100% Eq. 3.1)
0T Amount of GEN initially added ° o

3.2.2.3. Dissociation efficiency of ion paired GEN complexes

Dissociation efficiency (DS%) of GEN:HIP complex was measured after incubating GEN:HIP
complexes in salt buffers. For this study, salt buffers refer to 0.5 M, 1 M, or 1.71 M of NaCl
dissolved in PBS, with final pH of the solutions changed to pH=4.5 or pH=7. Increasing
concentrations of salt buffers were chosen to facilitate HIP dissociation, with 1.71M of NaCl
concentration selected as the highest safe hypertonic solution to be used in bladder without
causing adverse effects on bladder tissue, as reported by Tahtali et al., 2022 [286]. Additionally,
acidic pH was tested alongside neutral pH to observe whether pH below pKa of ion pairing

agents improve its dissociation from the drug.

Briefly, GEN:HIP complex was incubated in the selected salt buffer, vortexed for 5 min and
sonicated for 30min, then centrifuged at 12,000 RCF for 45 min. Supernatant with free
dissociated GEN was collected and filtered using 0.2 pm PES filter to remove any leftover
GEN:HIP complex. Samples were then prepared for HPLC analysis as described in section
3.2.3. DS% of GEN:HIP complex was measured by quantifying the amount of GEN that has

disassociated from the counterion, which was calculated using equation:

DS% — Free dissociated GEN % 100% Eq. (3.2)
°~ Amount of GEN initially added °
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3.2.3. Quantification of GEN using HPLC analysis

The quantification of GEN was carried out using HPLC as previously reported [287]. The
HPLC system was composed of Quaternary Pump VL (Agilent, UK) and 1260 Infinity II
Variable Wavelength Detector (Agilent, UK). A reverse phase column HC-C18, 4.6x100 mm,
Sum, 400 bar (Agilent, UK) was connected to a guard column HC-C18, 4.6x12.5 mm, 5pm,
400 bar (Agilent, UK) and kept at 30 °C degrees throughout runs. Isocratic mobile phase,
containing 5 g of sodium 1-heptanesulfonate monohydrate dissolved in 50 ml glacial acetic
acid, 250 ml of MQW and 700 ml of MeOH, was injected into machine at 1.2 ml/min flow
rate. GEN peaks were detected at 330 nm wavelength.

Samples were prepared for HPLC by derivatizing GEN with OPA, as GEN has a naturally weak
UV chromophore, which UV detectors are not sensitive enough to detect in low levels
[287,288]. Briefly, OPA reagent was prepared by dissolving 1 g of OPA in 5 mL of MeOH, then
mixing it with 95 ml of 0.4 M boric acid, followed by adjustment of final solution to pH =10.4
using potassium hydroxide and thioglycolic acid. Afterwards, 0.4 ml of the sample containing
GEN was mixed with 0.44 ml of isopropanol and 0.16 ml of OPA reagent, followed by 15 min
of heating in the water bath set at 60 °C degrees. Samples were then cooled to room temperature

and 40 pl of each sample was injected into HPLC machine.

3.2.4. Synthesis of blank, UNP-GEN, and GEN:HIP complex loaded PLGA

nanoparticles

Polymeric nanoparticles were prepared using water-in-oil-in-water (W1/O/W>) double
emulsification — solvent evaporation method [121]. Briefly, 5 mg GEN dissolved in 0.5 ml of
MWQ was used as first aqueous phase (W1) to prepare free, un-paired GEN (UNP-GEN)
loaded PLGA nanoparticles. DCM containing 10 mg of dissolved PLGA was used as organic
phase (O), and MQW containing 2% of PVA was used as a second aqueous phase (W>). Brietly,
first aqueous phase (W1) was added dropwise to 2 ml of organic phase (O), then emulsified
using probe sonicator (Fisherbrand™ 505 sonicator, UK) at 20% amplitude for 3 min in a 20:5
second on-off cycle. First emulsion (W1/O) was then added dropwise to 10 ml of second
aqueous phase (W»), followed by probe sonication as described before. The formulations were
then left stirring at 250 RPM overnight at room temperature, to ensure complete evaporation

of organic solvent. Next day, formulations were filtered using 1 um glass fibre filter (VWR,
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UK) and topped up with MQW to make up 10 ml total volume of obtained nanodispersions.
No washing steps were performed post nanoparticle formation, meaning that residual PVA was

likely present in the samples.

To prepare blank PLGA nanoparticles, 0.5 ml of MQW water without any drug was used as Wi
phase. To prepare GEN:HIP loaded nanoparticles, 1 ml of GEN:HIP complex was used as W
phase. It was prepared by mixing GEN and selected HIP agent in 1:1, 1:3, or 1:5 mol ratios,
where 5 mg of GEN dissolved in 0.5 ml of buffered aqueous solution (10 mM sodium acetate,
10 mM potassium chloride, 10 mM calcium chloride, at pH = 5) was pipetted into equal volume
of counterion dissolved in MQW. Obtained W phase was then swiftly pipetted into the organic
phase, followed by the rest of the protocol as described above.

3.2.5. Drug loading and encapsulation efficiency

Indirect method was used to measure loading capacity (LC%) and encapsulation efficiency
(EE%) of GEN:HIP and UNP-GEN loaded PLGA nanoparticles. Nanoparticle formulations
were centrifuged at 12,000 RCF for 1 hour, supernatant was collected and prepared for HPLC

analysis as described in section 3.2.3. LC% and EE% of GEN was calculated using equations:

(Mass of GEN added — mass of GEN in supernatant) E
LC% = x 10009 q. (3.3)
% Mass of PLGA %

EE% = (Mass of initial GEN added — mass of GEN in supernatant) « 100%
0~ Mass of initial GEN added °

Eq. 3.4)

3.2.6. In vitro drug release

Drug release profiles of GEN were investigated using dialysis bag method [289]. For this study,
1 ml of GEN:HIP complex solution (made of 5 mg GEN mixed with selected counterion in 1:3
or 1:5 mol ratios), UNP-GEN or nanoparticle formulation was placed inside dialysis bag
(Thermo Scientific™ SnakeSkin™ Dialysis Tubing, 10K MW cut-off, regenerated cellulose,
Fisher Scientific, UK). Samples were incubated in release media, which was made up of 20 ml
of PBS, with addition of 0.5 M, 1 M, or 1.71 M of NacCl to the PBS when GEN:HIP samples
were used, at pH = 4.5 or pH = 7.4. Samples were incubated in shaking incubator (KS3000 i
control IKA®, UK) at 37 °C degrees, with rotary speed of 100 RPM, with sink conditions
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maintained throughout the assay. At predetermined time intervals, 1 ml of the sample was
collected and replaced with 1 ml of fresh release medium. Collected samples were analysed for
drug content by HPLC. Study was performed in triplicate and the average percent of GEN

released per each timepoint was expressed in mean + standard deviation (SD).

3.2.7. Antimicrobial sensitivity assay

Antimicrobial sensitivity of UNP-GEN or GEN:HIP loaded nanoparticles was assayed using
micro broth dilution method as described in Clinical and Laboratory Standards Institute (CLSI)
with minor modifications [182,290]. Cultures of Escherichia Coli ER2738 were grown on LB
agar plates 24 hours before the assay. On the day of the assay, E. Coli cultures were incubated
in LB broth and the optical densities of cell growth at 600 nm (ODsoo) were measured by micro-
plate reader SpectraMax® M2 (Molecular Devices Limited, UK) using UV-Vis detection.
Bacterial culture was then diluted to achieve bacterial concentration of 1x10® colony-forming
unit (CFU)/ml. In a 96-well plate, 50 ul of each nanoparticle formulation in twofold dilutions
was inoculated with 50 pl of prepared bacterial culture, leaving the plate to incubate at 37 °C
overnight. Next day, plates were investigated visually, along with ODsoo measurements of each
well recorded using microplate reader SpectraMax® M2. The minimum inhibitory
concentrations (MICs) of nanoparticle formulations were recorded at lowest encapsulated GEN
concentration where no bacterial growth was observed by eye and confirmed by ODsoo

measurement. Study was performed in triplicate.

3.3. Results and discussion

3.3.1. GEN quantification by HPLC

GEN quantification was performed using HPLC method, that was adapted from previously
reported study [287]. Derivatization step was performed before sample analysis by HPLC, as
UV detectors are not sensitive enough to pick up naturally weak UV chromophore of GEN
[287,288]. Due to the composition of GEN comprising of 4 major congeners C1, C2, C2a and
C1 [247], 4 peaks were detected at retention time (R¢) of 1.9, 6.4, 8.5 and 10.1 min, respectively
(Figure 3.1). GEN congener separation has been well documented when liquid
chromatography is used to analyse this drug [247,291,292]. While obtained peaks can be used
to quantify each congener concentration to identify exact GEN composition [247,291,292], the
purpose of this project was to quantify total GEN concentration in the sample. Therefore, bulk

calculation of the congeners was used, where absorbance of all four peaks of each concentration
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were summed and calibration curves for GEN in MQW, GEN in PBS, and GEN in artificial
urine (AU) were prepared. Increasing concentrations of GEN showed linear correlations with
increasing areas of the HPLC peaks, demonstrating high R? value of 0.999 and generating
regression equation of Y = 15938x + 25.896.
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Figure 3.1: Calibration curve (A) and HPLC chromatogram (B) of GEN in MQW, measured

at concentration range from 1 to 0.01 mg/ml, UV detected at 330 nm.

Limit of detection (LOD) and limit of quantification (LOQ) was calculated using equations:

Lop =337 Eq. 3.5)
S
LOD = 10T0 Eq. (3.6)

98



Where o is the standard deviation of the intercept, and S is the slope of calibration curve. From
the obtained calibration curve, LOD was calculated to be 0.04 mg/ml, with LOQ calculated to
be 0.12 mg/ml. Although these values are quite high, there we no issues associated with
quantification of GEN, as larger concentrations than 0.12 mg/ml of the drug were used and

quantified throughout this project.

Although GEN quantification by HPLC was selected, certain limitations of this assay were
observed. Due to pre-column derivatisation needed for GEN detection by UV, this assay is
often associated with low sensitivity, time-consuming process, poor reproducibility of the
results, and possible introduction of non-controlled impurities and degradation products
[288,293,294]. Alternatively, GEN quantification assay by ultraviolet-visible (UV-Vis)
spectroscopy was investigated, however this method also required GEN derivatisation step.
Multiple studies reported using indirect assay to measure GEN content in the nanoparticles, by
derivatising unencapsulated drug dispersed in the supernatant with ninhydrin or OPA, followed
by sample analysis using UV-Vis spectroscopy [182,295-297]. However, in present study
obtained results from UV-Vis were less accurate (lower R? value) than results obtained from
GEN quantification by HPLC, therefore HPLC method was used for all quantification
experiments. HPLC methods without pre-column derivatisation have been reported in the
literature, where GEN was quantified using Mass Spectrometry (MS) [293], Charged Aerosol
Detection [288,298], or Evaporative Light Scattering Detection [294]. Out of these, GEN
quantification by MS was considered, however surfactant use is not compatible with liquid
chromatography-MS (LC-MS), as they contaminate the machines. Alternatively, some studies
have used bioassays to determine GEN concentrations in the samples, however this technique
has been deemed inaccurate, it demonstrates low sensitivity and lack of specificity, as other
antibacterial substances in the sample can interfere with bacterial inhibition associated with the

drug [293].

Despite discussed limitations of the HPLC analysis used for quantification of GEN, this method
showed most reliable results out of available quantification assays, with minor fluctuation in
results expected due to derivatisation step involved. In order to limit sample variability,
derivatisation was performed on the same day as sample analysis by HPLC, therefore removing

the possibility of derivatised GEN degradation over time.
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3.3.2. Preparation and characterisation of GEN:HIP complexes

HIP technique was used to increase GEN (pKa =~ 12.5) hydrophobicity by binding oppositely
charged counterions through electrostatic interactions to create water-insoluble complexes
[299]. Four different ion pairing agents were selected for formation of ion paired GEN
complexes: OA (pKa = 5), AOT (pKa = -0.75), SDS (pKa = 3.3) and DSS (pKa= 2). These
were chosen to observe which ion pairing agent would demonstrate best results for drug
delivery application, which includes strong binding efficiency, as well as complete drug

detachment from the complex once target site is reached.

Choosing an ion pairing agent that is fatty acid based was previously described to show pH
triggered dissociation between the active ingredient and counterion [282]. For this study, OA
was chosen (Figure 3.2) instead of oleic acid, as it is a fatty acid-based salt and has much
higher solubility in water. It was expected that with pH conditions below the pKa of OA (pKa
~ 5), molecules of OA would become protonated and form oleic acid [300]. This in turn, would
lead to protonation of carboxyl group present in the oleic acid, which would form a free acid

and detach from the cationic counterpart that is GEN [282].

Alternatively, SDS, DSS and AOT (Figure 3.2) were chosen as additional counterions, as due
to their low pKa values they exhibit stable anionic charge in wide range of pH conditions
[282,283,301]. Studies where DSS was used as ion pairing agent have demonstrated almost
100% dissociation of the HIP complex in normal physiological conditions or water, therefore
exhibiting appealing properties for drug delivery applications [285,301]. Anionic surfactant
SDS has been widely used to ion pair hormones, enzymes, proteins, and antibiotics
[282,283,285], with one study reporting hydrophobic GEN-SDS complex being encapsulated
into nano carriers by flash nanoprecipitation method [281]. Our attempt at replicating these
results has been unsuccessful, however we hypothesised that pre-formed GEN:SDS complex
could be encapsulated into PLGA nanoparticles by double emulsification — solvent evaporation
method. Finally, AOT was chosen as a counterion of interest due to many studies reporting
successful GEN:AOT complexation, which in turn lead to high encapsulation rates of the
complex into nano or micro-sized carriers, unaffected or enhanced bactericidal properties and,
in some cases, sustained drug release [178,280,302]. Here, our aim was to replicate previous

studies and observe how HIP between GEN and AOT compared to binding efficiency,
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dissociation, encapsulation into nanoparticles, drug release and antimicrobial sensitivity of HIP

between GEN and other selected counterions.
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Figure 3.2: Chemical structures of gentamicin (GEN), sodium oleate (OA), docusate sodium

salt (AOT), sodium dodecyl sulphate (SDS), and dextran sulphate sodium salt (DSS).

3.3.2.1. Binding efficiency of GEN:HIP complexes

HIP is a process of forming ionic interactions between a charged hydrophilic molecule and
oppositely charged surfactants [282]. Once the complex is formed, hydrophilic groups of
cationic molecule become shielded by hydrophobic moieties of the counterion, with
hydrophobic parts of the counterion extending into the outer parts of the complex and thus
decreasing the solubility of the whole complex in aqueous environments [282,302]. Obtained
hydrophobic complex has been shown to demonstrate lack of hydrogen bonding in polar
solutions, therefore confirming increased hydrophobicity [303]. As HIP is formed by non-
covalent interactions, the complex can easily dissociate in the presence of ions that outcompete

the counterion [282].

Ionized GEN (at pH=5) and anionic counterions OA, AOT, SDS and DSS (dissolved in water)
were mixed in different mol ratios to form GEN:HIP complexes. These complexes were made
in ratios of 1 mol of GEN to 1, 3 or 5 mol of counterion. As GEN chemical structure suggests
(Figure 3.2), this drug demonstrates 5 amine groups, which if ionised could form ionic
interactions with 5 molecules of counterion, that presents a single charged group [178]. In this

case, the stoichiometry would be equimolar [304]. However, based on GEN composition, five
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amine groups differ in their methylation pattern at one or more sites in the molecule [305],
meaning that it is challenging to predict the exact GEN to counterion ratio needed for
stoichiometric binding. Therefore, increasing mol ratios of GEN:HIP-agent were examined to
fully saturate free amino groups of GEN with counterion, which would result in fully ion paired
GEN [280,306]. This was achieved by measuring the binding efficiency between GEN and
counterion, as fully ion paired GEN would demonstrate 100% HIP-agent binding efficiency
[285,306].

Results have demonstrated that increase in mol ratio between GEN and counterions improve
their ionic binding efficiency (Figure 3.3). With ratios of GEN:HIP complex set to 1:1 mol,
less than 50% of GEN was ion paired, as evidently not enough counterion was used to bind all
available amino groups of GEN. Increased mol ratio to 1:3 GEN:HIP-agent revealed
counterions AOT and SDS to perform better compared to OA or DSS, as the former two
reached 98.6 + 2% and 96.4 + 2% HIP%, respectively. Similar results were reported by Griesser
et al., 2017, where they compared OA, AOT and SDS as ion pairing agents to several cationic
peptides [307]. Their findings show AOT superiority in terms of binding efficiency compared
to the other counterions, which highlights that chemical structure of anionic surfactants could
be a key factor in achieving most efficient ion pairing results [307]. Additionally, Claus et al.,
2023 have shown that counterions with sulphonate groups, such as AOT, demonstrate more
efficient HIP performance than counterions with sulphate groups, such as SDS, also revealing
that presence of highly electron-dragging head formation of the counterion ensures efficient
HIP formation [299]. This also suggests that the reason why DSS, which has two sulphate
groups on each a-glucose unit, does not achieve as high HIP efficiency as AOT or SDS, as the

sulphate groups of DSS are not structured in the anionic head position [308].
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Figure 3.3: Graph demonstrating the ionic binding efficiency (HIP%) of GEN with HIP agents
OA, AOT, SDS and DSS, when increasing mol ratios of counterions are used. Error bars

represent the SD (n = 3).

It is important to note that both AOT and SDS counterions have achieved almost 100% pairing
efficiency with GEN when mol ratio of 1:3 GEN:counterion was used [34,37]. Several studies
reported that after the most efficient HIP formation was achieved, increase in counterion ratio
often resulted in micellar formation, as concentration of counterion surpassed its critical
micelle concentration (CMC) [282,307,309]. Based on the reported CMC values in other
publications, where CMC of OA is 0.09%, CMC of AOT is 0.02%, and CMC of SDS is 0.2%
(w/v) [310-312], all concentrations of counterion used for preparation of GEN:HIP were above
the CMC level. Therefore, it is highly likely that GEN:AOT and GEN:SDS complexes with
higher ratios than 1:3 exhibited micellar formation, as increase in GEN:counterion ratios
demonstrated continuing 100% ion pairing efficiency. All following experiments for

GEN:AOT and GEN:SDS complexes were performed in 1:3 drug to counterion ratios.

Similarly, DSS exhibited no significant difference (P > 0.05) between HIP% results of 1:3 and
1:5 mol ratios of drug to counterion complexes. Resulting 84.2 + 3% to 87.8 + 3% GEN pairing
efficiency was significantly lower than observed in GEN:AOT and GEN:SDS complexes at the
same ratios. However, around 90% binding efficiency was also observed in GEN:OA complex,
demonstrating 89.9 + 5% of GEN paired when 1:5 mol ratios were used. A possible reason why
both OA and DSS counterions could not 100% effectively pair with GEN could be due to other

intra-molecular interactions occurring between drug and surfactants [306].
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All four counterions examined have demonstrated increase in HIP% when mol ratios of
counterions were increased in GEN:HIP agent complexes. Results showed generally high ion
paired GEN percentage of > 88%. Similar results have been widely reported in the literature

when OA, AOT, SDS and DSS were used as counterions [285,299,301,307,309].

3.3.2.2. Ion pairing of GEN and counterions confirmation by ATR-FTIR

ATR-FTIR analysis was performed to investigate interactions between GEN and selected
counterions, and results are presented in Figure 3.4. GEN spectrum showed nitrogen-hydrogen
(N-H) bending vibrations of primary amines at peaks 1618 and 1525 cm, with two
characteristic peaks for GEN present at 1024 and 605 cm™! [313,314]. For counterions AOT
and SDS peaks of vibration of sulphate groups (SOO-) could be observed at 1209 and 1217
cm’!) respectively, for asymmetric stretching, and 1047 and 1082 cm, respectively, for
symmetric stretching [301,315]. These peaks were observed at the same wavenumber in
physical mix of GEN and AOT, and GEN and SDS. Once GEN:AOT complex was formed,
symmetric stretching of SOO- peak formed a hump on shifted GEN peak (from 1024 cm™ to
1111 cm™), with asymmetrical stretching SOO- peak disappearing completely. This indicates
sulphate group binding to GEN during their complex formation. As for SDS, both asymmetric
and symmetric stretching peaks of SOO- were no longer visible once 1:1 and 1:3 mol ratio

complexes of GEN:SDS were formed. Instead, a characteristic GEN peak shifted from 1024 to

1109 cm™!, therefore suggesting GEN and SDS interaction during complex formation.
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Figure 3.4: ATR-FTIR absorbance spectrum of (A) GEN:OA, (B) GEN:DSS, (C) GEN:AOT

and (D) GEN:SDS complexes, with their raw materials and physical mixtures.
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Similarly to AOT and SDS, spectrum of DSS showed peaks of asymmetric and symmetric
stretching vibrations of SOO- at 1221 and 982 cm’!, respectively [285,301,315]. Additionally,
S-O-S vibration has been observed at peak 802 cm™ [285,301]. After GEN:DSS complex
formation, these peaks were diminished, while GEN peak shifted to 1093 cm™!, indicating ionic

interactions between the drug and counterion.

OA demonstrated asymmetric stretching vibration of carboxyl group (-COO-) at peak 1558 cm™
!, whereas peaks 1462, 1445 and 1423 cm! exhibited symmetric stretching vibrations of -COO-
[309,316]. After electrostatic interactions between anionic carboxyl group of OA and cationic
amino group of GEN, the asymmetric -COO- peak demonstrated a shift to 1539 cm™. Instead
of 3 peaks of symmetric stretching vibrations of OA and 2 peaks of primary amines of GEN,
two peaks at 1466 and 1408 cm™! appeared in GEN:OA complex samples, which therefore
suggests interactions between the drug and counterion. Additionally, GEN:OA complex
spectrum also reveals a characteristic GEN peak at 1024 cm™ shifting and splitting into two

peaks at 1094 and 1045 cm.

It is interesting to mention that in some GEN:HIP agent complexes, which were formed in 1:5
mol ratios, distinctive peaks of counterions can be observed. For instance, spectrum of
GEN:OA complex shows strong peak of asymmetric stretching vibration of carboxyl group at
1558 cm! reappearing again. Similarly, peak at 1217 cm™ corresponding to asymmetric
stretching vibration of sulphate group can be clearly identified in 1:5 mol GEN:SDS complex
sample. These observations strongly suggest that excess quantities of free counterion are
present in the sample and not interacting with the drug, as there are no available GEN amino

groups to form a GEN:HIP complex with.

3.3.2.3. Dissociation of GEN:HIP complexes

For this study, complete ion paired complex dissociation is necessary to achieve therapeutical
concentrations of the drug within target site, which would inhibit bacterial growth and kill the
bacterial infection. Due to the nature of ionic interactions being easily influenced by presence
of high ionic strength, dissociation of GEN:HIP complexes can be enhanced by addition of
NaCl, which outcompetes counterions and releases the drug from HIP complex. Dissociation

experiments were performed by dispersing the GEN:HIP complexes in PBS (originally
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contains 0.137 M NaCl) with increasing concentrations of NaCl added. Up to 1.71 M (10%) of
NaCl used was per sample, as it is reportedly the highest salt concentration that was safely used
in bladder with minimal adverse effects observed [286]. Additionally, dissociation of GEN:HIP
complexes was examined in AU buffer with same NaCl concentrations as mentioned earlier.
Finally, two pH conditions were tested: neutral at pH = 7.4 and acidic at pH = 4.5. Here,
inclusion of acidic pH was important for a couple of reasons. Firstly, pH conditions lower than
pKa of certain counterions can facilitate protonation, which in turn would lead to detachment
of the drug from GEN:HIP complex. Secondly, acidic pH significantly improves mucoadhesive
properties of the PLGA nanoparticles, that are coated with mucoadhesive polymers, such as
chitosan [317,318]. As chitosan is protonated in acidic pH, it becomes positively charged and
thus achieves strong mucoadhesive interactions with negatively charged mucin [317,318].
Strong mucoadhesive interactions between nanoparticles and mucous layer are important in
order to prolong the retention time of the nanoparticles in the bladder, facilitating sustained
drug release. Although nanoparticles used in this chapter do not have mucoadhesive coating,
addition of chitosan to these formulations would be part of further optimisation work, which
demonstrates the need to test how dissociation of GEN:HIP complex is affected by acidic pH.
Mucoadhesive interactions between chitosan coated nanoparticles and mucous layer are further

explored in Chapter 4 and Chapter 5.

Results of dissociation tested in PBS pH = 7.4, PBS pH = 4.5 and AU pH = 4.5 buffers are
demonstrated in Figure 3.5. Dissociation of GEN:DSS complex in PBS + NaCl buffers at both
acidic and neutral conditions demonstrate detachment of over 100% when high concentration
of salts are used. Based on this, we speculate that during preparation of GEN:DSS samples for
HPLC analysis, DSS gets derivatized along with GEN, which later on interferes with GEN
peak readings. To the best of our knowledge, there are no prior reports of chemical reactions
between DSS and OPA. During the sample preparation of GEN:HIP complexes for HPLC
assay, samples are filtered using 0.2 um PES filter to remove any leftover complex, however
water-soluble UNP-GEN and free counterion (below CMC) remained dispersed in the aqueous
solution. Once the supernatant of GEN:DSS is derivatized, samples turn into a dark red colour,
which is not seen after derivatization of UNP-GEN or supernatants of GEN:OA, GEN:AOT or
GEN:SDS. Hence, results of GEN:DSS samples were deemed unreliable and this complex was

not investigated in further experiments.
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Looking at the dissociation rates of complexes GEN:OA, GEN:AOT and GEN:SDS, none of
the counterions showed full 100% dissociation from the drug. Highest dissociation rates were
observed in GEN:OA complex, resulting in 63.2 4% of GEN freed from the counterion, when
the highest concentration of NaCl was used in acidic PBS buffer. Failure to fully dissociate HIP
complexes was also reported in other studies, as evidently non-ionic interactions, such as
covalent bonding and hydrophobic interactions, have been observed between therapeutics and
counterions [285,301,319]. For counterions AOT and SDS, highest percentage of dissociated
GEN of 50.7 = 12% and 48.7 £+ 1%, respectively, was achieved in 1.71 M NaCl PBS buffer at
pH = 7.4. Based on this data, the most effective dissociation was achieved in buffers with
highest salt concentrations. Other studies have also demonstrated similar results of improved

dissociation of HIP complex with increasing concentration of salts used [301,320].

As mentioned before, we hypothesised that acidic pH conditions could act as dissociation
trigger to GEN:OA complex, as protonation is expected in pH conditions below pKa of OA
(pKa = 5) [282,300]. Therefore, when buffer pH was 4.5, OA showed significantly higher (P <
0.05) percentage of dissociated GEN in all NaCl concentrations tested, except for 1.71 M, when
compared against GEN:OA dissociation in neutral conditions. A likely reason why no further
dissociation is observed at highest NaCl concentration even at pH = 4.5 is likely due to other
non-ionic interactions between GEN and OA [285,301,319]. GEN:AOT samples showed no
significant difference in dissociation when tested in pH = 4.5 or pH = 7.4, except for when
tested in PBS buffer alone, however in both conditions the dissociation was incredibly poor,
with an average of 2.6 + 1% and 6 + 1%, respectively, of GEN dissociated. Complex of
GEN:SDS showed significantly higher dissociation percentage at pH = 7.4 in PBS alone and
PBS + 1M NaCl buffers, however at highest concentration of salt used dissociation percentage
was similar to the one obtained in pH = 4.5. These results of AOT and SDS dissociation were
expected, as pH change did not drop below the pKa values of these counterions (AOT pKa = -
0.75), SDS pKa = 3.3).

Results of GEN and counterion dissociation were similar in both PBS and AU buffers at pH =
4.5. Similar trend of increase in dissociation with increasing concentrations of salt added was
observed in AU buffer, with GEN:OA complex showing highest percentage of released drug

from the complex. It is important to note, that results of dissociation in AU buffer showed quite
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large error bars indicating around 10% fluctuation of the outcome, which could suggest

challenging reproducibility.

3.3.3. Characterisation of GEN:HIP loaded PLGA nanoparticles
PLGA nanoparticles loaded with GEN:HIP complexes were prepared by a double emulsion —

solvent evaporation method [121]. Nanoparticles ranged in size from 128 to 299.5 nm, with
polydispersity index (PDI) average of 0.31 (Table 3.1). Nanoparticles loaded with GEN:HIP
complexes showed no significant difference to blank PLGA nanoparticles when particle size
was compared, except for 1:1 GEN:OA complex nanoparticles, which were significantly larger
(P <0.05). Nanoparticles loaded with UNP-GEN showed lowest particle size of 128 = 15 nm,
and although some GEN:HIP complex loaded formulations showed significantly higher
particle size, there was no clear trend observed that suggested increased particle size when
GEN:HIP complex was loaded. Similar size range of PLGA nanoparticles loaded with
GEN:AOT complex was reported previously [280,321]. Most nanoparticles showed narrow
size distribution, as their PDI values ranged from 0.2 to 0.3, with only exception of 1:1
GEN:OA formulation showing much larger value of 0.6. All nanoparticles showed minimal
negative particle charge. As PLGA is negatively charged polymer, expected zeta potential
should be at around -20 mV, however our formulations contained 2% of stabilizer PVA, which
decreased zeta potential values to almost neutral [169,280]. Encapsulation of UNP-GEN or
GEN:HIP complex did not demonstrate a significant difference on nanoparticle charge,

therefore indicating no drug adsorption on the particle surface.

Table 3.1: Characteristics of blank PLGA nanoparticles, UNP-GEN loaded and GEN:HIP
complex loaded PLGA nanoparticles prepared by double emulsification — solvent evaporation.

Error bars represent SD and n = 3.

GEN Counterion Drug to Particle size PDI Zeta
concentration counterion (nm) potential
(mg) mol ratio (mV)
N/A N/A N/A 165.4+40 0.33+0.02 | -0.8+1
5 128.0+15 0.23+0.06 | -0.7+0
OA 1:1 299.54+73 0.55+0.12 | -0.4+0
AOT 154.9+£38 0.26+0.02 | -0.8+0
SDS 167.0£33 0.35+0.14 | -1.5+1
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OA 1:3 202.2+68 0.31+0.06 | -1£1
AOT 175.8+14 0.30+0.05 | -2.8+2
SDS 171.1£20 0.28+0.02 | -1.2+0

OA 1:5 187.2+16 0.25+0.04 | -1.7+0
AOT 187.8+79 0.25+0.08 | -9.6+12
SDS 175.1£32 0.35+£0.09 | -1.9+1

The shape and surface morphology of blank PLGA nanoparticles, UNP-GEN loaded PLGA
nanoparticles, and GEN:OA, GEN:AOT, GEN:SDS complex loaded PLGA nanoparticles were
inspected by TEM (Figure 3.6). Images demonstrate spherical shaped nanoparticles in size
range from 150 to 250 nm, which is agreement with data obtained from DLS analysis (Table
3.1). Some smaller sized particles can be observed in all formulations, indicating some degree
of particle polydispersity, which is expected with an average PDI of 0.3, as measured by DLS.
Most of the formulations demonstrated smooth particle surface morphology, except for 1:3 mol
ratio of GEN:SDS complex loaded PLGA nanoparticles, which surface was covered by

irregular structures. It is likely to be excess SDS or PVA forming a coating on the surface of

nanoparticles [322].
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Figure 3.6: TEM images of (A) blank PLGA nanoparticles, (B) UNP-GEN, (C) 1:5 GEN:OA,
(D) 1:3 GEN:AOT, (E) 1:3 GEN:SDS loaded PLGA nanoparticles.

Different mol ratios of GEN:HIP complexes were encapsulated in PLGA nanoparticles to
observe how binding efficiency (HIP%) correlates with encapsulation efficiency (EE%) of
GEN. Due to high water solubility of GEN, encapsulation of it in hydrophobic polymers such
as PLGA can be challenging [296,297,323]. Use of double emulsion — solvent evaporation
method enables to trap hydrophilic drugs in an internal oil phase, which is then distributed in
external aqueous phase containing surfactant to stabilize the external interface [324]. However,
sometimes it does not fully prevent the drug from diffusing out of the oil core during the
preparation and particle formation process. Therefore, use of HIP is an appealing technique
that changes hydrophobicity of the drug without altering its chemical structure, and then
enables this hydrophobic complex to partition into polymers matrix during the encapsulation

process [322].
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As seen from results demonstrated in Figure 3.7, increase in mol ratios of GEN:HIP increases
encapsulation efficiency of GEN. By comparing these results to HIP% results discussed in
section 3.3.2.1., it is clear that with more hydrophobic GEN:HIP complex present in the
sample, more GEN is encapsulated into the nanoparticles. For instance, 1:5 mol ratio GEN:OA
complex showed HIP% of 89.3 + 5% and the same complex showed encapsulation of 90.9 +
5% into PLGA nanoparticles. In contrast, when GEN:HIP complexes made of mol ratios 1:1
drug to counterion were used, much smaller amount of GEN was complexed with its
counterion, therefore EE% values were considerably lower, ranging from 36.8% to 53.7% as
most of the unpaired GEN has diffused from the core of the nanoparticles. It is important to
note that some of the unpaired GEN is expected to be loaded into the PLGA nanoparticles too.
UNP-GEN loaded nanoparticles demonstrated EE% of 33.1 £+ 2%, with LC% of 16.5 £ 1%,
which represents an average mean of EE% and LC% values of GEN loaded polymeric
nanoparticles reported in the literature [182,296,297,321,323]. Interestingly, when comparing
EE% of 1:1 mol ratios of GEN:HIP complexes and UNP-GEN formulations, only GEN:AOT
loaded nanoparticles showed significantly higher (P < 0.01) EE% compared to UNP-GEN

loaded nanoparticles.
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Figure 3.7: (A) Encapsulation efficiency (EE%) and (B) loading capacity (LC%) of different
mol ratios of GEN:OA, GEN:AOT and GEN:SDS complexes loaded PLGA nanoparticles.

Error bars represent the SD and n = 3.

Complexes GEN:OA and GEN:SDS achieved highest EE% and LC% values once encapsulated
into PLGA nanoparticles at 1:5 mol drug to counterion ratios. This is expected, as their HIP%

values were highest at the same ratios. As for GEN:AOT, no significant difference (P > 0.05)
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was observed between ratios 1:3 and 1:5 when comparing their values of EE% and LC%, as

no significant difference was found between the same ratios in HIP% values too.

Highest EE% values achieved were 90.9 £ 5%, 98.6 £ 1% and 98.9 + 1% for GEN:OA,
GEN:AOT and GEN:SDS complex loaded nanoparticles, respectively. This data aligns with
previously reported results of ion paired GEN encapsulation into PLGA nanoparticles reaching
around 100% entrapment efficiency [178,280,321]. Additionally, similar LC% values were also
reported [321].

3.3.4. In vitro drug release profiles of GEN:HIP loaded PLGA nanoparticles

In vitro drug release profiles of GEN:HIP loaded formulations were investigated to observe
whether complexation of GEN into a HIP complex, as well as encapsulation into polymeric
nanoparticles, provides a sustained drug release of this highly hydrophilic drug. Firstly, UNP-
GEN diffusion rate out of dialysis bag was established in 3 different release media: PBS pH =
7.4, PBS pH =4.5 and AU pH = 4.5. As mentioned previously in section 3.3.2.3., lower pH of
4.5 was included in the in vitro drug release assay to examine whether pH below pKa of a
counterion can trigger complete dissociation of GEN:OA complex. Additionally, as the
envisioned site of action for these formulations is urinary bladder, acidic pH conditions are
needed to improve mucoadhesive properties of chitosan coated nanoparticles, which are further
explored in Chapter 4 to enhance nanoparticle retention time in the bladder. Therefore, based
on the application intended for these formulations, our goal was to ensure that drug release
properties are not crucially affected by change in pH. In addition, AU was used as a release

medium option to mimic release conditions in the bladder.

Results of drug release profiles of UNP-GEN, that was solubilised in MQW, in different release
medias are reported in Figure 3.8. GEN demonstrates 100% release from dialysis bag in both
PBS pH = 7.4 and pH = 4.5 buffers within 4 hours, showing almost identical drug release
profiles. As GEN is freely soluble in water, it is expected to fully diffuse out of the dialysis bag
in a burst effect. However, it appears that GEN diffusion rate through the membrane is
controlled by the permeation rate of the drug through the dialysis membrane, which reportedly
has been shown to slow down the release kinetics of the drug release studies [274,325]. Despite

these limitations, drug release studies using dialysis membrane have been widely used to
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observe drug release kinetics in vitro and can be still used effectively when comparing the drug

release profiles between formulations, as well as obtaining relevant controls [274].

UNP-GEN failed to reach 100% release in AU pH = 4.5, at 4 hours demonstrating peak of 88.4
+ 7% of UNP-GEN released. The reason why GEN fails to achieve complete diffusion out of
dialysis bag is unknown, as GEN was observed to be freely soluble in AU buffer. However, it
could be attributed to GEN degradation in AU over time, additional bi-product formation that
interfere with GEN diffusion through dialysis bag, or with GEN quantification by HPLC assay.
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Figure 3.8: In vitro UNP-GEN release from UNP-GEN solution (drug dissolved in MQW) in
different buffers, incubated 24 hours using dialysis bag, at 37 °C degrees and shaking at 100
RPM. Error bars represent the SD and n = 3.

Afterwards, release of GEN from GEN:HIP complexes were investigated in the same 3 buffers,
with 1.71M of NaCl included to enhance the dissociation of drug and counterions. Based on
results reported in section 3.3.2.3., dissociation studies have showed only 48.7% to 63.2%
dissociation of GEN from its HIP complexes. This could be an issue observed in in vitro drug
release studies if almost half of the drug is being trapped inside of a complex unable to be
released. Despite this, all 3 GEN:HIP complexes demonstrated around 90% to 100% release of
GEN after dissociation from its HIP complex in PBS at acidic and neutral conditions as shown
in Figure 3.9. The only instant where GEN release was different between PBS pH = 7.4 and
PBS = 4.5 buffers was observed in GEN:SDS samples, where less GEN was released in acidic

conditions. In contrast, GEN:OA complex demonstrated a burst release in the first 2 hours in
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PBS pH = 4.5 buffer, which was not observed when the same complex was incubated in PBS
pH=7.4 buffer. However, overall GEN release did not show many differences between different
pH conditions of PBS. When comparing these GEN:HIP release profiles to UNP-GEN release
shown in Figure 3.8, a sustained release of GEN can be observed when the drug is coupled
with a counterion. While UNP-GEN control was fully released in PBS pH = 7.4 and PBS pH
= 4.5 within 4 hours, the drug released from GEN:HIP complex reached almost 100% after 8
to 24 hours. Therefore, coupling GEN into a HIP complex can be beneficial in order to sustain

drug release by at least several hours, compared to fast free drug diffusion rate.

GEN release from GEN:HIP complexes in AU pH =4.5 was recorded at around 60% even after
14 days (not shown), since demonstrating a plateau after 48 hours. Incomplete GEN release
was previously observed when measuring how fast UNP-GEN diffuse out of the dialysis bag
into AU release media (Figure 3.8). Although the reason why full release of the drug cannot

be achieved in this release media is unknow, several theories were considered.

Firstly, we questioned whether NaCl in the release media failed to facilitate full dissociation of
GEN:HIP complex due to complex chemical composition of AU. Dissociation of GEN from
ion paired complex was previously discussed in section 3.3.2.3., where that amount of GEN
that dissociated from its counterion was similar in all three buffers used: PBS pH = 7.4, PBS
pH = 4.5 and AU pH = 4.5. As shown in Figure 3.9, full GEN dissociation from GEN:HIP
complex was achieved in PBS pH = 7.4 and PBS pH = 4.5, which included 1.71M of NaCl,
therefore complete dissociation of GEN was also expected in AU pH = 4.5 with additional
NaCl. However, as mentioned above, only 60% of GEN was released after 14 days in AU pH
=4.5. Since NaCl concentration in all buffers were the same, and previous experiments showed
similar dissociation results of GEN:HIP complexes in all buffers, it seems unlikely that
difference in chemical composition of release buffers had such an impact on dissociation of the
GEN:HIP complex and release of GEN. Alternatively, wide chemical composition of AU buffer
could have resulted in potential GEN degradation over time. This, however, was not
investigated further. Finally, failure to fully release drug could be attributed to additional
complexes being formed between GEN and chemicals that comprise AU, which could affect
how the drug is derivatized and then analysed in HPLC. In this instance, the drug could be
dissociated from the GEN:HIP complex and fully released in the media, but not correctly
measured due to interference with quantification process. Although we hoped to demonstrate

more therapeutically relevant GEN release profiles by mimicking a more accurate release
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medium, based on the limitations observed in the results, AU buffer was deemed unusable for
the present study. Further research could provide insight on why GEN failed to release fully in
AU buffer, as well as potentially eliminate previously discussed limitations of using this release

media.
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Figure 3.9: Cumulative in vitro GEN release from (A) GEN:OA (B) GEN:AOT (C) GEN:SDS
complexes in PBS pH = 7.4, PBS pH = 4.5 or AU pH = 4.5 release media, over 48 hours using
dialysis bag method, incubated at 37 °C degrees and shaking at 100 RPM. Error bars represent
the SD and n = 3.
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PBS buffer at pH = 4.5 was selected as a final release medium, due to acidic pH needed to
trigger GEN:OA complex dissociation, as well as enhanced mucoadhesive properties that
would be tailored to these formulations in the future. These requirements suggest that in order
to achieve the right conditions in vivo, a bladder pre-treatment with acidic solution might be

necessary to remove residual urine and establish the right pH conditions for efficient treatment.

The next step was to investigate concentration of NaCl used in release media in order to
facilitate dissociation of the GEN:HIP complexes. Based on preliminary dissociation study
performed in section 3.3.2.3., highest concentration of salt showed best dissociation results.
However, with highest concentration of NaCl used in release media, GEN:HIP complexes
achieved their full release within 24 hours, mainly releasing most of GEN by 6 hour mark.
When comparing this data to UNP-GEN release, this demonstrates a small sustained effect on
GEN release just by ion pairing GEN into a GEN:HIP complex. However, we hypothesize that
release could be sustained more by reducing concentration of salt in the release medium to

reduce or slow down dissociation.

Results presented in Figure 3.10 and Figure 3.11 demonstrate that reduction of NaCl
concentrations to 1 M instead of 1.71 M helps to reduce initial burst effects, however lower
concentrations of salt also reduce overall amount of GEN released. Reduction in salt
concentration in release medium has reduced burst effect from 88.3 + 2% to 44 + 3% of GEN
released from GEN:AOT, and from 80.5 + 1% to 48.5 = 1% of GEN released from GEN:SDS
in the first 8 hours of the assay. However, overall GEN released after 7 days of incubation has
also dropped once 1 M of NaCl was used, with GEN:AOT samples demonstrating total 65 +
2% of GEN released, while GEN:SDS showed 65.2 + 1% of GEN released. With 1.71M of
NaCl used in release media, complexes GEN:AOT and GEN:SDS reached total of 93.3 + 3%
and 91.9 + 1%, respectively, of GEN released after 7 days, overall releasing roughly 30% more
drug than with 1 M NaCl in PBS buffer. Based on this data, 1.71 M of NaCl was chosen for
further drug release assays for complexes GEN:AOT and GEN:SDS.
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Figure 3.10: Cumulative in vitro GEN release from (A) GEN:OA (B) GEN:AOT (C)
GEN:SDS complexes in PBS pH = 4.5 with different concentrations of NaCl, over 7 days using
dialysis bag method, incubated at 37 °C degrees and shaking at 100 RPM. Error bars represent
the SD and n = 3.
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Focusing on the results of GEN:OA release, decrease in salt concentration did show a small
reduction in overall GEN released in 7 days of the assay, however the reduction was much
smaller than in the other two GEN:HIP complexes. Initial burst effect of GEN:OA samples was
reduced from 88.9 + 4% to 75.2 = 1% of GEN released within the first 8 hours when salt
concentration was reduced from 1.71 M to 1 M. Importantly, overall GEN released from
GEN:OA complex after 7 days of the assay was very similar for both salt concentrations — 94.9
+ 2% when 1.71 M NaCl was used, and 88.5% when 1 M NaCl was used. The reason why
reduction of salt did not impact GEN:OA release profiles as much as it did for GEN:AOT and
GEN:SDS could be due to acidic pH below the pKa of OA used, which helped to protonate
counterion and dissociate it from the drug complex. Due to small drug release profile
differences observed between NaCl concentrations in release media, 1 M concentration of NaCl

was selected for further experiments of GEN:OA release in order to reduce initial burst effect.
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Figure 3.11: Cumulative in vitro GEN release from (A) GEN:OA (B) GEN:AOT (C)
GEN:SDS complexes in PBS pH = 4.5 with different concentrations of NaCl, over the first 24
hours using dialysis bag method, incubated at 37 °C degrees and shaking at 100 RPM. Error

bars represent the SD and n = 3.
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Finally, GEN:OA, GEN:AOT and GEN:SDS complexes were encapsulated into polymeric
nanoparticles and their drug release profiles were investigated in PBS pH = 4.5 buffer with
additional NaCl. Results presented in Figure 3.12 demonstrate that less than 10% of GEN is
being released from GEN:HIP complex loaded PLGA nanoparticles over 7 days. The same
formulations were checked at 1 month, 10 week and 6 month time points and no increase in
GEN concentration in PBS was recorded. While the reason for poor GEN release from
GEN:HIP loaded PLGA nanoparticles is unknown and requires further investigation, we
hypothesised that GEN:HIP complexes might not be fully loaded into the polymeric
nanoparticles, despite the high EE% and LC% values presented in section 3.3.3. This could
occur due to potential limitations in nanoparticle preparation method. As described in section
3.2.4., GEN:HIP complex was pre-formed prior to entrapment into polymeric nanoparticles.
Due to hydrophobicity of the complex, it is likely that precipitation of the complex has started
before this phase was added to the organic phase, which could have impacted the complex
loading into the PLGA nanoparticles. However, it is important to stress that this hypothesis

have not been confirmed and thus requires a further investigation.

In the event that GEN:HIP complex loading in the PLGA nanoparticles was affected by
limitations in selected nanoparticle preparation method, the reason behind potential
discrepancy between poorly loaded nanoparticles and high EE% and LC% values needs to be
addressed. Indirect assay to quantify the GEN encapsulated in nanoparticles rely on
measurement of free, unencapsulated GEN, from which a theoretical calculation of the amount
of GEN inside of nanoparticles can be made. Nanoparticles and free unencapsulated drug are
separated by centrifugation, where nanoparticles sediment into a pellet, while free drug remains
dispersed in the supernatant. Therefore, based on the principle of the indirect assay, the true
drug content within the pellet remains unknown. Measurement of precise GEN amount in
supernatant becomes especially challenging when formulation includes surfactants and
stabilisers, as they could form micelles and entrap GEN inside of very small nano-sized
vehicles which do not sediment into a pellet when centrifuged. Additionally, based on the HIP
binding efficiency discussed in section 3.3.2.1., at least 90% of GEN should be ion paired,
meaning that if the complex is not encapsulated into PLGA nanoparticles, it would still
precipitate into the pellet due to its hydrophobicity. This means that less than 10% of UNP-
GEN remains in the supernatant, which in turn leads to high EE% and LC% values. Therefore,

the accuracy of indirect quantification assay seems to suffer when more complicated
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nanoparticle systems are involved, as drug content is distributed in different forms within the
nanoparticle solution. For more precise results, new EE% values were calculated based on the
in vitro drug release data of GEN:HIP loaded nanoparticles. As shown in Table 3.2, the EE%
values obtained from indirect assay (section 3.3.3.) and EE% based on in vitro drug release
(Figure 3.12) demonstrate significantly different results. Although most studies use direct
assay for drug quantification, as pellet of centrifuged PLGA nanoparticles can be dissolved and
drug can be solubilised in a solvent to then be used for quantification analysis [326], GEN is

not soluble in any solvents that could dissolve PLGA.
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Figure 3.12: Cumulative in vitro GEN release from UNP-GEN loaded PLGA nanoparticles in
PBS pH = 4.5 over 48 hours. In addition, cumulative GEN release from GEN:OA, GEN:AOT,
and GEN:SDS complex loaded PLGA nanoparticles in PBS pH = 4.5 (with release media
containing 1 M NaCl for GEN:OA, and 1.71 M NaCl for GEN:AOT and GEN:SDS) over 7
days using dialysis bag method, incubated at 37 °C degrees and shaking at 100 RPM. Error
bars represent the SD and n = 3.

Alternatively, another hypothesis as to why GEN:HIP demonstrated poor drug release data was
considered. We hypothesised that perhaps no GEN is being released from its complex and/or
polymeric nanoparticles, however data presented in this section, as well as dissociation results
shown in section 3.3.2.3., demonstrate that GEN can successfully dissociate from its HIP
complex in selected medium. Additionally, control formulation of UNP-GEN loaded PLGA
nanoparticles demonstrated an increasing amount of GEN released over 48 hours,

demonstrating successful drug release out of obtained PLGA nanoparticles (Figure 3.12).
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Despite that, in order to reject the hypothesis that GEN is trapped inside the polymeric
nanoparticles or in its GEN:HIP complex that is encapsulated into PLGA nanoparticles,
samples were left to incubate for 6 months, after which PLGA is expected to fully degrade
[327,328]. Usually, 1 to 6 months are reportedly needed for PLGA degradation to complete,
depending on ratio of lactic to glycolic acid used [327,328]. GEN concentrations in the release
media were measured after 1 month, 10 weeks and 6 months to observe whether degradation
of PLGA has any impact on drug release. Even after 6 months of incubation, total of GEN
released from GEN:HIP loaded PLGA nanoparticles was still below 10%. Based on all
collected data and literature research, it was concluded that < 10% of GEN was entrapped into

the polymeric nanoparticles.

In contrast, several studies reported in vitro drug release profiles of GEN:AOT loaded
polymeric nanoparticles. Imbuluzqueta et al., 2011 demonstrated 100% of GEN released over
70 days from GEN:AOT complex loaded PLGA nanoparticles [280], while Rotman et al., 2020
demonstrated over 60% of GEN released from GEN:AOT complex encapsulated into
polymeric microspheres over 2 week period [329]. Similarly, study by Kwiecien et al., 2022
reported over 60% of GEN released from encapsulated GEN:AOT complex into PLGA

nanoparticles over 5 to 6 days, after which the release seem to stabilise and plateau [321].

Table 3.2: Amount of GEN present in UNP-GEN loaded and GEN:HIP loaded PLGA
nanoparticles based on results from drug release assay. In addition, new EE% values, that are

based on drug release data, are presented and compared to the values first reported in section

3.3.3.

Nanoparticle formulation Amount of | EE% based | EE% based
GEN Counterion | Drug to GEN on drug on indirect
concentration counterion released release assay and
(mg) mol ratio | after 7 days (after 7 HPLC
(mg) days) quantification
5 OA 1:5 0.44+0.01 8.8+0.2% 90.9+£5%
AOT 1:3 0.46+0.01 9.3+0.2% 98.6+£1%
SDS 1:3 0.48+0.02 9.5+0.4% 90.8+2%
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Looking at the data presented in Figure 3.12, it is important to mention, that UNP-GEN loaded
PLGA nanoparticles showed 43.7 £ 9% of GEN released over 48 hours, demonstrating a
plateau after hour 8 time point. Although the assay was not continued afterwards, a plateau of
GEN release for at least 24 hours indicates that no more of the hydrophilic drug was expected
to release. Due to high hydrophilicity of GEN, a small reduction in the burst effect and
somewhat sustained release of the drug was expected due to encapsulation of the drug into
polymeric nanoparticles, as previously reported [182,330]. A plateau after initial burst of
around 50% was observed by Kwiecien et al., 2022, with no increase in released GEN observed
for the remaining weeks of the study [321]. In contrast, multiple studies demonstrate a
sustained release of encapsulated GEN into PLGA nanoparticles that does not include a burst
effect and takes at least 7 days or more to reach 100% release from the polymeric nanoparticles
[121,296,297,323]. However, these results do not align with results reported in present study,
as based on hydrophilic nature of GEN, a fast drug release profiles are expected in sink

conditions.

Some might argue that sustained release of antibiotics in the bladder could only contribute to
the problem of AMR due to subtherapeutic concentrations of antibiotic exposure to the bacteria
[279]. In order to achieve therapeutical concentrations of GEN inside the bladder, much higher
drug loading would need to be achieved first, as well as bulking up the nanoparticle
concentration in the solution. However, with emerging trials of using free GEN solution
instillation in high doses to instantly kill the bacterial infection [78—85], our mucoadhesive
formulations containing encapsulated antibiotic could ensure prophylactic monitoring and
prevention of recurrent infection in the bladder for the following days after initial GEN solution

instillation.

3.3.5. Antimicrobial sensitivity assays

For antimicrobial sensitivity assay E. Coli ER2738 strain was selected. This project focuses on
treatment of UTIs, which are most commonly caused by UroPathogenic E. Coli (UPEC) [29].
Although ER2738 strain is not considered to be UPEC, a E. Coli strain was selected for the
study. Antimicrobial susceptibility of GEN:HIP complexes or PLGA nanoparticles, loaded with
either UNP-GEN or GEN:HIP complexes, was measured by broth micro-dilution method
carried out against E. Coli to identify minimum inhibitory concentrations (MIC) of

formulations tested. For this experiment, 10ml of each nanoparticle formulation was
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concentrated to 400 pl, to ensure that 50 pl of nanoparticle solution contained enough drug to
calculate MIC value. Concentrating of the sample was done by collecting nanoparticles in a
pellet, removing the supernatant and then resuspending nanoparticles in 400 pl of MQW.

Achieved drug concentrations of the samples presented in Table 3.3.

For this assay, concentrations of GEN in each formulation were determined based on the data
acquired during in vitro drug release assays, as presented in Figure 3.12 from section 3.3.4.
Each formulation concentration was based on the amount of GEN released in PBS buffer
(including high concentrations of salt for GEN:HIP loaded PLGA nanoparticles) after 24 hours
at 37 °C degrees, 100 RPM (Table 3.3). Due to the nature of the assay, where MIC is calculated
from freshly prepared nanoparticles containing full amount of the encapsulated drug,

theoretical entrapped drug concentration data was used.

Table 3.3: Starting concentrations of GEN in UNP-GEN or GEN:HIP complex loaded PLGA
nanoparticle formulations, which were used for antimicrobial sensitivity assay. Nanoparticle
solutions were concentrated from 10 ml to 400 pl. Original GEN concentrations in nanoparticle
formulations were obtained from in vitro drug release assay (results shown in Figure 3.12 of

section 3.3.4).

Nanoparticle formulation Starting concentration
GEN amount | Counterion Drug to of GEN inside PLGA
(mg) counterion | nanoparticles calculated
mol ratio from drug release data
(mg/ml)
5 N/A N/A 1.7+0.2
OA 1:5 0.8+0.1
AOT 1:3 0.9+0.0
SDS 1:3 1.0+0.1

After 24 hours of formulations being incubated with bacteria, the resulting MICs were reported
in Table 3.4. GEN dissolved in water was used as a control, so its effectiveness against £. Coli
could be used as comparison for encapsulated UNP-GEN or GEN in HIP complexes.
Additionally, ampicillin (AMP) dissolved in water was used as a control of another antibiotic

that also inhibits E. Coli growth. Blank PLGA nanoparticles were also used as control to
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demonstrate that blank nanoparticles do not show any antimicrobial properties and no
inhibition of bacterial growth is observed. Most of the PLGA nanoparticle formulations showed
higher MIC values than MIC of unencapsulated UNP-GEN or unencapsulated GEN:HIP
complexes. This seems to indicate that entrapment of GEN into polymeric nanoparticles
reduces its antimicrobial efficacy. Similar effects have been observed in studies Sun et al., 2021
and Abdelghany et al., 2012, where encapsulation of GEN into PLGA nanoparticles has led to
decreased effectiveness in preventing bacterial growth [121,330]. On the contrary, studies by
Dorati et al., 2018 and Dhal et al., 2019 demonstrated that encapsulation of GEN either had no
effect on its effectiveness against different bacterial strains or showed lower MIC values then
unencapsulated GEN [182,296]. Results obtained from present study shows no data to support

this statement.

Interestingly, nanoparticles encapsulating GEN in a HIP complex showed lower MIC than
UNP-GEN encapsulated into PLGA nanoparticles, which could indicate that GEN in HIP
complex improves the antimicrobial properties of the drug. This was confirmed by measuring
MIC values of GEN:OA and GEN:SDS complexes against E. Coli, where resulting MICs were
significantly lower than MIC of UNP-GEN. Similar observations were reported by Ter Boo e?
al., 2015 and Rotman et al., 2020, where they observed that GEN:AOT complex was more
efficient in killing Staphylococcus aureus and Staphylococcus epidermidis than the UNP-GEN,
which they hypothesised could be due to anionic AOT destabilising the bacterial membrane
[329,331].

Table 3.4: MIC of nanoparticles loaded with UNP-GEN, GEN:OA complex, GEN:AOT
complex, GEN:SDS complex, as well as GEN:HIP complexes without being loaded into
nanoparticles, UNP-GEN solution and AMP solution against £. Coli. NPs = nanoparticles.

Sample name Organism MIC
(ng/ml)

Blank NPs Escherichia Coli N/A

UNP-GEN loaded NPs ER2738 108.8
1:5 GEN:OA loaded NPs 13.1
1:3 GEN:AOT loaded NPs 54.9
1:3 GEN:SDS loaded NPs 63.9
1:5 GEN:OA complex 2.4
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1:3 GEN:AOT complex 19.5
1:3 GEN:SDS complex 4.9
1 mg/ml UNP-GEN solution 7.8
1 mg/ml AMP solution 7.8

Most of previous literature examining how HIP affects antimicrobial properties of an antibiotic
drug that is encapsulated into polymeric nanoparticles are focused on GEN and AOT complex
[178,280,321,329,331,332]. Studies by Imbuluzqueta ef al., 2011 and 2013 report that GEN
coupled with AOT has enhanced effectiveness of the drug against Brucella melitensis, but also
encapsulation of GEN:AOT complex into PLGA nanoparticles improved its efficacy against
bacterial strain even more than just GEN:AOT complex [178,280]. Results from study by
Kwiecien et al., 2022 agreed with Imbuluzquenta ef al., as enhanced inhibition zone against S.
aureus was reported with GEN:AOT loaded PLGA nanoparticles, compared to UNP-GEN
loaded nanoparticles [321]. Therefore, results from the present study agree with prior literature
as nanoparticles encapsulating GEN:OA, GEN:AOT or GEN:SDS complexes showed much
lower MIC than UNP-GEN loaded PLGA nanoparticles [178,280,321].

3.3.6. Histology and toxicity studies

Adverse effects of UNP-GEN and GEN:HIP loaded PLGA nanoparticles were examined on
freshly excised porcine bladder tissue. Porcine bladders were collected from a local abattoir,
dissected in the lab and treated with 400 ul of each nanoparticle formulation. Tissues were
fixed, embedded in paraffin and sectioned. Following dehydration process and H&E staining,
then rehydration and tissue preparation for microscope analysis, samples were observed under
the microscope for any pathological changes in urothelium tissue. Resulting histology images

can be observed in Figure 3.13.
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Figure 3.13: Microscopic images of H&E stained porcine bladder tissue sections of 8§ um

thickness. Images demonstrate freshly excised porcine bladder tissues that (A) were stored at
4 °C during transportation, (B) followed the washing and incubation at 37 °C procedure, but
did not undergo any treatment, (C) were treated with 10 mg/ml protamine sulphate (PS) in PBS
pH = 7.4 resulting in urothelium desquamation. Images also show tissues treated for 1 hour at
37 °C with (D) blank PLGA nanoparticles, and PLGA nanoparticles encapsulated with (E)
UNP-GEN, (F) 1:5 GEN:OA complex, (G) 1:3 GEN:AOT complex, (H) 1:3 GEN:SDS

complex. Scale bar denotes 10pum, UC =umbrella cells, UR = urothelium, LP = lamina propria.

In a healthy bladder, a tightly packed layer of urothelium can be observed, with umbrella cells
and uroplakins forming an apical membrane plaque which acts as impermeable barrier [4].
Additionally, tight junctions and adherens junctions within cells of urothelium layer form a
paracellular permeability barrier [4]. To confirm no adverse changes in urothelium layer that
could have been caused during bladder excision or transportation, porcine bladder tissues were

kept on ice while other tissues undergone treatment and were used as negative control (Figure
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3.13A). Additionally, no pathological changes were observed in tissues that had undergone
process of treatment, such as washing with PBS and incubation at 37 °C without treatment
administration, confirming no harm caused by treatment procedure alone (Figure 3.13B).
Intentional harm to urothelium layer was caused by 1 hour treatment of 10 mg/ml protamine
sulphate (PS), after which destruction of tight junctions and adherens junctions was observed
(Figure 3.13C), leading to desquamation of urothelium cells and damaged structural integrity
of the permeability barrier [333]. Finally, formulations of UNP-GEN, 1:5 GEN:OA, 1:3
GEN:AOT, or 1:3 GEN:SDS loaded PLGA nanoparticles were tested on the porcine
urothelium, with no toxicity observed after 1 hour treatment (Figure 3.13D-H). Although
urothelium lining shown in Figure 3.13F appears non-uniform, it is likely that this can be

attributed to artefacts, as umbrella cells of the layer seem to be intact.

GEN is known to cause ototoxicity, which causes damage to the inner ear, and nephrotoxicity,
which affects the kidneys [248]. However, as the treatment proposed in present study would be
applied directly to bladder, side effects of the drug are significantly reduced due to limited
systemic adsorption of the drug [79]. Multiple studies have shown off-label treatment of UTIs
by GEN instillation through intermittent catheters, which have successfully treated bacterial
infections without any toxic effects reported [79,81,334]. As for counterions, no reports of
toxicity were reported for OA, AOT and SDS for use in bladder, however some toxicity were
reported when counterions were used systemically. For instance, OA was mentioned to be safe
and non-toxic [309,335,336], however some publications mention that it can permeate skin or
disrupt cell membranes [309,337]. AOT showed toxicity during in vitro haemolysis assay
[338], but demonstrated no toxicity on Caco-2 cells [306]. SDS was reported to cause skin and
respiratory irritation [339]. However, most of these side effects are linked to cases where
surfactants would have systemic exposure, which is unlikely to happen if they are administered

through intravesical route.

PLGA nanoparticles have been deemed safe to use for drug delivery in human body by Food
and Drug Administration (FDA) [90]. During preparation of nanoparticles, PVA was used to
stabilise the emulsions and prevent particle aggregation [136]. Cytotoxic effects on lung cells
have been reported with high concentrations (>1 mg/ml) of PVA used or after prolonged
treatment time [136,169]. However, the challenge of removing PVA from nanoparticle
formulations has been widely documented, as PVA permanently attaches to the nanoparticle

surface due to hydrophobic bonding of partially hydrolysed PVA and PLGA acetyl groups
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[169,170]. Despite this, multiple studies have reported that PLGA nanoparticles synthesised
with PVA were safe for use [170,340,341], as well as toxicity studies in present study
demonstrated no indication of harm to urothelium tissue when 2% PVA concentration was used
in PLGA nanoparticle formulations. As obtained nanoparticle formulations would be
administered directly to bladder, no systemic toxicity is expected from residual PVA in the

samples.

3.4. Conclusion

GEN was ion paired with counterions OA, AOT and SDS to form HIP complexes, with
counterions AOT and SDS showing highest binding efficiency to the drug. DSS was also
examined as a potential counterion to form GEN:HIP complex with, however it was quickly
discovered that DSS seems to interfere with HPLC assay of GEN quantification, therefore the
use of DSS was not pursued further. GEN:OA complex showed best dissociation values in
high salt buffer in acidic pH, however only 63% of the drug was found to be dissociated,

showing concern for its performance in therapeutical release medium.

Prepared GEN:OA, GEN:AOT and GEN:SDS complexes were then encapsulated in PLGA
nanoparticles. Results of EE% showed almost 90% to 100% of the complexes being
encapsulated into polymeric nanoparticles, which was significantly higher compared to 33%
of UNP-GEN encapsulated into PLGA nanoparticles. However, once the drug release profiles
of these nanoparticles were observed, results suggested that less than 10% of the GEN:HIP
complexes were loaded into polymeric nanoparticles. Based on the data collected, it seems that
indirect method of GEN quantification, as well as nanoparticle preparation method demonstrate
some limiting factors resulting in potentially questionable EE% values. Due to the poor drug
loading, no conclusions could be made on sustained drug release when GEN:HIP was
encapsulated into PLGA nanoparticles. On the other hand, UNP-GEN loaded nanoparticles
demonstrated 43% of the drug released within 48 hours, which could suggest a burst effect
within the first 8 hours, and much slower incline in drug release after that. Indication of
sustained release was observed in unencapsulated GEN:HIP complexes, which dissociated
most of GEN within 6 hours of the assay in PBS with highest salt concentration. Tailoring salt
concentration could reduce initial burst effect and slow down the release of GEN, which was
observed in GEN:OA complex where reduction of salt concentration in release media lead to

most of GEN being released in 24 hours.
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Antimicrobial sensitivity assay showed that encapsulation of UNP-GEN or GEN:HIP
complexes into PLGA nanoparticles diminishes antimicrobial properties of the drug.
Interestingly, GEN in an ion paired complex performed better in inhibiting bacterial growth
than UNP-GEN, which suggests that ion pairing of GEN enhances antimicrobial properties of
the drug.

Based on the results of this study, GEN:HIP application shows a lot of promise in terms of
sustained drug release and enhanced drug antimicrobial properties. Although encapsulation of
ion paired GEN into PLGA nanoparticles was challenging, perhaps other drug carrier types,
such as nanoparticles made of other materials than polymers, or in situ forming gels, should be
investigated to enhance true potential of using ion paired GEN to treat UTIs through

intravesical route.
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Chapter 4
In vitro and ex vivo evaluation of chitosan-coated PLGA

nanoparticles for intravesical drug delivery
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4.1. Introduction

Bladder infections and other bladder disorders are mostly treated via systemic administration
of drugs, which leads to more prominent side effects and diminished concentrations of drug
reaching the target site [2]. Hence, intravesical drug delivery (IDD) has been extensively
researched and used in practise for bladder disorders, as it directly instils the pre-determined
dosage to the bladder, significantly reducing side effects of therapeutic agents, and lowers the
risk of antimicrobial resistance during antibiotic treatment [2,9]. To improve drug retention
time in the bladder and prevent its expulsion through bladder voiding, mucoadhesive

nanoparticles have been widely researched [222,230,342,343].

Poly(lactic-co-glycolic acid) (PLGA) nanoparticles have been extensively studied for IDD, due
to their high drug loading, enhanced bioavailability, relatively short biodegradation time and
approval of PLGA for drug delivery use by U.S. Food and Drug Administration (FDA)
[136,344]. Additionally, PLGA nanoparticles can be easily synthesised by several conventional
preparation methods [101,115]. Changes in formulation composition can be used to manipulate
physicochemical characteristics of the nanoparticles, including enhanced drug loading and
controlled drug release rate [9,344]. Use of chitosan has been shown to change particle charge
from anionic to cationic, therefore allowing nanoparticles to establish electrostatic interactions
with negatively charged mucosal surfaces, resulting in prolonged retention time at the target
site [9,244,345]. However, it was proposed that these interactions can depend on the type,
concentration and molecular weight (MW) of chitosan that was used for nanoparticle coating,
as well as other factors, such as pH and other surface coatings [112,224]. Hence, the work
described in this chapter aims to obtain colloidally stable, nanosized polymeric nanoparticle
formulation exhibiting highly positive zeta potential values that indicate strong mucoadhesive

properties.

The objectives of this chapter are:

e To study the impact of formulation parameters, such as type, concentration and MW of
chitosan, as well as concentration of surfactant, on the physicochemical characteristics,
such as size, polydispersity index, and particle charge, of mucoadhesive polymeric
nanoparticles.

e To investigate pH dependency of mucoadhesive properties of chitosan coated PLGA

nanoparticles.
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¢ To measure mucoadhesive properties of mucoadhesive polymeric nanoparticles in vitro
and ex vivo, as well as compare the results of both assays.
e To evaluate toxicity and mucopenetrative properties of mucoadhesive polymeric

nanoparticles on ex vivo porcine bladder tissue.

4.2. Materials and methods

4.2.1. Materials

Poly(lactic-co-glycolic acid) (PLGA, 50:50 ester terminated, MW 38,000-54,000 Da), low
MW chitosan (50-190 kDa, deacetylated chitin) (CS-L), medium MW chitosan (190-310 kDa,
deacetylated chitin) (CS-M), high MW chitosan (310-375 kDa, deacetylated chitin) (CS-H),
coumarin-6 (C6), protamine sulphate (PS), mucin from porcine stomach (type II), artificial
urine diluent, phosphate buffer saline (PBS), 10% neutral buffered formalin, Mayer’s
haematoxylin solution, Eosin Y solution (aqueous), glacial acetic acid, acetonitrile (HPLC
grade) (ACNT), and ethanol (EtOH) were all purchased from Sigma-Aldrich (Merck Life
Science, UK). Kolliphor® P 407 Geismar was obtained from BASF (BASF, UK).
Carboxymethyl chitosan (80% deacetylation, water soluble chitosan) (C-CS) was kindly gifted
by Yuda Century (Qingdao, China). Histo-clear was purchased from Scientific Laboratory
Supplies (Scientific Laboratory Supplies Ltd, UK). VECTASHIELD® Antifade Mounting
Medium was purchased from Vector Laboratories (Vector Laboratories, Inc., USA). Freshly
excised porcine urinary bladders were kindly supplied by Arthur Howell Butchers (Wells-next-
the-Sea, Norfolk, UK).

4.2.2. Synthesis of chitosan coated PLGA nanoparticles by nanoprecipitation
method

Nanoparticles were synthesised using nanoprecipitation method. Briefly, Smg PLGA and
0.025% (w/v) of P407 were dissolved in 2ml of acetonitrile (ACNT) to make solvent phase,
which was then added to 4ml of anti-solvent phase containing from 0.1 mg/ml to 2 mg/ml
chitosan. Evaporation of organic solvent was facilitated by using rotary evaporator and 55 °C
degree water bath. Samples were then stirred at 250 rpm for at least 1 hour to remove residual
organic solvent. Samples were filtered using 1 pum glass fibre filter (VWR, UK) and topped up
with MilliQ water (MQW) to make up 4 ml total volume. For synthesis of non-mucoadhesive
formulations, no chitosan was added. For synthesis of fluorescent PLGA nanoparticles, from

0.5 pg to 3 pg of C6 was added to the organic phase containing PLGA and P407.
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For this study, four types of commercially available chitosan were selected: low MW of 50-
190 kDa (CS-L), medium MW of 190-310 kDa (CS-M), high MW of 310-375 kDa (CS-H),
and carboxymethyl chitosan (C-CS). To solubilise CS-L, CS-M and CS-H in aqueous solution,
0.2 M acetic acid was added to the aqueous phase. Residual chitosan present in the solutions

of nanoparticle formulations was not quantified.

4.2.3. Fluorescence quantification by spectrofluorometer
To quantify the amount of encapsulated fluorescent dye inside PLGA nanoparticles, a FS5
Spectrofluorometer (Edinburgh Instruments, UK) was used. A standard calibration curve was
prepared for C6, with conditions on the instrument set as follows:

e Emission scan from 390 nm to 700 nm

e Step can of 1 nm

e Dwell time of 0.1 min

e Bandwidth of 2

Samples for C6 fluorescence measurement were prepared by mixing 0.5 ml of the nanoparticle
solution and 0.5 ml of ACNT to dissolve PLGA and solubilise C6. Result for each measurement
was adjusted by subtracting amount of soluble C6 in 0.025% (w/v) of P407. Encapsulation

efficiency of C6 loaded PLGA nanoparticles was calculated using equation:

EE% — Mass of encapsulated C6 % 100% Eq. (4.1)
°~ Mass of total C6 used for encapsulation °

4.2.4. In vitro muco-adhesion test

In vitro muco-adhesion properties of the formulations were investigated using previously
established mucin particle method with minor modifications [346]. For this study, 0.5 mg/ml
of mucin from porcine stomach (type II) was dispersed in PBS 7.4, the buffer was then mixed
with an equal volume of chitosan coated PLGA nanoparticle formulations. Samples were
vortexed, then left to incubate for 1 h at 37 °C, shaking at 100 RPM. After incubation, samples
were prepared for zeta potential analysis by diluting the samples in 1:1 ratio with ImM NaCl.

Samples were analysed using Zetasizer Nano (Malvern Instruments, Malvern, UK).
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4.2.5. Ex vivo muco-adhesion test

Freshly excised porcine urinary bladders were used for ex vivo mucoadhesion assay. Bladders
were obtained from a local abattoir, transported to the laboratory on ice and used on the same
day. After removing urethra, bladders were cut into quarters, each piece rinsed with PBS 7.4
and residual buffer left to dry for 10 min at 37 °C incubator. Afterwards, 400 pl of each chitosan
coated PLGA nanoparticle formulation was carefully pipetted onto the centre of the tissue,
ensuring that the whole solution stays on the tissue throughout the incubation period. Tissues
were left to incubate in petri dishes for 1 hour at 37 °C in dark conditions. Once removed, any
remaining rundown of the sample was collected from the petri dish and tissues were prepared
for artificial urine washouts as described in the protocol developed by Khutoryanskiy group
[343]. Each tissue was washed with 10 ml of artificial urine (stored at 37 °C) using a syringe
pump set to 4 ml/min, repeating the process 7 times to a total of 70 ml urine wash-out. Each
wash was collected separately and stored at room temperature in the dark. The study was

performed in triplicate.

Fluorescence of each wash-out sample was measured using a FS5 Spectrofluorometer
(Edinburgh Instruments, UK), following the protocol described in section 4.2.3. Wash-out
samples were prepared for spectrofluorometric analysis by centrifugation at 12,000 RCF for
45 min, then removing the supernatant, and dissolving the pellet in 1ml ACNT. Percentage of

polymeric nanoparticles washed off during each wash was calculated using equation:

(ug of NPs washed of f x 100%) Eq. 4.2)
ug of NPs on tissue before wash

% NPs washed of f =

4.2.6. Mucopenetration assay

Preparation of freshly excised porcine bladders for mucopenetration assay followed the same
procedure as described in section 2.3.5 of Chapter 2. Tissues were treated with C6 loaded
chitosan coated PLGA nanoparticles for 1 hour at 37 °C in dark conditions. Afterwards,
samples were rinsed with PBS 7.4. Eight-micrometre-thick cross-sections were deparaftinized
and hydrated through decreasing graded concentrations of EtOH. Sections were mounted onto
the Superfrost Plus microscope slides (Fisher Scientific, UK) using VECTASHIELD® antifade
mounting media (Vector Laboratories, Inc., USA). Slides were then observed using Zeiss

Imager Z2 upright microscope (ZEISS, UK). Samples were excited at 475 nm with 30% laser
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power for green fluorescence, with emission peak measured at 500 nm, while blue fluorescence
samples were excited at 385 nm using 20% laser power, with emission peak measured at 465
nm. Image J software was used to calculate mucopenetration of the tissue by measuring the
width of penetrated tissue that exhibit green fluorescence and comparing it with the width of

whole urothelium, visible under DAPI channel. Study was performed in triplicates.

4.3. Results and discussion

4.3.1. Characterisation of mucoadhesive PLGA nanoparticle formulations

Blank PLGA nanoparticle formulations were optimised and adapted for mucoadhesive
purposes. Here, four types of chitosan were examined: CS-L, CS-M, CS-H and C-CS, along
with their MWs, ranging from low to high, and concentrations, ranging from 0.5 mg/ml to 2
mg/ml. Residual chitosan present free in the nanoparticle solution was not quantified, meaning
that true concentration of chitosan present on the particle surface is unknown. Other parameters
such as use of surfactants and change of pH were studied to help achieve optimal mucoadhesive

properties of chitosan coated PLGA nanoparticles.

4.3.1.1. Effect of addition of surfactant on nanoparticle characteristics

Addition of chitosan to achieve mucoadhesive PLGA nanoparticle formulation significantly
increased (P < 0.05) nanoparticle size. As shown in Table 4.1, Blank-NP formulation
demonstrated particle size of 96.9 £ 12 nm, which was significantly lower (P < 0.05) than the
size of nanoparticles with CS-L or C-CS coating, which ranged from 455 nm to 656 nm, and
581 nm to 4091 nm, respectively. An increase of the nanoparticle size was observed with larger
amount of chitosan added to the formulations. Similar particle size results of chitosan coated
nanoparticles have been extensively reported in the literature [347-350]. Hence, surfactants are
often used to control nanoparticle size when adding high concentrations of chitosan [112]. For
this study, poloxamers were chosen due to low toxicity to biological membranes, improved
nanoparticle drug loading, easy dissolution and, in some cases, ability to enhance nanoparticle
permeability into biological tissues [348,351]. Poloxamers have been commonly used to reduce
the size of PLGA nanoparticles, as during nanoparticle formation their hydrophilic moieties
(ethylene oxide blocks) extend into aqueous phase, which reduces interfacial tension during
particle formation, hence reducing particle size and preventing from particle aggregation

[352,353].
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Table 4.1: Composition and characterisation of CS-L and C-CS coated PLGA nanoparticles

with and without addition of P407. Error bars represent standard deviation (SD) and n = 3. PDI

= polydispersity index.
Formulation | Chitosan | Chitosan P407 Particle size PDI Zeta
code type conc. conc. (% (nm) potential

(mg/ml) w/v) (mV)

Blank-NP N/A N/A N/A 96.9+12 0.20+0.04 | -13.243
0.1CS-L CS-L 0.1 N/A 455.4+100 0.18+0.05 | 35.3+5
0.5CS-L 0.5 623.8+53 0.19+0.02 | 51.1+1
1CS-L 1 656.7+£105 0.23+0.03 | 50.4+1
0.1CS-L-P407 CS-L 0.1 0.025 | 277.1+44 0.25+0.01 | 27.5+4
0.5CS-L-P407 0.5 259.0+60 0.25+0.05 | 38.8+1
1CS-L-P407 1 349.2+£20 0.324+0.05 | 47.0+2
0.1C-CS C-CS 0.1 N/A 4091.7£3590 | 0.36+0.15 | 5.7+14
0.5C-CS 0.5 581.5+83 0.23+0.01 | 33.543
1C-CS 1 974.8+264 0.15+0.04 | 45.0+4
0.1C-CS-P407 C-CS 0.1 0.025 | 272.1£24 0.29+0.09 | 17.8+1
0.5C-CS-P407 0.5 391.5+£80 0.29+0.05 | 30.9+5
1C-CS-P407 1 467.6+£52 0.30+0.02 | 45.5+1

P407 was used in this study to reduce the size of chitosan coated nanoparticles, with very low

concentrations such as 0.025% (w/v) successfully achieving desired results.

An upward trend can be observed in Figure 4.1, where particle size increases with increased

concentration of CS-L and C-CS used in the formulations. However, when adding P407 to the

same formulations, the similar upward trend is maintained but with significantly lower

nanoparticles size (Figure 4.1). Significant difference was observed between 0.1CS-L and

0.1CS-L-P407 (P < 0.05), 0.5CS-L and 0.5CS-L-P407 (P<0.01), and 1CS-L and 1CS-L-P407

(P <0.01) formulations, demonstrating the significant impact of P407 on particle size.
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Figure 4.1: Particle size of PLGA nanoparticles coated with different concentrations and types
of chitosan. Trends of particle size were observed in formulations containing P407 (data points
marked with o) and containing no P407 (data points marked with ). Two types of chitosan
were used for this study: (A) CS-L and (B) C-CS (data point of 0.1C-CS formulation was
excluded from the graph, due to poor quality sample as seen in the particle size data presented

Table 4.2). Error bars represent the SD and n = 3.

C-CS coated PLGA nanoparticles that had no P407 demonstrated much higher particle size
when compared with CS-L coated nanoparticles. Formulation 0.1C-CS demonstrated micro-
sized particles, with high polydispersity index (PDI) and relatively low zeta potential, as well
as large variability suggesting poor reproducibility and poor colloidal stability of this
formulation. However, addition of surfactant in 0.1C-CS-P407 significantly improved
physicochemical properties of the formulation, demonstrating a stable colloidal nanoparticle
system with characteristics within expected range (Table 4.2). Addition of P407 to
formulations 0.5C-CS-P407 and 1C-CS-P407 have significantly reduced their particle size (P
< 0.05) compared with 0.5C-CS and 1C-CS, respectively.

All chitosan coated PLGA nanoparticles demonstrated positive particle charge, compared to
the Blank-NP formulation that had no chitosan coating (Table 4.2). No significant change (P >
0.05) was observed in zeta potential values of CS-L and C-CS coated nanoparticles when P407
was added to the formulations, except for formulation 0.5CS-L-P407 which showed
significantly reduced (P < 0.05) zeta potential with addition of surfactant (Figure 4.2). It has
been reported in the literature, that a reduction of zeta potential can be seen when PLGA

nanoparticles are coated in poloxamers [138,354]. Although it is unclear why surfactant coating
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significantly reduced the charge of formulation 0.5CS-L-P407 specifically, it is likely that
chitosan coating in most of the other formulations increases particle charge and diminishes
P407 effects on zeta potentials due to higher concentrations of chitosan used in the

formulations, compared to concentrations of surfactant.
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Figure 4.2: Graph representation of how increase in chitosan concentration in PLGA
nanoparticle formulation correlates to increase in zeta potential. Zeta potential increase trends
were observed in formulations with P407 (data points marked with o) and without P407 (data
points marked with e). Two types of chitosan were used for this study: (A) CS-L and (B) C-
CS (data point of 0.1C-CS formulation was excluded from the graph due to poor quality). Error

bars represent the SD and n = 3.

Additional testing was performed on Blank-NP formulation, using different concentrations of
P407 to observe whether increases in P407 concentration had any significant effect on particle
characteristics (Table 4.2). No significance was observed when comparing Blank-NP to
formulations including P407, except for formulation with 0.025% (w/v) P407 which
demonstrated significantly higher size and PDI compared to the blank formulation (P < 0.05).
However, all nanoparticles were sized between 96 nm to 120 nm, with PDIs ranging from 0.2
to 0.28, which were considered a normal range for uncoated PLGA nanoparticles

[136,169,355].
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Table 4.2: Characteristics of Blank-NP formulation containing different concentrations of

P407. Chitosan coating not added to the formulations. Error bars represent SD and n = 3.

P407 Particle PDI Zeta
concentration | size (nm) potential
(% wiv) (mV)
N/A 96.9+12 0.20+0.04 | -13.243
0.025 120.0+£7 0.27+0.03 | -10.6+3
0.125 111.5¢11 0.28+0.06 | -10.6+2
0.25 104.1+19 0.24+0.08 | -10.1£2

Overall, use of P407 was necessary to reduce the particle size of PLGA nanoparticles coated
with chitosan for mucoadhesive properties. Even the smallest concentration of surfactant had
a significant impact in reducing nanoparticle size. Based on these results, all further

formulations included 0.025% (w/v) of P407, unless specified otherwise.

4.3.1.2. Effect of pH change on particle characteristics

Changes in pH are a very important factor in nanoparticle mucoadhesive behaviour. Different
pH environments can significantly affect nanoparticle interactions with mucin, which is further
explored in section 4.3.3. However, it was important to test how changes in pH affect
nanoparticle characteristics. Formulations were adjusted to pH = 4.5 and pH = 7, because of
pH conditions of 4.5 to 8 reported in a healthy bladder [356,357], which is an intended target
site for nanoparticles delivery discussed in this study. Chitosan coated PLGA nanoparticles in
acidic and neutral pH conditions were examined for any changes in particle characteristics or

detect any issues with stability of colloidal system.

Firstly, nanoparticle formulations presented in Table 4.2 (in section 4.3.1.1.) were analysed for
their natural pH achieved after nanoparticle preparation process, with results demonstrated in
Table 4.3. Due to CS-L insolubility in water, 0.2 M acetic acid was used to solubilise the
polymer, which led to acidic pH of 3.5-4 observed in nanoparticle formulations coated with
CS-L. Interestingly, low concentrations of C-CS demonstrated near neutral pH conditions,
however with increased C-CS concentration, the pH of the samples dropped to 4.5. This is
observed due to deprotonation of carboxyl groups of C-CS, which with increasing

concentration of C-CS changes the pH of the sample from neutral to acidic [358]. Blank-NP
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formulation with no chitosan coating exhibited pH of 7.26 £ 0.15, which explains why
formulation 0.1C-CS-P407 demonstrates a similar pH when very low concentration of C-CS

was used.

Table 4.3: pH conditions of chitosan coated PLGA nanoparticles before any pH modification.

Error bars represent SD and n = 3.

Formulation Chitosan Chitosan pH (before
code type concentration modifications)
(mg/ml)
Blank-NP N/A N/A 7.3+0.1
0.1CS-L-P407 CS-L 0.1 3.4+0.1
0.5CS-L-P407 0.5 3.6+0.1
1CS-L-P407 1 3.840.1
0.1C-CS-P407 C-CS 0.1 6.5+£0.2
0.5C-CS-P407 0.5 5.0+0.1
1C-CS-P407 1 4.6%0.1

Table 4.4 demonstrates previously established (Table 4.2 in section 4.3.1.1.) mucoadhesive
PLGA nanoparticle formulations in pH = 4.5 and pH = 7. A significant decrease (P < 0.01) in
zeta potential was observed with increasing pH, which indicates reduced mucoadhesive
properties of the formulation. Lower values of zeta potential can be observed due to pH of
sample rising over pKa of chitosan, which is around 6.5, and in turn significantly reducing
cationic charge of the polymer [229,358]. Interestingly, formulations C-CS-P407 in pH = 7
conditions demonstrated overall higher zeta potential (15.4 — 16.1 mV) than CS-L-P407 in pH
=7 (4.1 — 9.7 mV). Due to carboxyl groups present in C-CS, the pKa of C-CS (pKa = 4.5) is
much lower than pKa of chitosan (pKa = 6.5) making C-CS a stronger acid, which is why
neutral pH conditions do not decrease the positive particle charge as significantly as
nanoparticles coated with CS-L [358]. However, significant difference (P < 0.05) in zeta
potential can still be observed between C-CS nanoparticles in pH = 4.5 and pH = 7. Overall,
most studies report significantly higher zeta potential of chitosan coated PLGA in acidic

conditions, compared to more neutral pH [224,359,360].
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Table 4.4: Characterisation of mucoadhesive nanoparticle formulations in acidic and neutral

pH conditions

. Error bars represent SD and n = 3.

Formulation | Chitosan Chitosan pH Particle PDI Zeta
code type concentration size (nm) potential
(mg/ml) (mYV)
0.1CS-L-P407 CS-L 0.1 4.5 | 231.1£11 0.17+£0.04 | 21.3+4
7 294.6+8 0.18+0.03 | 4.1+2
0.5CS-L-P407 0.5 4.5 | 282.7£58 0.22+0.03 | 31.6+2
7 312.6+19 0.25+0.01 | 7.9+0
1CS-L-P407 1 4.5 | 341.4£30 0.28+0.01 | 38.84+2
7 5345126 | 0.39+0.07 | 9.7+1
0.1C-CS-P407 C-CS 0.1 4.5 |332.4+48 0.28+0.03 | 20.6+1
7 1029.3+691 | 0.40+0.14 | 16.0+1
0.5C-CS-P407 0.5 4.5 |326.4£53 0.28+0.02 | 25.7+2
7 894.1£537 | 0.41+0.16 | 15.4+0
1C-CS-P407 1 4.5 | 383.24+49 0.30+0.01 | 35.0+2
7 856.5£229 | 0.54+0.06 | 16.1+0

Nanoparticles in neutral pH conditions demonstrated higher mean particle size than

nanoparticles in acidic conditions, with formulations 0.1CS-L-P407 and 1C-CS-P407 showing

significant difference (P < 0.05) between particle sizes in different pH environments. In

formulations with C-CS coating, nanoparticles showed abnormally large nanoparticle sizes,

which was no longer consistent with results reported in section 4.3.1.1. This suggested that

neutral pH negatively affected colloidal stability of C-CS coated nanoparticles, increasing

nanoparticle aggregation and reducing result reproducibility in this pH.

The main purpose of these formulations is to exhibit mucoadhesive properties, which are likely

to be enhanced in acidic pH conditions, as nanoparticles demonstrated significantly higher zeta

potential values compared to neutral pH. In addition, particles in acidic environments showed

smaller mean of particle size with narrow size distribution.
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4.3.1.3. Optimisation of chitosan coated PLGA nanoparticles

Optimisation of chitosan coating for PLGA nanoparticles was undertaken with the aim of
achieving a stable colloidal system, with relatively small particle size and low polydispersity,
maintaining high zeta potential for enhanced mucoadhesive properties. Concentrations of four
types of chitosan used in PLGA nanoparticle formulations were examined in this section: low
MW (CS-L), medium MW (CS-M), high MW (CS-H), and water-soluble carboxymethyl
chitosan (C-CS).

Many previous studies reported that chitosan with higher MW tends to demonstrate better
mucoadhesive properties [224,225,361], therefore characteristics of nanoparticles coated with
CS-L, CS-M and CS-H chitosan were investigated (Table 4.5). With set chitosan concentration
at 1 mg/ml, CS-L samples showed significantly smaller (P < 0.05) nanoparticle size when
compared to the CS-M and CS-H samples. No significant difference was observed in PDI and
zeta potential of all 3 types of chitosan. All formulations showed similar zeta potential values,
indicating similar mucoadhesive properties, with detailed investigation into mucoadhesion of
the particles explored in section 4.3.3. and 4.3.4. CS-L coated PLGA nanoparticles
demonstrated the smallest particle size with lowest SD values, as well as lowest mean PDI, in
comparison to high particle size and PDI values obtained from nanoparticles coated with CS-
M and CS-H. This therefore indicates good suitability of CS-L coated nanoparticles for

mucoadhesive coating, due to good quality and stability of the particles.

Table 4.5: Characteristics of nanoparticles coated with CS-L, CS-M and CS-H. Error bars

represent SD and n = 3.

Chitosan Chitosan P407 Particle PDI Zeta
type concentration | concentration | size (nm) potential
(mg/ml) (% w/v) (mV)
CS-L 1 0.025 349.2420 0.32+0.05 | 47.0+2
CS-M 634.6£125 | 0.41+0.08 | 49.042
CS-H 690.9£159 | 0.48+0.11 | 49.7+2

Particle size of nanoparticles can be of crucial importance in some drug delivery applications,
for example when crossing blood-brain barrier [347]. However, due to highly impermeable

urothelium barrier comprised of tightly arranged umbrella cells, covered by hydrophilic
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glycosaminoglycan (GAG) layer and uroplakin plaques [333], cellular uptake or paracellular
permeability into the urothelium of the nanoparticles is likely to be challenging. Therefore, this
study focuses on localised delivery of the drug, which is expected to be enhanced due to
adherence of the nanoparticles to the mucin layer of the bladder. Despite that, some permeation
into the urothelium of the bladder is to be expected, as some studies reported that smaller sized
nanoparticle increased the likelihood of permeating deeper into the mucin network [2,342,362].
Nanoparticles could also successfully permeate through disruptions in the urothelium, caused
by cell necrosis or desquamation of umbrella cells due to bacterial infection or toxicity of the
treatment [214,217]. Mucoadhesive chitosan nanoparticles have been shown to enhance
bladder permeability, as they accumulate in the GAG layer and form a micro-concentration
gradient, which enables increased diffusion of the drug into the bladder wall [363]. It is
important to mention, that particle size increase of nanoparticles coated with chitosan has been
widely documented [347-350], as addition of chitosan into the formulation increases the
concentration of overall polymer phase. Therefore, our aim is to enhance concentration of
chitosan as much as possible while ensuring that the size of chitosan coated nanoparticles
remains below 450 nm, based on the particle size range reported by other studies

[348,364,365].

Further optimisations were undertaken to increase the chitosan concentration to enhance
mucoadhesive properties, while ensuring that stable, colloidal nanoparticle system is
maintained. As demonstrated in Table 4.6, higher concentrations of CS-L were used to coat
PLGA nanoparticles, with additional changes to P407 and PLGA concentrations in order to
stabilize and reduce particle characteristic fluctuation. As explained in section 4.3.1.1., higher
concentrations of P407 were tested to see if addition of surfactant could reduce particle size
and PDI. No significant difference (P > 0.05) was found in nanoparticle characteristics of
formulations containing either 0.025% or 0.125% (w/v) of P407 in nanoparticles coated with
1.5 mg/ml of chitosan. Formulation 2CS-L-5P-5P407 showed significantly decreased zeta
potential values (P < 0.05) when compared to 2CS-L-5P-1P407 formulation, which had lower
surfactant concentration. Apart from this, formulations with 2 mg/ml CS-L showed no
significant difference (P > 0.05) in their characteristics despite changes in P407 and PLGA

concentrations. Matching results were observed in formulations coated with 1.5 mg/ml CS-L.

Overall, increasing CS-L concentration from 1 mg/ml to 1.5 mg/ml or 2 mg/ml increased the

mean particle size with enlarged SD values, while PDI stayed in expected range of 0.2 — 0.4.

147



Higher chitosan concentration did not show any significant difference (P > 0.05) on zeta

potential values. Additionally, formulations with 1.5 mg/ml and 2 mg/ml chitosan showed poor

quality during dynamic light scattering (DLS) analysis, as well as physical precipitation was

observed after a couple of days of samples being left at room temperature. Due to this, 1CS-L-

P407 formulation was selected for further experiments due to good colloidal stability over 7

days and relatively small particle size of 349.2 + 20 nm.

Table 4.6: Characteristics of PLGA nanoparticles coated with Img/ml, 1.5mg/ml and 2mg/ml

CS-L. Error bars represent SD and n = 3.

Formulation | Chitosan | PLGA | Chitosan P407 Particle PDI Zeta
code type conc. conc. conc. size (nm) potential
(mg) | (mg/ml) (%o (mV)
w/v)
1CS-L-1P407 CS-L 5 1 0.025 | 349.2420 | 0.32+0.05 | 47.0+2
1.5CS-L-5P- 1.5 675.2+4320 | 0.28+0.07 | 48.5+2
1P407
1.5CS-L-5P- 0.125 | 561.9+134 | 0.41£0.11 | 46.5+3
5P407
1.5CS-L- 10 1.5 0.025 | 577.0¢179 | 0.31£0.00 | 46.4+2
10P-1P407
1.5CS-L- 0.125 |426.0+£50 | 0.32+0.01 | 44.6+4
10P-5P407
2CS-L-5P- 5 2 0.025 | 673.0+194 | 0.30+£0.03 | 45.8+1
1P407
2CS-L-5P- 0.125 | 776.1+15 | 0.23+0.08 | 42.1+2
5P407
2CS-L-10P- 10 2 0.025 | 952.84371 | 0.30+0.06 | 47.2+2
1P407
2CS-L-10P- 0.125 | 583.8+178 | 0.36+0.03 | 46.1+4
5P407

Although PLGA nanoparticles demonstrated large sizes when coated with 1 mg/ml CS-M

(Table 4.5), optimisation of the formulation was attempted to minimise particle size and PDI
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by increasing concentration of chitosan and changing concentrations of P407 and PLGA. The
same parameters listed in Table 4.6 were investigated with CS-H coated nanoparticles.
Increased CS-M concentration of 1.5 mg/ml and 2 mg/ml used in preparation of PLGA
nanoparticles demonstrated the average particle size was 607.8 + 128 nm and 915.7 = 249 nm,
respectively. Increase in P407 or PLGA did not show any significant results on particle size,
PDI or zeta potential. Based on these results, optimisation to enhance CS-H concentrations in
nanoparticle formulations was not performed, as both CS-M and CS-H coated formulations
showed large particle size, high PDI and overall large standard error bars, demonstrating poor

colloidal stability and poor formulation reproducibility.

However, large particle size and poor sample colloidal stability has led to consideration of
using much lower concentration of CS-M to coat PLGA nanoparticles. Addition of 0.5 mg/ml
CS-M to the formulation resulted in 287.5 + 22 nm sized particles, with PDI of 0.272 + 0.05
and zeta potential of 47 £ 1 mV. Although this formulation had relatively low concentration of
chitosan, zeta potential values were comparable with 1CS-L-P407, suggesting potentially
similar mucoadhesive properties due to higher MW [224,225361]. Additionally, we
hypothesised that nanoparticles with MW weight of chitosan coating could achieve strong
interactions with mucin, despite having low concentration. These results were further explored

in sections 4.3.3. and 4.3.4.

Finally, same optimisation studies were undertaken for C-CS coated nanoparticles to increase
concentration of chitosan used to coat nanoparticles and enhance mucoadhesive properties.
Formulation composition and formulation codes are shown in Table 4.7. All nanoparticles
demonstrated particle size between 297 nm and 569 nm, however due to inter-batch variability
in particle size, only formulation 1.5C-CS-10P-5P407 demonstrated significantly smaller (P <
0.05) size compared to 1C-CS-P407 formulation. Here, nanoparticle size was shown to
decrease from 467.6 £ 52 nm to 337.1 = 58 nm, despite increased concentrations of chitosan,
PLGA and P407. Additionally, an increase in P407 concentration was associated with a
reduction in particle size from 529.1 + 28 nm to 362.3 £4 7 nm for 2C-CS-5P-1P407 and 2C-
CS-5P-5P407, respectively. No significant difference was found in PDI values of all

formulations tested, which were in 0.2 — 0.4 range.
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Table 4.7: Composition of additional C-CS coated PLGA nanoparticle formulations, that were
used to investigate changes in particle characteristics in increasing chitosan, P407 and PLGA

concentrations. Error bars represent SD and n = 3.

Formulation code | Chitosa | PLGA | Chitosan | P407 conc.
n type conc. conc. (% wiv)
(mg) | (mg/ml)
1C-CS-1P407 C-CS 5 1 0.025
1.5C-CS-5P-1P407 1.5
1.5C-CS-5P-5P407 0.125
1.5C-CS-10P-1P407 10 0.025
1.5C-CS-10P-5P407 0.125
2C-CS-5P-1P407 5 2 0.025
2C-CS-5P-5P407 0.125
2C-CS-10P-1P407 10 0.025
2C-CS-10P-5P407 0.125

Interestingly, the zeta potential of some C-CS coated nanoparticles significantly decreased
despite having higher concentrations of C-CS used for nanoparticle synthesis (Figure 4.3).
Formulations 1.5C-CS-5P-5P407, 1.5C-CS-10P-1P407, 1.5C-CS-10P-5P407 and 2C-CS-5P-
5P407 were all compared to 1C-CS-P407 formulations and displayed significantly lower (P <
0.05) zeta potential values, even if 1C-CS-P407 had lower concentration of chitosan. It is
important to note, that these 1.5 mg/ml and 2 mg/ml C-CS coated nanoparticles did have higher
P407 and PLGA concentrations, depending on the composition of specific formulations (Table
4.7). Additionally, a significant decrease (P < 0.05) in zeta potential can be observed with
increase of P407 concentrations in nanoparticle formulations, except for 1.5C-CS-10P-1P407
and 1.5C-CS-10P-5P407 formulations (Figure 4.3). Although not all samples demonstrated
significant decrease, but overall means of zeta potentials did show lowered zeta potential values
with increased concentration of surfactant. It appears that higher concentration of non-ionic
surfactant P407 used interferes with cationic properties of chitosan [134]. However, it is
important to note that using the same formulation composition but different C-CS
concentrations, the difference between zeta potentials is very small as seen in formulations 1C-

CS-P407 and 1.5C-CS-5P-1P407, as well as 1C-CS-P407 and 2C-CS-5P-1P407.
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Figure 4.3: Zeta potential values of (A) 1.5 mg/ml C-CS and (B) 2 mg/ml C-CS coated PLGA
nanoparticles, with increasing concentration of P407 and PLGA. * (P < 0.05), ** (P <0.01).

Error bars represent the SD and n = 3.

All formulations with CS-L, CS-M or C-CS coated nanoparticles, demonstrated that increase
in P407 and PLGA concentrations either does not show significant effect on particle
characteristics or enlarges particle size and decreases zeta potential. However, opposite to CS-
L and CS-M samples, higher concentrations of C-CS used in the PLGA nanoparticles did not

negatively affect particle size and therefore was considered for further experiments.

Based on the results reported in this section, five formulations were selected for further
experiments (Table 4.8). Concentration of 1 mg/ml CS-L and 0.5 mg/ml CS-M were chosen
for mucoadhesive coating of PLGA nanoparticles as they demonstrated good colloidal stability
and highly positive zeta potential values, while also demonstrating relatively small particle
sizes. Further experiments with these formulations are expected to demonstrate whether small
particle size has any positive impact on particle mucoadhesive or mucopenetrative properties.
As for C-CS, 3 final concentrations were selected. Formulations 1C-CS-P407 and 2C-CS-P407
both demonstrated very similar characteristics, despite having different concentrations of
chitosan coating. Formulation 2C-CS-P407 has the highest concentration of chitosan coating,

therefore will be observed for superior mucoadhesive properties in the following experiments.
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Additionally, to have a comparison between low chitosan concentration formulations, 0.5C-

CS-P407 was also included for comparison with 0.5CS-M-P407 formulation.

Table 4.8: Characteristics of mucoadhesive PLGA nanoparticles that were optimised for in

vitro and ex vivo mucoadhesion assays. Error bars represent SD and n = 3.

Formulation | Chitosan Chitosan P407 Particle PDI Zeta
code type concentration | conc. | size (nm) potential
(mg/ml) (% (mV)
w/v)
0.5CS-M-P407 | CS-M 0.5 0.025 | 287.5£22 | 0.27+0.05 | 47.0+1
1CS-L-P407 CS-L 1 349.2420 | 0.32+0.05 | 47.0+£2
0.5C-CS-P407 C-CS 0.5 391.5£80 | 0.294+0.05 | 30.9+£5
1C-CS-P407 1 467.6£52 | 0.30+£0.02 | 45.5+1
2C-CS-P407 2 529.1+£28 | 0.39+£0.06 | 47.6+0
NoCS-P407 N/A N/A 120.0+7 | 0.27+0.03 | -10.6+3

4.3.2. Characterisation of C-6 loaded PLGA nanoparticles

Fluorescent dye loaded PLGA nanoparticles were prepared for assays requiring quantification
of mucoadhesion or mucopenetration. C6 was selected as fluorescent dye due to low limit of
detection and its hydrophobic properties, which were necessary for enhanced encapsulation
into PLGA nanoparticles prepared by nanoprecipitation method. Different amounts of C6 were
encapsulated into uncoated PLGA nanoparticles in order to observe how change in C6 mass
affects particle characteristics (Table 4.9). Results demonstrated no significant difference (P >
0.05) on particle size, PDI or zeta potential with increasing concentration of C6. Although there
was no significant difference observed in EE% values when increasing C6 concentration, a
small increase in mean EE% was observed with increasing C6 concentrations, with highest
EE% values achieved with 3 pg of C6 loaded into PLGA nanoparticles. Therefore, highest

amount of 3 pug of C6 was selected for further nanoparticle formulations.

152



Table 4.9: Particle size, PDI, zeta potential and EE% of increasing concentration of C6
encapsulated into PLGA nanoparticles, prepared by nanoprecipitation method. Error bars

represent SD and n = 3.

C6 loaded | P407 conc. | Particle size PDI Zeta potential EE%
(ng) (Yo Wiv) (nm) (mV)

0.5 0.025 119.1£12 0.25+0.03 -8.3£2 45.7£2

1 120.9£35 0.21+£0.04 -10.2+3 47.5+7

2 158.9+£72 0.29+0.12 -11.8+1 47.5+7

3 123.0+13 0.25+0.06 -11.7+0 53.745

Chitosan coated nanoparticle formulations determined in section 4.3.1.3., were encapsulated
with 3 ng of C6, with characteristics of the nanoparticles shown in Table 4.10. Similarly to the
results reported previously, a significant increase (P < 0.05) in particle size can be observed in
formulations with chitosan coating, compared to the uncoated nanoparticles. The size range of
C6 loaded, chitosan coated nanoparticles was between 274 nm and 430 nm, which are
considered to be a larger size of polymeric nanoparticles. C6 loaded nanoparticles without
chitosan coating demonstrated small nanoparticle size of 123 + 13 nm. Encapsulation of C6 in
PLGA nanoparticles did not show any effect on zeta potential values, while addition of chitosan

coating of the nanoparticles increased particle charge from negative to positive.

Table 4.10: Particle size, PDI, zeta potential and EE% of different concentrations and types of
chitosan coated PLGA nanoparticles, encapsulated with 3 ug C6, prepared by nanoprecipitation

method. Error bars represent SD and n = 3.

Formulation | Chitosan | Chitosan P407 Particle PDI Zeta EE%
code type conc. conc. size potential
(mg/ml) (% (nm) (mV)
w/v)
0.5CS-M-C6 CS-M 0.5 0.025 | 400.2+£82 | 0.32+0.02 | 46.5+3 60.2+3
1CS-L-C6 CS-L 1 430.7£12 | 0.26+0.03 | 47.9+£2 60.9+6
0
0.5C-CS-Cé6 C-CS 0.5 274.1£34 | 0.26+0.01 | 34.6*1 88.4+7
1C-CS-C6 1 303.6£8 | 0.32+0.06 | 42.8+3 89.9+1
2C-CS-C6 2 383.9+£22 | 0.32+0.01 | 46.3+2 92.3+2
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NoCS-Cé6

N/A

N/A

123.0+13

0.25+0.06

-11.7+0

60.4+3

The efficiency of C6 entrapment into PLGA nanoparticles was measured using

spectrofluorometer (Figure 4.4). Results demonstrated higher EE% when nanoparticles were

coated with C-CS, while no significant difference in EE% was observed between NoCS-C6,

0.5CS-M-C6 and 1CS-L-C6 formulations. Overall encapsulation values were between 60% to

92% which confirmed good entrapment of fluorescent agent, as well as demonstrated a robust

fluorescent formulation obtained for quantification experiments. The morphologies of these

formulations were examined using transmission electron microscopy (TEM) demonstrating

relatively monodisperse nanoparticles (Figure 4.5), demonstrating smaller particle size results

compared to results obtained by DLS, as reported in Table 4.10. This occurs as TEM measures

the true radius of the nanoparticles, compared to the hydrodynamic radius measurement

obtained by DLS. This is explained in detail in section 2.3.2.1 of Chapter 2.
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Figure 4.4:

(A) Calibration curve of C6 measured using

spectrofluorometer at

excitation/emission wavelengths of 450/502 nm. (B) Fluorescence spectrum of C6 from 500

ng/ml to 1 ng/ml.
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Figure 4.5: TEM characterisation of PLGA nanoparticles loaded with 3 ug C6, coated with
(A) 0.5 mg/ml CS-M, (B) 0.5 mg/ml C-CS, (C) 1 mg/ml CS-L, (D) 1 mg/ml C-CS, (E) 2 mg/ml
C-CS, and (F) no coating.

4.3.3. In vitro mucoadhesion study

For this study, in vitro mucoadhesion tests were performed by incubating mucin and chitosan-
coated PLGA nanoparticles together. Mucin is often used to mimic mucosal tissues of nasal
lining, gastrointestinal and urinary tracts, as well as surface of the eye, for the in vitro
mucoadhesion assays [344,346,361,366—369]. By analysing how well anionic mucin interacts
with cationic chitosan coated nanoparticles, mucin binding assays can provide useful
preliminary data about mucoadhesive properties of the nanoparticle formulations. Separate zeta
potential values of free mucin and nanoparticle formulations before the assay were compared

to zeta potential values of mixed nanoparticle and mucin suspension. Changes in zeta potential
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readings after nanoparticle samples were incubated with mucin would indicate ionic interaction
between the particles [224,346]. Results of this assay were used to investigate how different
types, concentrations and MWs of chitosan coating affected the mucoadhesive behaviour of

the nanoparticles.

4.3.3.1. Effect of pH changes on mucoadhesive behaviour

Firstly, the mucoadhesive behaviour of nanoparticles (described in section 4.3.1.2.) was
analysed under different pH conditions. As reported in the literature, healthy bladder pH varies
from pH 4.5 to 8, however it is usually expected to be at around pH = 6-7, with more acidic
and alkaline ends of the range experienced more rarely [356,357]. It has been widely reported
that in acidic pH, amino groups present on D-glucosamine monomeric units of chitosan are
protonated thus achieving positive charge [317,318]. Consequently, strongest mucoadhesive
interactions between chitosan and porcine mucin particles can be achieved in acidic media, as
D-glucosamine residue of chitosan and sialic acid residue of mucin can achieve highest
ionization [370]. However, physiological limitations must be evaluated to achieve safe
intravesical treatment. For this study, the most acidic pH was chosen to be pH = 4.5, due to it
being the lowest pH that is still considered a healthy bladder environment [286,357]. A neutral
pH =7 has been selected as well, to observed what mucoadhesive properties could be expected
in most common bladder environment. Zeta potential values of nanoparticles in these
conditions are shown in Table 4.11 All nanoparticles demonstrated positive zeta potential
values, with generally higher zeta potential values exhibited in acidic pH. While zeta potential
values between CS-L and C-CS coated PLGA nanoparticles were similar in pH = 4.5,
nanoparticles containing C-CS showed much higher particle charge in pH = 7 compared to
nanoparticles coated with CS-L. The effects of pH change on the physicochemical

characteristics of these particles were discussed in detail in section 4.3.1.2.

Table 4.11: Zeta potential of chitosan coated PLGA nanoparticles (prior to in vitro

mucoadhesion assay) in pH = 4.5 and pH = 7. Error bars represent SD and n = 3.

Formulation | Chitosan Chitosan P407 Zeta potential (mV)
code type concentration | conc. pH=4.5 pH=7
(mg/ml) (% wiv)
0.1CS-L-P407 CS-L 0.1 0.025 |21.3+4 4.1£2
0.5CS-L-P407 0.5 31.6+3 7.9+1
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1CS-L-P407 1 38.842 9.7+1

0.1C-CS-P407 C-CS 0.1 20.6+1 16.0+1
0.5C-CS-P407 0.5 25.7£2 15.4+0
1C-CS-P407 1 35.0+2 16.1+0

Initial concentration of chitosan used to coat blank PLGA nanoparticles ranged from 0.1 mg/ml
to 1 mg/ml. There was a clear difference between the mucoadhesive properties in acidic versus
neutral pH noted when chitosan coated nanoparticles were mixed with mucin. Formulations
0.1CS-L-P407, 0.5CS-L-P407 and 1CS-L-P407 in acidic pH demonstrated significantly higher
adhesion (P < 0.05) to mucin particles, compared to the same formulations in neutral pH
(Figure 4.6A). Additionally, the zeta potential of nanoparticle and mucin mixture has
proportionally increased with increasing concentration of chitosan used. This data agrees with

results reported in previous studies [224,371,372].

A clear correlation can be observed between zeta potential of the CS-L coated PLGA
nanoparticles and zeta potential of the nanoparticle and mucin mixture. The higher the zeta
potential of the nanoparticles, the stronger they bind to the negatively charged mucin. Thus,
some degree of charge neutralisation can be observed as a result of electrostatic interactions

between cationic nanoparticles and anionic mucin [228].
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Figure 4.6: Zeta potential values of blank PLGA nanoparticle formulations coated with CS-L
(A) and C-CS (B) in pH = 4.5 (in red) or pH = 7 (in blue) conditions, after incubation with
mucin particles for 1 hour, at 100 RPM, 37 °C. Mucin (control) was measured at pH = 7.4. *
(P-value < 0.05), ** (P-value < 0.01), ns (P-value > 0.05). Error bars represent the SD and n =
3.

Interestingly, nanoparticle formulations 0.1C-CS-P407 and 1C-CS-P407 in mucin suspension
demonstrated no significant differences on zeta potential values regardless of pH conditions
(Figure 4.6B). While this can be expected for 0.1C-CS-P407 formulation, as its zeta potential
values in pH = 4.5 and pH = 7 are similar (Table 4.11), formulation 1C-CS-P407 has
significantly higher (P < 0.05) particle charge in acidic pH compared to neutral pH and
therefore should demonstrate significantly higher zeta potential values when incubated with
mucin. Similarly to CS-L coated PLGA nanoparticles, formulation 0.5C-CS-P407 showed
significantly stronger interaction (P < 0.05) with mucin in pH = 4.5, compared to pH = 7
environment. However, the zeta potential of the nanoparticle and mucin mixture remained
negative, indicating free mucin in the sample, as well as poor affinity between nanoparticles

and mucin.

All samples, except for 0.1CS-L-P407 and 0.1C-CS-P407 at pH = 7, showed significant
changes in zeta potential values when mixed with mucin compared to free mucin, indicating

some degree of mucoadhesive interactions between the particles and mucin. It is likely that

158



formulations 0.1CS-L-P407 and 0.1C-CS-P407 cannot establish electrostatic interactions due
to low concentration of chitosan coating, as well as neutral pH conditions impacting chitosan

protonation.

Based on the results from this study, it was concluded that acidic pH is necessary to maintain
strong mucoadhesive properties of PLGA nanoparticles. Therefore, these results imply that for
effective mucoadhesive bladder therapies in the future, bladder must be pre-treated to ensure
acidic pH for when the nanoparticle solution is instilled. Alternatively, instillation of
nanoparticle formulation at low pH to an empty bladder could be sufficient as well. However,
certain limitations can be expected as bladder filling over time will affect the pH of the bladder
environment, which in turn could negate the mucoadhesive effect of the nanoparticles. In
addition, it is unclear how effective the bladder pre-treatment or treatment with nanoparticles
in acidic pH would be in reducing overall pH of the bladder environment during bacterial
infection, as study by Lai et al., 2021 have demonstrated that more alkaline pH within the
bladder have been documented in patients suffering from urinary tract infections (UTIs) [357].
Although direct to bladder treatments with prolonged retention time are an attractive option in
treating many bladder conditions, including UTIs, this is still a relatively novel treatment

proposal that needs more research to ensure its efficacy and safety.

Results from this section showed that neutral pH conditions failed to facilitate strong
mucoadhesive interactions and therefore further mucoadhesive experiments were performed in
pH = 4.5 conditions. However, the reason for CS-L and C-CS coated nanoparticle showing
very different mucoadhesive properties remained unclear and therefore was investigated next

(section 4.3.3.2.).

4.3.3.2. Mucoadhesive interactions between mucin and chitosan of different

types and molecular weights

Mucoadhesive properties of nanoparticles coated with different types of chitosan and their
MWs were investigated. Blank PLGA nanoparticles coated with 1 mg/ml of CS-L, CS-M, CS-
H or C-CS (Table 4.12) in pH = 4.5, were mixed with mucin solution and incubated for 1 hour.
Firstly, there was a sizable difference in zeta potential of the nanoparticles and mucin mixture
compared to the zeta potential values of the individual components (Table 4.12). All samples

of chitosan coated PLGA nanoparticles mixed with mucin demonstrated significant difference
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(P < 0. 0001) when compared with free mucin particles, therefore confirming mucoadhesive

interactions between them (Figure 4.7).

Table 4.12: Zeta potential values of mucin particles in PBS, nanoparticle formulation coated
in different types of chitosan, and nanoparticles incubated with mucin. All nanoparticle samples

were at pH = 4.5, incubated for 1 hour at 37 °C, shaking 100 RPM. Error bars represent SD

and n = 3.
Chitosan Chitosan P407 conc. Zeta potential (mV)
type concentration | (% w/v)
Mucin Nanoparticles | Nanoparticles
(mg/ml)
+
mucin

CS-L 1 0.025 -7.9+1 36.3+2 9.8+1
CS-M 41.2+2 13.3+1
CS-H 38.5+1 10.8+1
C-CS 35.042 -0.6x1

Formulations with CS-L, CS-M and CS-H mixed with mucin showed high zeta potential of 9.8
+1mV, 13.3+ 1 mV and 10.8 = 1 mV, respectively, compared to C-CS + mucin zeta potential
of -0.6 £ 1 mV. Although CS-L, CS-M and CS-H demonstrates significantly better
mucoadhesive properties when interacting with mucin based on the measured zeta potential
values, C-CS showed physical particle aggregation in the sample (Figure 4.8). This was
initially considered to contradict zeta potential values that indicated its poor mucoadhesive
properties. It was hypothesised that interactions between C-CS nanoparticles and mucin

particles are particularly strong, which result in aggregation into physically visible clumps.
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Figure 4.7: Interaction between different types and MWs of 1 mg/ml chitosan coated PLGA
nanoparticles with porcine mucin measured in zeta potential. **** (P-value < 0.0001). Error

bars represent the SD and n = 3.

However, the reason why C-CS interaction with mucin is seemingly different to CS-L, CS-M
or CS-H is due to carboxyl group present in water soluble polymer [371]. The difference in
mucoadhesive properties observed between chitosan and water-soluble chitosan in in vitro
mucoadhesion assay can be explained by difference in their pKa values. When usually pKa of
chitosan is = 6.5, carboxyl groups on chitosan have pKa value of 4.5, meaning that protonation
of C-CS is expected even in neutral pH > 7 [358]. C-CS is considered to be an amphoteric
polymer, as it has both cationic and anionic charges due to amino and carboxyl groups present
[318,358]. These polymers have a unique isoelectric point, where pH above it makes polymer
overall negatively charged, or pH below it makes polymer positively charged [373]. It was
reported by Fu et al., 2024 that mucoadhesive interactions between amphoteric polymers and
mucin were observed only when pH was below isoelectric point, where polymer exhibited
positive charge forming electrostatic interaction with negatively charged mucin [373].
However, when C-CS formulations at pH = 4.5 are mixed with mucin in PBS pH = 7.4 during
in vitro mucoadhesion assays, the pH of bulk solution changes and becomes closer to the
isoelectric point, which for C-CS reportedly is 5.5 [358]. It has been reported that amphoteric
polymers undergo aggregation when pH reaches near their isoelectric point [373,374], which

can be seen in present study after C-CS coated nanoparticles are incubated with mucin (Figure
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4.8). Under these conditions, amphoteric polymers become non-charged or negatively charged,
in turn losing their electrostatic attraction with mucin and relying on weak hydrogen bonds or
physical entanglement to ensure mucoadhesive interactions [373]. Due to this reason, poor zeta
potential values can be observed of C-CS coated nanoparticles incubated with mucin in Table
4.6 (in section 4.3.1.3.), as well as results in section 4.3.3.1. However, poor zeta potential
values do not display accurate mucoadhesive properties of C-CS coated PLGA nanoparticles,
as final pH of in vitro mucoadhesion assay is not equal to 4.5, due to addition of mucin that is
dispersed in pH = 7.4. Therefore, theoretically, in pH = 4.5 conditions C-CS coated
nanoparticles should demonstrate strong attractive interactions towards mucosal tissue, due to
electrostatic interactions between negatively charged urothelium and highly positively charged

C-CS [224,346].

Figure 4.8: Physical aggregation observed in in vitro mucoadhesion assay, where 1 mg/ml C-
CS coated PLGA nanoparticles in pH = 4.5 were mixed with 0.5 mg/ml mucin in PBS pH =
7.4 and incubated for 1 hour at 37 °C degrees, shaking at 100 RPM.

Mucin binding experiments to measure in vitro mucoadhesion properties have been widely
used in the pharmaceutical research field [224,346,367,368]. Mainly, this assay is used as
preliminary indication of any mucoadhesion behaviour of tested samples. Study by Takeuchi
at el., 2005 have demonstrated enhanced chitosan affinity to mucin particles with increase in
chitosan concentration and greater MW used [224]. While CS-M coated nanoparticles showed
significantly stronger (P < 0.001) binding with mucin particles compared to CS-L coated

nanoparticles, formulation containing CS-H failed to increase zeta potential further to indicate
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even stronger mucoadhesive behaviour. The reason for this could be the overall poor quality
and colloidal stability of the CS-H coated nanoparticles (Table 4.5 in section 4.3.1.3.), which

therefore impacted how well chitosan could interact with mucin particles.

Overall, CS-L, CS-M and C-CS coated nanoparticles demonstrated strong mucoadhesive
interactions with mucin. However, different concentrations of chitosan still needed to be
investigated in order to potentially enhance mucoadhesive interaction between nanoparticles

and mucin.

4.3.3.3. Sample preparation for ex vivo mucoadhesion assay

Based on results of nanoparticle characteristics from section 4.3.1.3. and mucoadhesive
properties of chitosan explored in section 4.3.3.3., five final formulations of chitosan coated
nanoparticles were selected for further testing. Formulations 0.5CS-M-P407, 1CS-L-P407,
0.5C-CS-P407, 1C-CS-P407, 2C-CS-P407 and NoCS-P407 were each incubated with mucin
particles for 1 hour and then their zeta potential values were measured (Figure 4.9). Highly
positive zeta potential readings of 0.5CS-M-P407 and 1CS-L-P407 samples indicated strong
affinity between nanoparticles and mucin particles. It appears that zeta potential values of
higher MW of CS-M samples have no significant difference (P > 0.05) when compared to
values of lower MW CS-L samples. Therefore, it seems that despite having half the amount of
chitosan used, CS-M samples can achieve the same mucoadhesive interaction as CS-L samples.
These findings were consistent with already reported data in the literature, where higher
concentrations of chitosan, along with higher MW of chitosan, will increase affinity of chitosan
coated particles to the mucin particles [224,225]. Formulation No-CS-P407, which had no
mucoadhesive coating, demonstrated negative zeta potential values, suggesting that polymeric
nanoparticles did not show mucoadhesive behaviour towards mucin particles. Similar

observations were reported in previous studies [225,361].
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Figure 4.9: Graph demonstrates zeta potential values of chitosan coated PLGA nanoparticles
incubated with mucin particles. Three different concentrations of chitosan and three different
types of chitosan were used to coat nanoparticles. * (P-value < 0.05), *** (P-value < 0.001),

*x%% (P-value < 0.0001). Error bars represent SD and n = 3.

The zeta potentials of 1 mg/ml and 2 mg/ml C-CS coated nanoparticles were similar to the zeta
potentials of CS-M and CS-L coated nanoparticle formulations (Table 4.8 in section 4.3.1.3.),
however when tested in combination with mucin particles, the zeta potential values
demonstrated very different results. Zeta potential values of C-CS nanoparticles with mucin
ranged from -2 mV to 4.2 mV range, which was significantly lower than observed in CS-M-
P407 and 1CS-L-P407 samples, 9 = 1 mV and 9.3 + 1 mV, respectively. Increase in
concentration of C-CS samples from 0.5 mg/ml to 2 mg/ml showed significant increase (P <
0.05) in zeta potential values, which agrees with often reported enhancement of mucoadhesive
properties with increased concentration of chitosan [224,225]. All C-CS samples demonstrated
relatively low zeta potential values, therefore indicating poor affinity between nanoparticle

formulations and mucin particles. The reason for this was explained in detail in section 4.3.3.2.

Despite limitations of our in vitro mucoadhesion assay, which demonstrated poor
mucoadhesive properties of C-CS coated nanoparticles, several studies reported that water-

soluble chitosan can achieve stronger mucoadhesive interactions than chitosan [361,366]. A
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study by Pawar et al., 2013 used two different types of mucoadhesive polymers to coat their
PLGA nanoparticles — a water-soluble glycol chitosan and chitosan (MW 110 — 150 kDa). It
was observed that water-soluble chitosan showed better mucoadhesive properties than chitosan
(MW 110-150 kDa) by having longer residence time in nasal cavity and better cell uptake
[361]. Similar results were reported by Shinde et al., 2019, where they synthesised a water-
soluble chitosan derivative N-trimethyl chitosan, which was then used to encapsulate
flurbiprofen. These nanoparticles demonstrated higher affinity to mucin when compared to

only chitosan nanoparticles [366].

Many published scientific papers use the results of in vitro mucin binding assay to confirm
mucoadhesive interactions of their nanoparticle formulations [344,346,361,366—368]. This
assay is quick to perform, inexpensive and does not require use of animal tissue or animal
models. However, results from our study demonstrate how misleading conclusions can be
drawn based on inaccurate zeta potential results, due to limitation of the assay and a complex
protonation process of amphoteric polymers. Additionally, interactions between nanoparticle
solution and mucin would be more complicated once exposed to the ex vivo or in vivo mucosal
tissue, due to additional ionic, hydrophobic and Van der Walls interactions, as well as

macromolecular entanglements [375].

The C6 loaded PLGA nanoparticles were prepared for ex vivo mucoadhesion assay to enable
quantitative analysis of fluorescence (Table 4.10 in section 4.3.2.), thus it was important to
confirm that encapsulation of fluorescent dye or active agent, such as drugs for applications in
drug delivery, does not have an impact on mucoadhesive properties of nanoparticle
formulations. Therefore, in vitro mucoadhesion assay was performed with C6 loaded
nanoparticles that were coated in 0.5 mg/ml CS-M, 1 mg/ml CS-L, 0.5 mg/ml C-CS, 1 mg/ml
C-CS, and 2 mg/ml C-CS. Uncoated C6 loaded PLGA nanoparticle formulation was used as

control. Results were comparable with unencapsulated formulations tested above.

4.3.4. Ex vivo mucoadhesive study on porcine bladder

Mucoadhesive properties of nanoparticle formulations established in section 4.3.3.3. were
tested ex vivo on porcine bladder tissues. After 400 ul of each C6 loaded PLGA nanoparticle
formulation was distributed on the tissue, samples were incubated for 1 hour in dark conditions

at 37 °C degrees. Then, each tissue was subjected to 7 rounds of washing, washed off material
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collected for every sample, and quantified using spectrofluorometer to measure the percentage
of nanoparticles that were lost after each washing cycle. Results of washed-off nanoparticles
per individual wash were plotted in Figure 4.10, with cumulative remaining percentage of

nanoparticles on the tissue presented in Figure 4.11.
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Figure 4.10: Graph presenting percentage of different types and concentrations of chitosan
coated and C6 loaded PLGA nanoparticles washed off during each 10 ml wash of artificial

urine, measured by fluorescence quantification. Error bars represent SD and n = 3.

Results of this study can conclude that most of nanoparticles were washed-off during the first
2 wash cycles. During the first wash a range from 11% to 31% of nanoparticles were lost, while
second wash showed loss from 3.5% to 8%, depending on the nanoparticle formulation used.
Formulation 1CS-L-C6 demonstrated highest (P < 0.05) percentage (31.3 + 2%) of
nanoparticles lost during the first wash. It was also the formulation that showed the highest
overall loss of nanoparticles throughout all washing cycles reaching 54%. Interestingly, lowest
percentage of loss was observed in NoCS-C6 formulation, which had no chitosan coating. Only
10 = 3% were lost during the first wash, and overall mean loss throughout the cycles

accumulated to 23.6%.
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Figure 4.11: Graph showing the percentage of chitosan coated C6 loaded PLGA nanoparticles
left on porcine bladder tissue after 7 cycles of washing with artificial urine, measured by
fluorescence quantification. Blue data points demonstrate particle size values of C6-loaded
PLGA nanoparticles coated with CS-L, CS-M or C-CS and used for ex vivo mucoadhesion

testing. Error bars represent SD and n = 3.

It is important to highlight that even with the highest percentage of nanoparticles lost during 7
washing cycles, 46 + 1% of them remained on the bladder surface (Figure 4.11). Majority of
chitosan coated formulations demonstrated 67.9% to 70.5% retention of nanoparticles on
bladder tissue. Highest percentage of nanoparticles remaining on mucosal tissue after the
washes was achieved by NoCS-C6 formulation, which demonstrated 76.4 £ 1% retention.
Porcine bladder tissues were observed under microscope after the first and final wash, with
fluorescent images presented in Figure 4.12. After 7 rounds of washing, fluorescence could

still be observed on certain parts of the tissue, confirming good particle retention.
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After 1st wash After 7th wash

Figure 4.12: Images demonstrate fluorescent C6 loaded PLGA nanoparticles coated with (A)
0.5 mg/ml C-CS, (B) 1 mg/ml C-CS, and (C) 2 mg/ml C-CS remaining on ex vivo porcine
bladder after first 10 ml wash with artificial urine (images on the left) and after 7th wash, or 70

ml total washed, of artificial urine (images on the right). Scale bar denotes 100 pm.

Formulations 0.5CS-M-C6, 0.5C-CS-C6, 1C-CS-C6 and 2C-CS-C6 demonstrated relatively
similar mucoadhesive properties. During the first wash there was no significant difference (P
> 0.05) between the samples as they all lost 14.5% to 18.3% of nanoparticles. During the
second wash, formulations 0.5CS-M-C6, 0.5C-CS-C6 and 1C-CS-C6 performed better by
losing 4.9 + 1%, 4.8 £ 3 % and 3.5 + 1% of nanoparticles, respectively, compared to 2C-CS-

C6 formulation, which showed 7.2 £ 5% loss. However, no significant difference (P > 0.05)
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was detected between these samples. Looking at overall mean of nanoparticles lost after all
washing cycles, formulations demonstrated very similar values. 0.5C-CS-C6 and 1C-CS-C6
showed total loss of 29.5 + 8% and 30 + 6%, respectively, while formulations 0.5CS-M-C6 and
2C-CS-C6 accumulated loss of 31.7 = 4% and 32.1 + 3%, respectively.

Overall, the retention time of nanoparticles shown in Figure 4.11 is considerably higher than
results observed in previous studies. Study by Barthelmes et al., 2011 showed 14 times increase
in mucoadhesive interaction between chitosan nanoparticle functionalised with thioglycolic
acid (TGA) and porcine bladder tissue, compared to unmodified chitosan nanoparticles [231].
Their study reported that free thiol groups located on chitosan and TGA nanoparticles can form
strong covalent bonds with cysteine-rich subdomains of glycoproteins on the mucous layer
[231]. Although this group has used a continuous bladder rinsing method mimicking in vivo
conditions, only 1% of nanoparticles remained on the bladder tissue after 3 hours of washing,
while 14% of chitosan and TGA nanoparticles were discovered after the same amount of time.
A similar approach to improve mucoadhesive properties of PLGA nanoparticle formulation
was taken by Kaldybekov et al., 2019. They tested maleimide functionalised PLGA-poly
(ethylene glycol) (PLGA-PEG) nanoparticles and their mucoadhesive properties on ex vivo
lamb urinary bladder tissues [222]. Study reported poor retention of unfunctionalized PLGA-
PEG nanoparticles of less than 20% of particles remaining after the first wash. Retention times
of these nanoparticles were significantly improved by functionalising them with maleimide,
which demonstrated 60% of nanoparticles remaining after the first wash, dropping to roughly

40% after the second wash [222].

Commonly, the most important parameters of nanoparticle formulation for mucoadhesive
interactions are assumed to be the positively charged nanoparticle coating. However, the fact
that formulation without chitosan demonstrated the lowest percentage of nanoparticles lost
throughout washing cycles, seems to highlight importance of other particle characteristics. It
is hypothesized that smaller particles can get stuck in the mucosal folds within the bladder wall
and therefore be protected from artificial urine washouts. Oppositely, bigger sized particles can
be easily washed away. This hypothesis is supported by significantly smaller (P < 0.001)
nanoparticle size of NoCS-C6 formulation at 126.6 + 5 nm, compared to chitosan coated
formulations, which particle sizes range from 328.9 nm to 414.9 nm (Figure 4.11). While
formulations 0.5CS-M-C6, 0.5C-CS-C6, 1C-CS-C6 and 2C-CS-C6 show significantly higher

nanoparticle size, their mucoadhesive properties are similar to NoCS-C6 formulation (Figure
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4.10). It appears that previously mentioned chitosan coated formulations have sufficient
affinity to mucosal tissue, that despite their bigger particle size, they cannot be washed out with
artificial urine. Similar results were reported by Barthelmes et al., in 2013 study, when they
investigated mucoadhesive properties of nanoparticles and microparticles which were made
from anionic and cationic thiolated polymers [342]. Their study confirmed the importance of
particle size for mucoadhesive properties, as microparticles showed poorer adherence to the

bladder wall when compared to nanoparticles.

Results also confirmed findings reported in section 4.3.3.2., where it was stated that the
strength of mucoadhesive interaction between nanoparticles and mucosal layer depends on the
type of chitosan used and its MW chosen [224,225,361]. Results of ex vivo mucoadhesion assay
demonstrated that nanoparticles coated with CS-L were much more easily washed off the
bladder tissue, compared to formulations coated with CS-M and C-CS. Formulations
containing different concentrations of C-CS and CS-M demonstrated roughly 16% loss of
nanoparticles after the first wash cycle, while almost double the amount (31.2 + 2%) of CS-L
coated nanoparticles was washed off. In section 4.3.3.2., comparison between different types
of chitosan was challenging due to low zeta potential results of C-CS samples. The reason
behind this was a limitation of the in vitro mucoadhesion assay, which impacted final sample
pH to be higher than starting pH =4.5. Due to carboxyl groups present in C-CS, this amphoteric
polymer has reached its isoelectric point at a pH of = 5.5 and became neutrally or negatively
charged. Therefore, results achieved from in vitro mucoadhesion assays could not accurately
predict mucoadhesive properties of C-CS coated formulations. However, in ex vivo

mucoadhesion assays, all C-CS and CS-M samples demonstrated comparatively similar results.

Some of the large error bars observed in Figure 4.10 indicate limitations of the chosen ex vivo
mucoadhesion assay. Based on the results obtained in this study, it seems that bladder thickness
and tissue viability can have an impact on retention of the nanoparticles on bladder surface.
For instance, thicker bladder tissue with more mucosal folds resulted in higher retention time
of nanoparticles. As smaller sized particles got entrapped within the folds, the more challenging
it became to access particles during artificial urine wash-out process. Additionally, as ex vivo
mucoadhesion assay was performed in triplicate, different porcine bladders were used to test
the same formulation, which meant that some replicates with healthier and thicker bladders
showed less nanoparticle loss than others. This can be clearly observed in 1C-CS-C6

formulation in Figure 4.10, where large standard error bar indicates variation in percentage of
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particles washed-off during the first round of artificial urine. However, it is important to
recognise that ex vivo results cannot be interpreted as accurate representation of formulation
performance in vivo. Bladder is expected to expand and stretch its mucosal folds as it stores
the urine [376], which in turn could allow urine to have better access to the nanoparticles.
Without being entrapped into mucosal folds, mucoadhesive nanoparticles would be exposed to
urine filling and voiding, which is hard to mimic in ex vivo conditions and then investigate
mucoadhesive particle retention on the bladder tissue. Despite these limitations, ex vivo
analysis allows to predict preliminary results, which could help to reduce number of samples,

as well as lower number of animals needed for in vivo study.

Most of the studies on mucoadhesive properties choose in vitro assay instead of ex vivo due to
less equipment and skill needed for these tests, as well as difficulty to obtain fresh tissue in
relatively short time [225,348]. Studies by Khutoryanskiy group [222,230,278,343] and
Benkorp-Schniirch group [231,342] focused on investigating ex vivo mucoadhesive properties
of nanoparticles for intravesical delivery to urinary bladder. Most of their studies focus on
functionalising nanoparticles with thiol groups that can form strong covalent linkage with
glycoproteins in the mucosal lining [222,230,231,342]. This approach demonstrates stronger
mucoadhesive properties compared to electrostatic interaction between negatively charged
epithelium and positively charged chitosan [377]. Although our study uses a C-CS as one of
the more commonly used chitosan derivatives, both chitosan and C-CS rely on electrostatic
interactions to bind with mucin. Therefore, in the future it would be beneficial to attempt to

improve and compare interactions with mucin between C-CS and thiolated chitosan.

A relatively novel approach of sustained drug delivery directly to bladder is using
mucoadhesive in situ forming gels [234-238]. The main advantage of this approach is the
injectable state of the hydrogel at low temperatures, which can undergo a sol-gel transition
triggered by higher temperature once administrated into the body [235]. Viscosity of hydrogel
changes into solid state gel, which if made with thiolated polymers, can ensure strong
mucoadhesion properties and do not affect function of the bladder [236]. Earlier studies by Lin
et al., 2014 and Sherif et al., 2018 raised the question of bladder obstruction by using in situ
gels for drug delivery, however they have demonstrated that mucoadhesive or floating hydrogel
has no impact on urine flow [239,240]. Study by Shawky et al., 2022 examined retention of
chitosan coated solid-lipid nanoparticles on the bladder surface. Results revealed that chitosan

coated nanoparticles showed 41% of nanoparticles remaining on the mucosal lining after 5
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washes, which was enhanced to 53-65% when particles were entrapped in chitosan hydrogel
[234]. Entrapment of nanoparticles into hydrogels could also additionally sustain nanoparticle
drug release [234,238]. Use of mucoadhesive hydrogels to improve retention time of drugs or
nanoparticles on bladder surface has demonstrated a lot of potential to safely and efficiently
deliver drugs through intravesical route. Embedding nanoparticles obtained in our study into
mucoadhesive hydrogels could significantly prolong retention time of drug loaded
nanoparticles in the bladder, as well as negate the need for smaller sized particles, which
appeared to be necessary to ensure particle entrapment into mucosal folds of ex vivo bladder

tissue.

4.3.5. Histology and toxicity

Tissues of freshly excised porcine bladder were used to assay any toxic effects caused by
mucoadhesive nanoparticle treatment discussed in section 4.3.4. Bladder tissues were dissected
and treated with 400ul of each nanoparticle formulation and then fixed, embedded in paraffin
and sectioned. After dehydration process and H&E staining, the tissue was rehydrated and
mounted onto the microscope slides, which were later observed for any pathological indications

in the urothelium layer.

For this study, ex vivo toxicity method was selected instead of more commonly used
cytotoxicity assays. Due to the nature of this project, more commonly used cell lines of bladder
cancer would only provide very limiting results due to not being biologically accurate. An
established human cell line of urinary bladder epithelium cells called UROtsa was considered,
however due to time restrains and already established access to fresh porcine bladder tissue, ex

vivo toxicity assay was performed.

Untreated porcine bladder tissue was used as a negative control. H&E staining demonstrated a
healthy tissue layer with tightly packed urothelial cells maintaining bladder wall structure. At
the luminal surface of the urothelium, a layer of umbrella cells can be observed (Figure 4.13),
which together with uroplakins make up a plaque that forms a strong permeability barrier [4].
No difference was observed between tissues kept on ice and tissues that underwent washing
with PBS, 10 min drying and 1 hour incubation procedure, indicating no negative effects that
could be associated with treatment procedure. In order to demonstrate what significantly toxic

effects would look like on the porcine tissue, tissues were subjected to protamine sulphate (PS)
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treatment for 1 hour at 37 °C. Here, desquamation of the urothelium layer can be seen as tight
and adherens junctions are destroyed by PS downregulating ZO-1 protein, resulting in loss of
structural stability and rigidity of the barrier [333,378-380]. Following the treatment of
nanoparticle formulations 0.5CS-M-P407, 1CS-L-P407, 0.5C-CS-P407, 1C-CS-P407 and 2C-
CS-P407 no adverse effects on urothelium were observed. Some haziness associated with the
plaque on the urothelium layer can be observed in Figure 4.13, specifically in images E to I,
however it is likely to be artefacts, as integral barrier structure made of tightly positioned
umbrella cells does not appear to be affected. As a control to chitosan coated nanoparticle
formulation, formulation with no chitosan coating was also used as a treatment and similarly

to the other formulations, showed no toxicity. All formulations tested were at pH = 4.5.

e

Figure 4.13: Microscopic images of H&E stained porcine bladder tissue sections of 8 um

thickness. Negative controls of (A) freshly excised porcine bladder, stored at 4 °C during
transportation, (B) no treatment, tissues followed the washing and incubation in 37 °C

procedure. Tissues treated for 1 hour at 37 °C with (C) 10 mg/ml PS in PBS 7.4, (D) 400 pl of
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0.5CS-M-P407, (E) 400 pl of 1CS-L-P407, (F) 400 ul of 0.5C-CS-P407), (G) 400 pul of 1C-
CS-P407, (H) 400 pul of 2C-CS-P407, and (I) 400 pul of No-CS. Study performed in triplicate.

Scale bar denotes 10 pm, UC = umbrella cells, UR = urothelium, LP = lamina propria.

Obtained results from H&E stained tissues were expected, as all chemicals used in nanoparticle
formulations were previously evaluated for their potential harmful effects. For example, it has
been widely reported that PLGA is a safe, biodegradable polymer, that has FDA approval for
drug delivery in human body [90]. On the other hand, some toxic effects of chitosan have been
previously reported in the literature. Kos et al., 2006 highlighted that increasing concentration
of chitosan (from 0.0001% to 0.5% (w/v)), along with increased incubation time, has caused
necrosis of superficial cells and desquamation of umbrella cells [220,221]. In comparison,
present study used 0.000005% to 0.00002% (w/v) of chitosan to coat PLGA nanoparticles,
which is significantly lower than the range reported by Kos et al., 2006 [220]. A follow up
study by VeraniC et al., 2009 demonstrated that desquamation of umbrella cells occurs as fast
as after 10 min of treatment, when cells start to detach due to becoming necrotic [217]. The
group has confirmed that no apoptotic signs can be seen through microscope imaging,
explaining why nuclei observed in Figure 4.14 (in section 4.3.6.) appear healthy. Additionally,
Verani¢ et al., 2009 shown that differentiation of umbrella cells is incredibly fast, with
restoration of urothelium layer observed within an hour post treatment [217,221]. Therefore,
although chitosan does evoke some negative effects on bladder tissue, they are restored quickly
with no known long-term consequences. Study by Erman et al., 2017 has confirmed that there
are no prolonged toxicity effects on urothelium even after administration of several doses of

chitosan in a short period of time [221].

Chitosan use has been approved by FDA, however either for oral consumption as food
supplement, or as application for wound or haemostatic dressings [244,381,382]. Although
there are many published studies investigating chitosan use in drug delivery field, it is difficult
to approve chitosan for drug delivery, due to different parameters of MWs or degrees of

deacetylation used in many studies [382].

Since chitosan has demonstrated to cause some degree of desquamation, it was important to
investigate how use of chitosan can influence particle permeation into urothelium. Known as
the most impermeable barrier in the human body, urothelium penetration could be incredibly

beneficial for UTI treatment and recurring UTI prevention.
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4.3.6. Mucopenetration assay

Tissues of freshly excised porcine bladder were used to analyse whether nanoparticle treatment
permeates into deeper levels of urinary bladder tissues. Tissues were treated with mucoadhesive
C6 loaded nanoparticle formulations for 1 hour in dark conditions at 37 °C, afterwards they
were fixed, embedded in paraffin and sectioned, later undergoing dehydration process. After
rehydration, tissues were mounted using VECTASHIELD® antifade mounting media to

prevent samples from photobleaching and fading during imaging and storing.

Distribution of C6 fluorescence within the urothelium demonstrated how permeable the tissue
is for C6 loaded PLGA nanoparticles coated with chitosan. Overall thickness of urothelium
layer was determined by observing the same area of the tissues under DAPI channel, under
which nuclei of tightly assembled urothelium cells were visible. Results of urothelium
thickness are presented in Figure 4.14. To quantify mucopenetration results, the width
measurement of the green fluorescence was compared with width of urothelium layer as

observed under DAPI channel (Figure 4.15).
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Figure 4.14: Visual representation of ex vivo mucopenetrative properties of mucoadhesive C6
loaded nanoparticle formulations on porcine bladder tissues. Tissues were incubated for 1 h in
dark conditions at 37 °C after treatment with (A) 10 mg/ml PS and 10 pg/ml fluorescein
isothiocyanate (FITC), (B) NoCS-C6, (C) 0.5CS-M-C6, (D) 1CS-L-C6, (E) 0.5C-CS-Cé, (F)
1C-CS-C6, and (G) 2C-CS-C6. Tissues observed under green channel (FITC and C6 marked
images), where green fluorescence represents nanoparticle permeated urothelium. Same tissues
were captured under blue channel (DAPI marked images), where blue stained and densely

packed nuclei indicate urothelium layer. Study performed in triplicate. Scale bars = 20um.

To demonstrate a positive event of mucopenetration, a mixture of PS and fluorescent dye in
PBS buffer were used. As C6 is a hydrophobic fluorescent dye, it had to be changed to a
hydrophilic one, therefore 10 mg/ml of PS and 10 pg/ml of fluorescein isothiocyanate (FITC)
were administered on the tissue (Figure 4.14A). Although this is not a true positive control, PS
facilitated the disruption of cell-cell junctions in the urothelium, allowing FITC to fully
penetrate through the layer [333]. Results demonstrated 22.8 = 1 pm out of the 25.5 = 3 pm of

the overall urothelium thickness to be penetrated by the fluorescent dye, indicating successful
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mucopenetration of urothelium layer. No mucopenetrative effects were observed past lamina

propria for all samples tested.

Negative control of C6 permeability was challenging to obtain, as C6 is highly hydrophobic
dye that would not permeate past hydrophilic mucin layer of the bladder due to hydrophobicity
of this fluorescent dye [9]. Due to this, it was expected that C6 would form a uniform layer of

fluorescence at the very top of the urothelium.
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Figure 4.15: Graph demonstrating the depth of penetration into the urothelium tissue achieved
by mucoadhesive C6 loaded PLGA nanoparticles after administrating them onto the bladder
tissue, measured by fluorescence quantification. PS = protamine sulphate, FITC = fluorescein

isothiocyanate. Error bars represent SD and n = 3.

Results demonstrated poor permeability of the tissue after the treatment with NoCS-C6
nanoparticle formulation, as formulation penetrated only 9 £ 5 um of the tissue and most of the
fluorescence was concentrated at the top of the urothelium layer. Interestingly, formulation
0.5CS-M-C6 showed similar mucopenetration results with the fluorescence detected up to 8.8
+ 2 um of the tissue, which therefore indicated no significant difference (P > 0.05) between
CS-M-coated and uncoated nanoparticles. However, other chitosan-coated nanoparticle
formulations have showed significant enhanced mucopenetration properties when compared to

NoCS-C6 formulation. Nanoparticles coated with C-CS demonstrated best mucopenetration
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results, with tissues demonstrating 32 £ 11 um of the urothelium permeated after treatment

with 0.5C-CS-C6 formulation.

Additionally, the nuclei of the urothelium layer were observed under fluorescence for any
indications of apoptotic cells that could signal of toxicity of the treatment. Fluorescent imaging
under DAPI channel revealed non-toxic results, similarly to the results observed in H&E
stained tissues in section 4.3.5. None of the tissues observed demonstrated presence of
apoptotic cells, including tissue treated with PS which causes disruption of the cell-cell

junctions of the urothelium but no evident toxicity to the cells or nuclei.

Mucopenetrative effects of chitosan have been previously reported in literature [220,383]. Kos
et al., 2006 states that increase in urothelium permeability was achieved with higher
concentration of chitosan used, as well as prolonged incubation time. Results of our study do
not fully confirm this statement. Increase of C-CS in formulations 0.5C-CS-C6, 1C-CS-C6 and
2C-CS-C6 demonstrated no significant difference on permeability, however this could be due
to overall deep permeation of 32 + 11 um, 25.7 £ 8 pum, and 23.1 + 7 um, respectively, of
mucopenetration achieved. Nevertheless, the mean of these formulation was highest in 0.5C-
CS-C6 formulation. Most formulations showed high SD values, suggesting permeability of

certain parts of the tissue not being uniform as shown in Figure 4.14.

The reason why chitosan coated PLGA nanoparticles significantly increase the permeability of
the urothelium is due to strong adhesion of the chitosan to the bladder wall and its low level of
toxicity to the urothelium. As previously discussed in section 4.3.5, chitosan adheres to the
urothelium via electrostatic interactions and causes short term toxicity to the umbrella cells.
Along with causing necrosis of the umbrella cells, chitosan also affects the structure of the tight
junctions within the urothelium layer [214,217,220,221], therefore pointing towards the
mechanism in which chitosan can enhance the permeability of the bladder wall. Additionally,
a study by Martin et al., 2013 have proved that PLGA nanoparticles coated with chitosan have
demonstrated enhanced internalisation into urothelium of human ex vivo and mouse in vivo
systems, relative to uncoated nanoparticles [383]. However, as mentioned before, Veranic et
al., 2009 has shown that after chitosan exposure and first indications of umbrella cell
desquamation, tight junction protein ZO-1 is present in the intermediate cell layer of the
urothelium, that is exposed to the bladder lumen, indicating first signs of urothelium recovery

[217]. Based on this, it is probable that mucopenetrative properties of the chitosan coated
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nanoparticle formulations are achieved instantly or relatively quickly, before urothelium layer
starts its differentiation. Due to desquamation and fast regeneration of the urothelium, it is
challenging to predict mucoadhesive and mucopenetrative properties of chitosan coated PLGA

nanoparticles in vivo and therefore further research within in vivo system is needed.

4.4. Conclusion

Chitosan coated PLGA nanoparticles demonstrated colloidally stable nanoparticle system. As
reported in the literature, increasing chitosan concentration in the formulations lead to largely
sized nanoparticles. Addition of low concentrations of surfactant P407 has significantly
reduced particle size, without negatively affecting other characteristics, like PDI or zeta
potential. It was also found that acidic pH conditions improve zeta potential of chitosan coated
PLGA nanoparticles, achieving highly positively charge, compared to neutral pH conditions,
which showed mainly neutral charge of the chitosan coated particles. In addition, PLGA
nanoparticle coating with higher MW of chitosan resulted in larger and less colloidally stable
nanoparticle systems. Therefore, further optimisation of formulation parameters was focused
on achieving particle size under 450 nm, while ensuring the highest chitosan concentration is

maintained to enhance positive zeta potential charge of the particles.

Five mucoadhesive formulations with varying concentrations of chitosan coating were tested
in vitro and ex vivo to observe the strength of nanoparticle interactions with mucin. Results of
in vitro assay, which is meant to predict nanoparticle ex vivo behaviour, indicated that
formulations coated with CS-L and CS-M would demonstrate highest affinity with mucin,
while C-CS coated and uncoated nanoparticles would not demonstrate strong mucoadhesive
properties. This was contradicted by results of ex vivo assay, hence indicating limitations of in
vitro mucoadhesion assay. Ex vivo mucoadhesion assay demonstrated that C-CS and CS-M
coated nanoparticles and uncoated nanoparticles showed highest retention on the bladder
tissue, maintaining around 70% of the nanoparticles after 7 cycles of washing with artificial

urine.

Although chitosan is known to cause cell necrosis and desquamation, mucoadhesive polymeric
nanoparticles demonstrated no toxicity on ex vivo porcine bladder tissue, after incubation with
nanoparticle treatment for 1 hour. Uncoated nanoparticles, CS-L and CS-M coated

nanoparticles showed poor mucopenetration into the urothelium. However, C-CS coated
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nanoparticles showed mostly full permeation of the urothelium, comparable to the permeability
of highly toxic PS, which disrupts tight junctions of the urothelium to enhance its permeability.
Therefore, it was important to establish that while chitosan does show great permeation, it does

not cause any toxicity if treatment time is kept short.

At the time of the study, C-CS has not been tested for mucoadhesive properties on the bladder
urothelium. Our study shows that this chitosan derivative demonstrates enhanced
mucoadhesive and mucopenetrative properties compared to chitosan, as well as form strong
electrostatic interactions with mucosal tissue in the bladder. A recent study by Zhao et al., 2024
has also demonstrated increased retention time of the multilayer biomimetic scaffolds, made
of polycaprolactone nanofibrous mats and C-CS hydrogel, in the in vivo environment of the

urinary bladder.
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Chapter 5
Development of celecoxib loaded PLGA nanoparticles for mucoadhesive

intra-bladder drug delivery: A Design of Experiments (DoE) study
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5.1. Introduction

Urinary tract infections (UTIs) and most of the other bladder disorders are commonly treated
orally or through intravenous injections, which results in systemic exposure of the body to the
therapeutical agents [9,21]. While some therapies rely on the drugs entering the blood system
to achieve therapeutic results, in order to treat bladder infections drugs must accumulate in the
bladder and achieve therapeutic concentrations to fight the infection [21]. Therefore,
intravesical drug delivery (IDD) has been proposed as an effective way to diminish the risk of
side effects due to reduced systemic exposure of the therapeutic agents, as well as reduce
antimicrobial resistance (AMR) associated with antibiotic treatment of UTIs [9,21]. Despite
this, IDD suffers from a few limitations, such as drug dilution in the bladder due to urine storing
or early drug exposure due to urine voiding [2]. Therefore, IDD in combination with
nanotechnology has showed promising drug delivery results to the bladder, especially with
mucoadhesive nanoparticles offering prolonged drug retention time in the bladder and

sustained drug release [21,222,342].

UTIs are mostly caused by UroPathogenic Escherichia Coli (UPEC), resulting in need of
antibiotic treatment to manage bacterial infections [29]. Although antibiotic treatment in seen
as crucial in reducing the duration and severity of the symptoms, it can also cause harm by
sheltering bacterial reservoirs in the bladder cells and contributing towards AMR [29,384].
Therefore, many alternative ways of treating the UTIs have been investigated in the last decade,
one of them being a symptomatic treatment of UTIs with non-steroidal anti-inflammatory drugs
(NSAIDs) [74,76]. As pain experienced during voiding is classed as inflammatory reaction,
UTI treatment with NSAIDs was shown to reduce the levels of cyclooxygenase-2 (COX-2)
protein and prostaglandin E2, which are significantly elevated during the infection [71,385]. A
small randomised controlled trial (RTC) was performed to evaluate ibuprofen, a non-specific
COX-1 and COX-2 inhibitor drug, as alternative to antibiotics for treatment of uncomplicated
UTIs [74,75]. The study demonstrated promising results, however larger trials were needed to
confirm effectiveness of NSAIDs for UTI treatment [74,75]. Several publications have
discussed an alternative NSAID drug for potential symptomatic treatment of UTI cases: a
specific COX-2 inhibitor drug Celecoxib (CLX), which was also reported to increase the

sensitivity of the bacteria to the antibiotic treatment [77,385].
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Encapsulation of CLX into PLGA nanoparticles has been well documented in the literature
[255,386—389]. While most of these CLX loaded PLGA formulations tend to be synthesised
by single emulsion — solvent diffusion (SE) method [255,388,389], some other studies chose
to use other well-known techniques, such as nanoprecipitation (NPPT) or salting-out [386,387].
The main difference between SE and NPPT techniques is the miscibility of the solvents that
are used during these processes, along with the use of high shear force during SE method [119],
with more detailed analysis of both methods described in section 2.3.1.1. and section 2.3.1.2
of Chapter 2. Nanoparticle production can be challenging as minor changes in the selected
nanoparticle preparation method or changes in the parameters can lead to significant changes
in the physicochemical features [115,390]. Therefore, statistical design of experiments (DoE)

tool is often used to understand and compare how input factors affect the final product [390].

The work described in this chapter aims to prepare mucoadhesive CLX loaded polymeric
nanoparticle systems, which could be delivered directly to the bladder and used to treat UTIs
in combination with antibiotics. In addition, this study aims to compare two commonly used
nanoparticle preparation methods by implementing DoE technique. By analysing the same
parameters in both preparation methods, the differences on how they affect the final product

can be investigated.

The objectives of this chapter are:

e To compare two nanoparticle preparation methods (nanoprecipitation and single
emulsion — solvent diffusion) by analysing how the selected parameters (polymer
amount, drug amount, volume of the organic phase) affect the characteristics of CLX
loaded PLGA nanoparticles.

e To utilise DoE technique to achieve colloidally stable CLX loaded PLGA nanoparticle
system, with small particle size and polydispersity index, but high drug entrapment and
drug loading.

e To apply mucoadhesive coating on the optimised CLX loaded PLGA nanoparticles and

examine how it affects nanoparticle physicochemical and biological parameters.
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5.2. Materials and methods

5.2.1. Materials

Poly(lactic-co-glycolic acid) (PLGA, 50:50 ester terminated, molecular weight (MW) 38,000—
54,000 Da), poly(vinyl alcohol) (PVA, MW 9,000-10,000 Da, 80% hydrolyzed), low MW
chitosan (50-190 kDa, deacetylated chitin) (CS-L), medium MW chitosan (190-310 kDa,
deacetylated chitin) (CS-M), protamine sulphate (PS), artificial urine diluent, phosphate buffer
saline (PBS), Tween 80, Mayer’s haematoxylin solution, Eosin Y solution (aqueous),
triethylamine acid, phosphoric acid, acetonitrile (ACNT, HPLC grade), dichloromethane
(DCM) and ethanol (EtOH) were all purchased from Sigma-Aldrich (Merck Life Science, UK).
10% neutral buffered formalin and glacial acetic acid was purchased from Fisher Scientific,
UK. Celecoxib (CLX) was purchased from Biosynth, UK. Kolliphor® P 407 Geismar was
obtained from BASF (BASF, UK). Carboxymethyl chitosan (80% deacetylation, water soluble
chitosan) (C-CS) was kindly gifted by Yuda Century (Qingdao, China). Histo-clear was
purchased from Scientific Laboratory Supplies (Scientific Laboratory Supplies Ltd, UK).
Freshly excised porcine urinary bladders were kindly supplied by Arthur Howell Butchers
(Wells-next-the-Sea, Norfolk, UK).

5.2.2. Experimental design

For this study, a three-factor, two-level full-factorial design was chosen to optimise
characteristics of CLX loaded PLGA nanoparticles synthesised by nanoprecipitation (NPPT)
or single emulsion-solvent evaporation (SE) methods. Design-Expert® Software, V13 (Stat-
Ease, Inc., Minneapolis, USA) was used to design matrixes with 8 runs total for each
nanoparticle preparation method, with each experiment done in triplicate. Two-level screening
design was chosen as initial study in order to identify significance of selected critical factors.
Data obtained would then be used in future studies to generate more complex design, using
only significant critical factors and higher number of levels, therefore generating more accurate

statistical models.

Firstly, preliminary experiments were performed to narrow down the experiment numbers
needed for DoE study. This included experiments to determine the levels for chosen critical
factors, which were PLGA amount, drug amount, and the volume of organic solvent. Once
critical factors were identified in both nanoparticle synthesis methods, their influence was

investigated on selected nanoparticle characteristics (responses): particle size, polydispersity
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index (PDI), encapsulation efficiency (EE%), and loading capacity (LC%). Experimental

design can be observed in Table 5.1.

Table 5.1: Factors and corresponding levels used in optimisation of CLX loaded PLGA

nanoparticles.
Factor Levels
Low High
PLGA amount (mg) 5 10
CLX amount (mg) 0.5 2
Organic phase volume (ml) 1 3

5.2.3. Synthesis of CLX loaded PLGA nanoparticles

5.2.3.1. Nanoprecipitation method

Nanoparticles were synthesised using NPPT method [254,348]. Some parameters of this study
were predetermined beforehand from the preliminary experiments carried out to reduce the
number of experiments for the DoE study. Briefly, 5 mg or 10 mg of PLGA, 0.5 mg or 2 mg
of CLX and 0.075% of poloxamer 407 (P407) were dissolved in 1 ml or 3 ml of acetonitrile
(ACNT), then added to 4 ml of aqueous phase. Evaporation of organic solvent was facilitated
by Rotavapor R-210 system (Buchi UK Ltd, UK), equipped with B-491 heating bath set at 55
°C and V-700 vacuum pump. Samples were then stirred at 250 RPM for at least 1 hour to
remove residual organic solvent. Samples were filtered using 1 um glass fibre filter (VWR,
UK) and topped up with MilliQ water (MQW) to make up 4 ml of total volume.

For mucoadhesive formulations, based on the results obtained in Chapter 4 various
concentrations (0.5, 1, or 2 mg/ml) of chitosan were dissolved in the 4 ml of aqueous phase
during the preparation of nanoparticles. Three types of commercially available chitosan were
used: low MW (CS-L), medium MW (CS-M) and carboxymethyl chitosan (C-CS). To
solubilise CS-L and CS-M in aqueous solution, 0.2 M acetic acid was added to the aqueous

phase.

5.2.3.2. Single emulsion — solvent evaporation method

Polymeric nanoparticles were prepared using oil-in-water (O/W) SE method [255]. Some
parameters of this study were predetermined beforehand from the preliminary experiments
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carried out to reduce the number of experiments for the DoE study. Briefly, organic phase (O)
was comprised of 1 or 3 ml of DCM containing 5 or 10 mg of dissolved PLGA and 0.5 or 2 mg
of CLX, and aqueous phase (W) was made of 2% of PVA dissolved in 4 ml of MQW. Briefly,
organic phase (O) was added dropwise to the aqueous phase (W), then emulsified using probe
sonicator (Fisherbrand™ 505 sonicator, UK) at 20% amplitude for 3 min in a 20:5 second on-
off cycle. Formulations were then left stirring at 250 RPM overnight at room temperature, to
ensure complete evaporation of organic solvent. Next day, formulations were filtered using 1

um glass fibre filter (VWR, UK) and topped up with MQW to make up 4 ml total volume.

For mucoadhesive formulations, based on the results obtained in Chapter 4, various
concentrations (0.5, 1, or 2 mg/ml) of chitosan were dissolved in 4 ml of aqueous phase during
the preparation of nanoparticles. Three types of commercially available chitosan were used:
CS-L, CS-M, and C-CS. To solubilise CS-L and CS-M in aqueous solution, 0.2 M acetic acid

was added to the aqueous phase.

5.2.4. Characterisation of CLX loaded PLGA nanoparticles

5.2.4.1. Drug loading and encapsulation efficiency

The quantification of CLX by HPLC was done following the method previously reported by
Song et al., 2013 [391]. The HPLC system was composed of Quaternary Pump VL (Agilent,
UK) and 1260 Infinity II Variable Wavelength Detector (Agilent, UK). A reverse phase column
HC-C18, 4.6x250 mm, Sum, 400 bar (Agilent, UK) was connected to a guard column HC-C18,
4.6x12.5 mm, Sum, 400 bar (Agilent, UK) and kept at 40 °C throughout runs. Mobile phase
was comprised 70:30 of ACNT and 0.5% (w/v) of triethylamine acid, which was adjusted to
pH = 7 with phosphoric acid. The flow rate of mobile phase was set to 1.5 ml/min. UV detection

was performed at 256 nm, after 5 ul of the sample was injected into the machine.

To achieve more accurate measurements of how much CLX was entrapped into the PLGA
nanoparticles, each CLX sample was tested in two steps: firstly, the 0.5 ml of the final
nanoparticle solution was mixed with 0.5 ml of ACNT to solubilise and measure CLX present
in the nanoparticles, along with free CLX that was soluble in the supernatant (CLXotal);
remaining nanoparticle solution was centrifuged at 12,000 RCF, separating the pellet and
supernatant, with the latter then measured to quantify how much CLX was freely soluble in the

supernatant (CLXsupematant). To obtain the true amount of CLX inside the nanoparticles, the
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value of unencapsulated CLX (CLXsupematant) Was divided from the amount of total CLX in the
sample (CLXotl). It is important to stress, that CL Xt does not represent initial amount of
CLX added, as we cannot exclude the possibility that some of the drug was lost during transfer
and filtering stages of the particle preparation, as well as some of the drug could have
precipitated out of the nanoparticles and sedimented at the bottom of the tube. Encapsulation

efficiency (EE%) and loading capacity (LC%) of CLX was calculated using equations:

LCY% = (Initial CLX amount — (CLXmm, — CLXsupematant)) 5 100% Eq. (5.1)
Amount of PLGA
EE% = (Initial CLX amount — (CLXtotq1 — CLX supernatant)) « 100% Eq. (5.2)

Initial CLX amount

5.2.4.2. In vitro drug release studies

Drug release profiles of CLX were investigated using dialysis bag method [289]. For this study,
1 ml of CLX solution or nanoparticle solutions, loaded with 0.5 mg to 2 mg of CLX, were
placed inside dialysis bag (Thermo Scientific™ SnakeSkin™ Dialysis Tubing, 10K MW cut-
off, regenerated cellulose, Fisher Scientific, UK). Samples were incubated in release media,
which was made up of 20 ml of PBS, with addition of 1% Tween 80, at pH = 4.5. Samples were
incubated in shaking incubator (KS3000 i control IKA®, UK) at 37 °C degrees, with rotary
speed of 100 RPM and sink conditions maintained throughout the assay. At predetermined time
intervals, 1 ml of the sample was collected and replaced with 1 ml of fresh release medium.
Collected samples were analysed for drug content by HPLC. Study was performed in triplicate
and the average percent of CLX released per each timepoint was expressed in mean + standard

deviation (SD).

5.3. Results and discussion
5.3.1. Full-factorial design

5.3.1.1. Initial optimisation and critical factor identification

In order to compare which nanoparticle preparation method produce desired physicochemical
characteristics, such as small particle size, narrow size distribution, and high drug loading,
parameters that were shared between NPPT and SE methods were identified. For this study, a

full-factorial design was selected, with 3 critical factors investigated: drug amount (mg),
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polymer amount (mg), and volume of the organic phase (ml). Other factors such as surfactant
concentration and sonication amplitude were considered, however they were specific to each
method. It is important to clarify that although surfactant was used in both nanoparticle
preparation methods, two different surfactants were used when preparing nanoparticles by
NPPT and SE methods. Stabiliser PVA was used to prepare nanoparticles when using SE
method, due to its effective stabilisation of suspensions and improvement of colloidal stability
[112,392]. It is also the most used stabiliser when synthesis of nanoparticles involves
emulsions, as PVA remains attached to the nanoparticles due to hydrophobic bonding between
partially hydrolysed PVA and acetyl groups of PLGA, therefore forming an interconnected
network between polymer and PVA at the interface [112,136]. However, some studies had
reported using poloxamers instead of PVA for synthesis of PLGA nanoparticles by NPPT
method, due to smaller sized nanoparticles achieved, partial nanoparticle surface coating,
ensuring negative PLGA nanoparticle charge, as well as lesser toxicity [134,135,348,393].
Therefore, in order to maintain optimal nanoparticle characteristics, P407 was used as
surfactant for nanoparticles prepared by NPPT method, while PVA was used as surfactant for

nanoparticles prepared by SE method.

Prior to DoE study, parameters that were specific for each nanoparticle preparation method
were optimised. PLGA nanoparticle formulation established in Chapter 4 was used for
optimisations of nanoparticles obtained by NPPT method. The lowest concentration of 0.025%
(w/v) of P407 was used in preparation of CLX loaded PLGA nanoparticles. Results showed
that low concentration of surfactant negatively affected stability of the nanoparticle system,
leading to poor encapsulation of CLX as most of the drug precipitated out of the nanoparticles.
Increase of P407 to 0.075% (w/v) improved drug solubilisation and encapsulation into

nanoparticles, with no visible drug precipitation observed.

Formulation of PLGA nanoparticles prepared by double emulsion — solvent evaporation
method in Chapter 3 was used as a foundation for developing a nanoparticle formulation
prepared by SE method. Therefore, optimisation of surfactant concentration and sonication
process was performed. First, effects of amplitude of sonication on nanoparticle characteristics
were investigated. Results revealed no significant difference (P > 0.05) on particle size and PDI
when 20% amplitude or 40% amplitude was used, however the zeta potential values of
formulations F1 and F2 were significantly lower (P < 0.05) when nanoparticles were sonicated

at 40% amplitude (Table 5.2). It has been observed by other studies, that the increase in

188



sonication power and time lead to decrease in mean diameter of particle size, as well as formed
monodispersed particle system [119,143,144]. Although no significant difference (P > 0.05)
was found in these parameters in present study, increased amplitude did show reduced means
of particle size in F2, as well as reduced mean polydispersity in both formulations. The lack of
significant differences could be attributed to relatively short sonication time of 3 min, with 20
s on and 5 s pulse, as well as use of ice bath to reduce sample heating and product instability
[119,143]. Although both sonication amplitude options could have been used in future
experiments, sonication amplitude of 40% were selected due to smaller means of particle size

results.

Table 5.2: Characteristics of CLX loaded PLGA nanoparticles after optimisation of sonication

amplitude and PVA concentration parameters. Error bars represent SD and n = 3.

Sample | PLGA | Drug | Organic | Aqueous | Sonication PVA Particle size PDI Zeta
name mass mass phase phase amplitude conc. (nm) potential
(mg) | (mg) (ml) (ml) (%) (Yo wiv) (mV)
F1 10 0.5 1 4 20 2 159.2+27 | 0.23+0.06 | -2+0.2
40 180.3+4 0.16+0.00 | -3.1+0.1
1 242.5€30 | 0.18+0.08 | -4.9+0.1
F2 3 4 20 2 439.1£197 | 0.58+0.39 | -3.6+£0.4
40 205.1£22 | 0.52+0.03 | -4.5+£0.2
1 285.9453 | 0.52+0.11 | -5.2+1.1

Afterwards, effects of surfactant concentration on characteristics of nanoparticles, which were
prepared by SE method, were investigated. Results shown in Table 5.2 demonstrate that
decrease in PVA concentration led to significantly decreased (P < 0.05) zeta potential of F1
nanoparticles, however it also significantly increased (P < 0.05) nanoparticle size. Formulation
F2 showed no significant difference (P > 0.05) in any of the nanoparticle characteristics.
Typically, the zeta potential of PLGA nanoparticles averages around -20 mV, due to the
terminal carboxyl or ester groups of the PLGA [119]. However, it has been discussed in the
literature that use of stabilisers can influence particle charge, as it coats the nanoparticle surface
and in turn can reduce the originally negative nanoparticle charge [169]. Based on the
optimisations done prior, as well as reports in the literature, further decrease in PVA

concentration would result in further increase in particle size [119], therefore PVA
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concentration remained at 2% for following experiments in order to limit the risk of increasing

particle size of PLGA nanoparticles.

5.3.1.2. Optimisation of critical factors

A regular three-factor, two-level, full-factorial design was used to examine the influence of
three critical factors, which were the amount of PLGA, the amount of CLX, and the volume of
organic phase, on characteristics of CLX loaded PLGA nanoparticles. Table 5.3 and Table 5.4
show design matrix with levels of each critical factor, creating a total of 8 formulations each.
Table 5.3 represents data of nanoparticles prepared by NPPT method, while Table 5.4
demonstrates data of nanoparticles prepared by SE method. Both tables also demonstrate
results of four responses, which were determined to be particle size, PDI, encapsulation

efficiency (EE%) and loading capacity (LC%).

Table 5.3: Design matrix for the preparation of CLX loaded PLGA nanoparticles prepared by
NPPT method, with levels of critical factors for each formulation, along with results obtained
from responses of particle size, PDI, encapsulation efficiency (EE%) and loading capacity
(LC%). Values of particle size, PDI, EE% and LC% demonstrate mean of results from three

individual repeats (n = 3). Error bars represent SD.

Sample | PLGA CLX | Organic | Aqueous | Particle PDI EE% LC%

name | amount | amount | phase phase size (nm)
(mg) (mg) volume volume
(ml) (ml)

N-F1 5 0.5 1 4 118.0+42 | 0.19+0.04 | 32.4+2 | 3.2+0
N-F2 3 102.0+£34 | 0.20£0.06 | 67.1£10 | 6.7+1
N-F3 2 1 114.4£25 | 0.20+£0.03 | 6.4+0 2.6x0
N-F4 3 93.0+19 | 0.23+0.03 | 7.0+0 2.8+0
N-F5 10 0.5 1 140.4+25 | 0.1740.06 | 75.4+4 | 3.8+0
N-F6 3 106.9+12 | 0.22+0.01 | 83.3+6 | 4.2+0
N-F7 2 1 128.8+10 | 0.19£0.02 | 10.1£1 | 2.0+0
N-F8 3 108.1£18 | 0.23£0.01 | 15.2£3 | 3.0+l

It is important to note that two-level screening design is often chosen to perform initial
screening of the selected critical factors to then identify which of them are significant, while

insignificant factors can be removed from the further design [394]. The selected significant
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factors can be then investigated at higher numbers of levels, therefore generating more accurate
statistical models and subsequently better predictions. However, due to time constraints and
small number of critical factors selected, we only use the two-level screening design to
investigate the significance and different effects of chosen factors on selected responses of

CLX loaded PLGA nanoparticles prepared by two different nanoparticle preparation methods.

Table 5.4: Design matrix for the preparation of CLX loaded PLGA nanoparticles prepared by
SE method, with levels of critical factors for each formulation, along with results obtained from
responses of particle size, PDI, encapsulation efficiency (EE%), and loading capacity (LC%).
Values of particle size, PDI, EE% and LC% demonstrate mean of results from three individual

repeats (n = 3). Error bars represent SD.

Sample | PLGA CLX | Organic | Aqueous Particle PDI EE% LC%

name | amount | amount | phase phase size (nm)
(mg) (mg) volume | volume
(ml) (ml)

E-F1 5 0.5 1 4 200.8£53 | 0.19£0.01 | 30.0+1 3.0+0
E-F2 3 285.9+43 | 0.54+0.04 | 14.0+6 1.4+1
E-F3 2 1 196.7£19 | 0.23£0.01 | 32.049 12.843
E-F4 3 266.9£27 | 0.54+0.12 | 9.7+3 3.9+1
E-F5 10 0.5 1 180.3+4 0.16+0 34.9+1 1.7+£0
E-Fé6 3 295.1£22 | 0.52+0.03 | 12.0+13 0.6x1
E-F7 2 1 197.8+7 0.20+0.02 | 64.9+1 13.0+0
E-F8 3 308.9£120 | 0.54+0.28 | 50.5+10 | 10.1+2

5.3.1.3. Effect of critical factors on particle size

Experimental runs detailed in Table 5.3 and Table 5.4 demonstrate particle size of
nanoparticles prepared by NPPT method to be between 92.97 nm to 140.43 nm, while
nanoparticles prepared by SE method demonstrated size range of 196.7 nm — 295.1 nm. Based
on these results, nanoparticles prepared by SE showed overall significantly (P < 0.05) higher
particle size than nanoparticles prepared by NPPT. This could be attributed to higher
concentration of surfactant used in nanoparticles prepared by SE, compared to NPPT method,
as well as different surfactants selected for each method. In addition, the particle size of
nanoparticles obtained through SE method can also be affected by homogenisation, unlike

nanoparticles that are obtained without it by NPPT method. All of these factors have likely
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contributed to the reason why significant difference in particle size is observed. As the aim of
the study was to obtain smaller sized nanoparticles, with narrow size distribution, and high
drug loading, particles synthesised by NPPT method appeared to be smaller in size, compared
to the nanoparticles obtained by SE method.

Additionally, two different organic solvent evaporation techniques were used for different
nanoparticle preparation methods. Solvent evaporation of nanoparticles prepared by NPPT was
achieved by rotary evaporator, with complete solvent reduction attained within minutes. This
method was not employed for formulations prepared by SE method, due to rotary evaporator
destabilising the colloidal system by excessive frothing and air bubble formation in the sample,
which have likely affected the hardening process of nanoparticle droplets. Therefore, the
evaporation of the organic solvent in the formulations by SE method were facilitated by
magnetic stirring. Study by Mainardes et al., 2005 demonstrated that particle size of PLGA
nanoparticles had increased with longer solvent evaporation times by comparing solvent
evaporation facilitated by rotary evaporation versus magnetic stirring [125]. This was also
confirmed by Hernandez-Giottonini et al., 2020, where the higher speed of agitation during

solvent evaporation process resulted in decrease of particle size of PLGA nanoparticles [119].

The effect of three critical factors on particle size of CLX loaded PLGA nanoparticles was
determined using ANOVA and presented in Table 5.5. Based on this data, both models
established for prediction of particle size were significant as indicated by the F-value and P-
value obtained. Predicted correlation coefficient (R?>=0.7907) and adjusted correlation
coefficient (R?=0.9084) of nanoparticles synthesised by NPPT were in reasonable agreement,
as the difference between them was less than 0.2. Similarly, same outcomes were observed in
model of nanoparticles prepared by SE, as predicted R?>=0.7829 and adjusted R*=0.9050 were
also in reasonable agreement. Overall R? values for both models were 0.9477 for NPPT and
0.9457 for SE, indicating that > 94% of the variation particle size, can be explained by the

models [255]. The equations of both models for particle size are presented below:

SIZE (NPPT) = 120.38 + 2.84A — 3.84B — 11.47C Eq. (5.3)

SIZE (SE) = 132.6 + 1.594 + 1.36B + 47.65C Eq. (54)
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Here, A stands for PLGA amount (mg), B for CLX amount (mg), and C for the volume of
organic phase (ml). The sign of the coefficient corresponds to the relationship between the two
variables, where a positive sign represents a synergistic effect, in which an increase in
coefficient value will result in increase of the response value, while a negative sign correlates

to antagonistic effect, where increase in coefficient value will result in decrease of the response

[130,255,395,396].

Table 5.5: Statistical data obtained from ANOVA analysis of particle size of CLX loaded PLGA
nanoparticles prepared by NPPT and SE nanoparticle preparation methods. * Statistically

significant differences (P-value < 0.05), df = degree of freedom.

Source Nanoprecipitation Single emulsion
Sum of | df | F-value | P-value Sum of | df | F-value | P-value
Squares Squares
Model 1522.61 3 24.15 | 0.005* 18302.03 | 3 23.24 0.005*
Independent variables: Independent variables:
PLGA 403.71 1 19.21 | 0.011* 126.64 1 0.48 0.526
amount
CLX 66.18 1 3.15 0.151 8.34 1 0.03 0.867
amount
Organic 1052.72 1 50.09 | 0.002* 18167.04 | 1 69.19 0.001*
phase

Organic phase was the only independent variable that showed to significantly influence particle
size of nanoparticles prepared by both NPPT and SE methods. The statistical model of
nanoparticles prepared by NPPT method indicated that PLGA amount also has statistically
significant effect on particle size, while the model of SE nanoparticles showed no other
significant variables. CLX amount did not influence particle size of nanoparticles synthesised
either by NPPT method or SE method. The 3D response surface plots of the effect on particle

size for both models are presented in Figure S.1.

Statistical model of CLX loaded PLGA nanoparticles prepared by NPPT method demonstrates
that PLGA amount has a positive significant (P > 0.05) effect on particle size, while organic

phase has negative significant (P > 0.05) effect on the same response. This means, that increase
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in PLGA amount will increase particle size, while increase in organic phase will lead to
decrease in particle size (Figure 5.1). This is also confirmed by corresponding positive and
negative signs of the coefficients in the equation (Eq. 5.3). Similar results on particle size of
nanoparticles prepared by NPPT were reported by Joshi et al., 2010, where they used DoE to
optimise anti-Alzheimer drug loaded PLGA nanoparticles, synthesised by NPPT method [142].
In their study they also observed that increase in PLGA concentration leads to increase in
particle size, while increase in internal organic phase resulted in decrease of the same response
[142]. The same observations were also reported by several other studies [129,130]. An
increase in polymer concentration is linked with increase of particle size due to increased
viscosity of the organic phase with higher amounts of polymer added [126-128]. With
increased viscosity, the diffusion of the organic phase is into the aqueous phase is reduced by
the higher mass transfer resistance, which leads to higher nanoparticle size [126]. Additionally,
higher amount of PLGA per unit volume of the solvent carries higher amount of polymer
chains, which during solvent evaporation process results in aggregation of higher number of

polymer chains into larger sized nanoparticles [126].
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Figure 5.1: 3D response surface plots of the effect of PLGA amount (mg), CLX amount (mg),
and volume of organic phase (ml) on particle size of CLX loaded PLGA nanoparticles. (A, B)
plots for PLGA nanoparticles prepared by NPPT, (C, D) plots for nanoparticles prepared by
SE.

Interestingly, PLGA amount did not show any significant influence on particle size when
nanoparticles were synthesised using SE method. Based on results discussed above, increase
in viscosity of the organic phase should have resulted in higher resistance against shear forces,
as well as poorer PLGA solution dispersibility in aqueous phase, which in turn should have
increased the particle size of the nanoparticles [125,127]. Other studies which examined how
increase in PLGA amount affected the size of PLGA nanoparticles, have reported significantly
positive effects [125,141,397]. We hypothesised that no significant effect was observed due to
narrow range of PLGA amount used (5 mg to 10 mg) in present study, however this range was

chosen in order to maintain small particle size of approx. 100 nm.
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The effect of the volume of organic phase (ml) demonstrated significance in both DoE models,
however contrasting effects were observed on the size of nanoparticles. When NPPT method
was used to prepare the CLX loaded PLGA nanoparticles, an increase in organic phase volume
resulted in a decrease of the particle size. In contrast, when SE method was used to synthesise
polymeric nanoparticles, an increase in organic phase volume demonstrated an increase in
particle size. Many other publications observed antagonistic effect between the independent
variable of organic phase volume (ml) and the response of the particle size (nm) in formulations
obtained by NPPT [129,130,142,398]. Study by Sharma et al., 2014, which aimed to optimise
drug loaded PLGA nanoparticles prepared by NPPT method, explained that smaller volume of
the organic phase could have resulted in poorer solubility of the drug, which in turn lead to
higher particle size [398]. However, drug amount used in these formulations showed no
significant effect on particle size in both NPPT and SE models, therefore seemingly rejecting

this justification.

Interestingly, studies by Mainardes et al., 2005 and Ribeiro et al., 2015, which optimised PLGA
nanoparticles prepared by SE method, reported an increase in particle size when organic phase
volume was decreased, which is the opposite effect than observed in the present study
[125,141]. Research by Mainardes et al., 2005 explained that larger volume of organic solvent
prevented particle aggregation, as well as decreasing overall viscosity of the organic phase and
thus decreasing particle size [125,130]. Therefore, it appears that the outcomes of changing the
volume of organic solvent in present study conflict with the results reported by other studies
[125,141]. Firstly, results obtained in present study agrees with Ostwald ripening theory, where
increase in oil phase solubility leads to the larger droplet formation at the expense of smaller
droplets, therefore increasing overall particle size of the obtained nanoparticle system [399].
Additionally, we hypothesise that increase in particle size was observed due to the use of larger
volume of organic solvent, which was harder to evaporate using magnetic stirring at 250 RPM.
More than 24 hours were often needed to fully evaporate 3 ml of the solvent, which was
significantly longer than the time needed to evaporate 1 ml of organic solvent. These findings
were supported by Mainardes et al., 2005 and Hernandez-Giottonini et al., 2020, which
demonstrated that short solvent evaporation time produced smaller sized particles [119,125].
Gradual decrease of the organic solvent prolongs the surface hardening of the nanoparticles,
which can lead to coalescence and agglomeration of the droplets during the early stage of

solvent removal [119,125,139].
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Some studies also attempted to investigate how drug amount used affects the particle size, but
reported no significant effects [125,398]. This was also observed in the present study (Figure
5.1). Results of this section, which focused on investigating the significant effect of critical

factors on the particle size of CLX loaded PLGA nanoparticles, are presented in Table 5.6.

Table 5.6: Summary of the findings observed in section 5.3.1.3., showing significant effect of
critical factors on the particle size of CLX loaded PLGA nanoparticles. Symbol “1”
demonstrates the increase, while symbol “|” demonstrates decrease, “No effect” means no

significant effect on the response.

Critical factors Nanoparticles | Nanoparticles
by NPPT by SE
Parameters Levels of Response in particle size
tested parameter

PLGA amount ) 1 No effect
CLX amount Tl No effect No effect
Volume of 1 ! 1
organic solvent

5.3.1.4. Effect of critical factors on PDI

The PDI values of drug loaded PLGA nanoparticles prepared by NPPT and SE methods are
presented in Table 5.3 and Table 5.4. Despite different preparation methods, both types of
formulations demonstrated no significant differences in PDI values, which ranged from 0.156
to 0.537. It is important to note that nanoparticles obtained through NPPT method showed
lower means of PDI values, compared to the nanoparticles prepared by SE method. Highest
PDI value of NPPT nanoparticles was 0.234, while 0.537 was reported as highest PDI value
for SE nanoparticles, demonstrating wide size distribution in formulations E-F2, E-F4, E-F6
and E-F8. All of these formulations had higher volume of organic solvent, which also

significantly increased particle size as discussed in section 5.3.1.3.

The effect of independent variables on PDI of CLX loaded PLGA nanoparticles was analysed
using ANOVA and results are presented in Table 5.7. Individual models were prepared for

nanoparticles synthesised using NPPT method and nanoparticles obtained by SE method. Both
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models demonstrated significance based on reported F-values and P-values in Table 5.7. High
R? values of both models suggest that 86.01% and 99.67% of variation can be explained by the
independent variables of NPPT and SE models, respectively. While adjusted (R2 = 0.994) and
predicted (R2 = 0.987) values of R? were in reasonable agreement in SE model, the difference
between these values in NPPT model was higher than 0.2, which could be due to inclusion non-
significant variables into the model. However, overall R? demonstrates a high value of 0.86,
along significant F-value and P-value, meaning that the model is reliable and accurate. The
effect of individual variables on the PDI can be explained by the following equations, generated
for both models:

PDI (NPPT) = 0.165 — 0.0024 + 0.012B + 0.018C Eq. (5.5)

PDI (SE) = 0.029 — 0.0044 + 0.017B + 0.171C Eq. (5.6)

Here, A stands for PLGA amount (mg), B for CLX amount (mg), and C for the volume of
organic phase (ml). Based on these equations, both B and C variables demonstrate synergistic
effect with the response, where increase in CLX amount or organic phase volume would result
in increase of PDI value. In contrast, independent variable A shows a negative sign of the
coefficient, therefore meaning that decrease in PLGA amount will increase the PDI values. The
3D response surface plots demonstrating the effect of these variables on PDI are presented in

Figure 5.2.

Table 5.7: Statistical data obtained from ANOVA analysis of PDI of CLX loaded PLGA
nanoparticles prepared by NPPT and SE nanoparticle preparation methods. * Statistically

significant differences (P-value < 0.05), df = degree of freedom.

Source Nanoprecipitation Single emulsion
Sum of | df | F-value | P-value Sum of | df | F-value | P-value
Squares Squares
Model 0.032 3 8.20 0.035* 0.235 3 | 400.00 | <0.001*
Independent variables: Independent variables:
PLGA 0.0001 1 0.87 0.403 0.001 1 4.19 0.110
amount
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CLX 0.0006 1 4.74 0.095 0.001 1 6.77 0.059
amount
Organic 0.0024 1 18.97 | 0.012* 0.233 1 | 1189.04 | <0.001*
phase

In both models obtained from formulations prepared by either NPPT or SE method, only a
change in organic solvent volume demonstrated a significant difference on PDI of the
nanoparticles (Figure 5.2). Our findings agreed with study by Bisht et al., 2018, where they
reported that peptide loaded PLGA nanoparticles prepared by NPPT method demonstrated a
significant increase in PDI when higher volume of organic phase was used [130]. Draheim et
al., 2015 showed similar results, however they indicated that other variables, such as polymer
concentration, stabiliser type, injection speed of the organic phase, as well as inner diameter of
the needle used for injection, also have a significant effect on PDI of the PLGA nanoparticles
[129]. Authors explained that an increase in PDI could be linked with PLGA concentration,
due to PLGA distribution in each droplet. This means that high concentrations of PLGA ensure
that polymer is more evenly distributed in solvent droplets, while lower concentrations of
PLGA might have varying concentrations in each droplet, resulting in higher PDI values. While
neither higher nor lower amounts of PLGA shown to affect the PDI of formulations in present
study, a wide size distribution of nanoparticles could have been a result of generally low

polymer amounts used in present study [126,129].
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Figure 5.2: 3D response surface plots of the effect of PLGA amount (mg), CLX amount (mg),
and the organic phase volume (ml) on PDI of CLX loaded PLGA nanoparticles. (A, B) plots
for PLGA nanoparticles prepared by NPPT, (C, D) plots for nanoparticles prepared by SE.

While statistical model of formulations prepared by SE demonstrated that only change in
organic solvent volume has shown to significantly affect the PDI values (Figure 5.2), several
other publications have demonstrated contrary results [125,141,400,401]. For example, study
by Ribeiro et al., 2015 on plant extract loaded PLGA nanoparticles, showed that both PLGA
amount and the volume of organic phase did not have any significant effect on PDI of
nanoparticles prepared by SE method [141]. On the contrary, study by Ahmad et al., 2022
demonstrated that increase of PLGA concentration significantly increased PDI of the chitosan
coated, tannic acid loaded PLGA nanoparticles obtained by SE method [401]. However, it is
likely that significant effect was observed due to much higher amounts of PLGA used in the
study by Ahmad et al., 2022 compared to present study where a narrow range of 5 mg to 10 mg
of PLGA was used. Both studies by Mainardes et al., 2005 and Das Neves et al., 2015 showed
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that while organic phase volume did cause a significant effect on PDI values, a negative sign
in front of the coefficient indicated an antagonistic effect of the variable, compared to the
synergistic effect achieved in present study [125,400]. Das Neves et al., 2015 reasoned that
increasing the volume of the organic phase lowers the overall viscosity of the phase, which in
turn reduces interactions between nanoparticles during droplet formation and, subsequently,
aggregation of the particles, therefore reducing the size distribution of the nanoparticles [400].
However, this explanation contradicts the results obtained in present study, where increase in
the volume of the organic phase leads to increase in PDI, as presented in Figure 5.2. As
mentioned earlier, high PDI values of > 0.5 were observed only in formulations that had higher
volume of the organic solvent, which evaporation time was much longer than lower volumes
of the same organic phase. As discussed in section 5.3.1.3., during longer evaporation times
droplets are more likely to agglomerate together, hence resulting in wider size distribution of
the nanoparticles [119,125,139]. Therefore, the increase of the organic phase volume prolonged
its evaporation rate, which in turn lead to more polydisperse colloidal system. This suggests
that PDI is also influenced by the nanoparticle synthesis process and post-processing methods
used, just as much as it is influenced by the changes in the formulation parameters or

nanoparticle preparation methods selected.

No significant effect caused by increase in drug concentration loaded into PLGA nanoparticles
was observed on the PDI values (Figure 5.2). Results of this section, which focuses on
investigating the significant effect of critical factors on the PDI of CLX loaded PLGA

nanoparticles, are presented in Table 5.8.

Table 5.8: Summary of the findings observed in section 5.3.1.4., showing significant effect of
critical factors on the PDI of CLX loaded PLGA nanoparticles. Symbol “1” demonstrates the
increase, while symbol “|” demonstrates decrease, “No effect” means no significant effect on

the response.

Critical factors Nanoparticles Nanoparticles
by NPPT by SE
Parameters Levels of Response in particle size
tested parameter
PLGA amount T No effect No effect
CLX amount T No effect No effect
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Volume of 1 1 1

organic solvent

5.3.1.5. Effect of critical factors on EE% and LC%

The quantification of CLX from CLX loaded PLGA nanoparticles was examined using HPLC
method adapted from previously reported study [391]. Sharp peaks of CLX standard solution
were detected at retention time (R¢) of around 6.1 min, as shown in Figure 5.3. A linear
correlation between CLX concentration and area of the peak was observed, demonstrating R?

=0.9997 and generating a regression equation, where Y = 59.072x — 10.724.
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Figure 5.3: Calibration curve (A) and HPLC chromatogram (B) of CLX in ACNT, measured
at concentration range from 100 to 0.5 pg/ml, UV detected at 256 nm.

Limit of detection (LOD) and limit of quantification (LOQ) were calculated using equations:
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330

LOD = —— Eq. (5.7)
S
LOD = 10T0 Eq. (5.8)

Where o is the standard deviation of the intercept, and S is the slope of calibration curve. From
the obtained calibration curve, LOD was calculated to be 0.015 mg/ml, with LOQ calculated
to be 0.047 mg/ml.

As CLX amount (mg) was one of the independent variables in DoE models, it was more
accurate to present both EE% and LC% values due to the different ways drug content in the
nanoparticles is calculated (Eq. (5.1) and Eq. (5.2)). CLX loading into PLGA nanoparticles
presented as LC% demonstrates an accurate guide to determine the drug mass per nanoparticle
weight unit useful for clinical applications, however it can be misleading when comparing
entrapment of drugs with different MWs [122]. Therefore, EE% measurement is often used in
studies investigating and comparing different drug entrapment into nanoparticles, as EE%
measurement is independent of MW of the drug, and it measures degree of interaction of the
drug and polymer [122]. As present study focuses on CLX encapsulation only, both EE% and
LC% results of the CLX loaded PLGA nanoparticle formulations are presented in Table 5.3
for nanoparticles prepared by NPPT method, and Table 5.4 for particles prepared by SE
method. However, for the purpose of this study, LC% measurement is considered to be more
accurate to express which formulations demonstrate highest drug loading. This is because
based on EE% data only, E-F1 and E-F3 formulations demonstrate very similar EE% values of
30.0 £ 1% and 32.0 + 9%, respectively (Table 5.4). However, looking at the overall drug
content per unit weight of the nanoparticle, LC% values of the same formulations demonstrate
that there is significantly more drug in the E-F3, with 12.8% of CLX loaded, compared to the
E-F1, which shows only 3% of the nanoparticle mass can be attributed to CLX. This can be
explained by looking at the initial amount of CLX added to the formulations: 2 mg of CLX
was attempted to load into PLGA nanoparticles in E-F3, while only 0.5 mg of CLX was
attempted to load into E-F1 formulation. Therefore, roughly 30% of 2 mg demonstrates four

times higher amount of CLX loaded into E-F3, compared to 30% of 0.5 mg CLX loaded in E-
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F1. Hence, LC% measurement was preferred for identifying which formulations encapsulated

highest amount of CLX.

Focusing on the results of formulations prepared by NPPT method, EE% values varied widely
based on the original amount of the drug added to formulations. With 0.5mg of CLX entrapped,
EE% values ranged from 32.75% to 83.3%, while with 2 mg of CLX entrapped, EE% values
dropped below 15.2%. Similar results were observed when CLX amount was calculated per
unit weight of the formulation, where increasing amount of CLX caused LC% values to
decrease. Opposite results were observed in nanoparticles prepared by SE method, where
increase in CLX amount led to increase in LC% values. However, no trend was observed in

EE% values with increasing or decreasing amount of the drug added to the formulations.

According to other publications, SE method is more commonly used in preparation of CLX
loaded PLGA nanoparticles, due to higher EE% values achieved, compared to CLX loaded
PLGA nanoparticles prepared by NPPT method [255,388,402]. Study by Alonso-Gonzalez et
al., 2022 showed that CLX had higher EE% values when prepared by SE method, compared to
lower EE% when prepared by NPPT [255]. Authors reported over 60% of the CLX to be
encapsulated into PLGA nanoparticles prepared by SE method, with some results
demonstrating EE% over 90% [255]. Similarly, study by Emami et al., 2015 reported EE% of
CLX loaded PLGA nanoparticles to be over 80% in all formulations tested, with LC% values
rising to 24% [388]. Although in our study higher EE% values were observed in formulations
by NPPT method, assessment of LC% data revealed the clear advantage of better drug loading

in formulations prepared by SE method.

It was discussed earlier, that due to changes in the original amount of the CLX that was being
loaded, LC% data more accurately represents the drug content per unit weight of the
nanoparticle. While the EE% results of CLX loaded PLGA nanoparticles prepared by NPPT
indicate good drug encapsulation, reported LC% results are not as high as LC% of
nanoparticles prepared by SE method. Study by Kim et al., 2011 investigated characteristics of
CLX loaded PLGA nanoparticles prepared by NPPT method, reporting EE% to be in range of
31.6 — 67.6%, while LC% ranged from 3.8% to 10.5% [387]. Similarly to these findings, our
study reported the LC% values to be mostly around 3-4%, with some formulations increasing
past 6% [387]. In present study, only N-F2 demonstrated LC% higher than 6%. While results
of this study show lower EE% and LC% values than reports in the literature of the CLX loaded
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PLGA nanoparticles prepared by either NPPT or SE methods, overall trend of SE nanoparticles
demonstrating higher drug loading compared to NPPT nanoparticles agrees with prior research.
The reason why nanoparticles prepared by SE method demonstrate higher EE% and LC%
values compared to nanoparticles prepared by NPPT could be attributed to the organic solvent
used during particle formation. For NPPT nanoparticle preparation method, ACNT or acetone
are mostly used as organic solvents, which demonstrate higher and faster diffusion rates
through aqueous phase compared to DCM, which is commonly used in particle preparation
using SE method [255]. Therefore, increase in diffusion of CLX into external aqueous phase
during NPPT could result in reduction of the amount of drug trapped inside the nanoparticles

[255].

The effects of the critical factors on EE% and LC% of the CLX loaded PLGA nanoparticles
were measured using ANOVA and results were presented in Table 5.9, for the response of
EE%, and Table 5.10, for the response of LC%. Two models obtained for EE% prediction of
CLX loaded PLGA nanoparticles demonstrated unequal outcomes: the model obtained of
formulations prepared by NPPT showed to be significant (P < 0.05), with the factor of CLX
amount significantly influencing the EE% values, while the model obtained from formulations
prepared by SE model showed no significance (P > 0.05), as well as low F-value. The R? =
0.8535 for NPPT model predicting EE% values demonstrated that 85.35% of this response can
be predicted by the model, while SE model for the same response demonstrated that only
56.66% of the EE% values can be predicted by this model due to R* = 0.5666. The predicted
and adjusted R? values of NPPT models were 0.6651 and 0.8535, respectively, demonstrating

a difference smaller than 0.2 and indicating a reasonable agreement between the values.

From the results of ANOVA test shown in Table 5.10, no critical factors showed significant
influence on LC% of CLX loaded nanoparticles prepared by NPPT, with F-value and P-value
demonstrating that overall model is not significant (P > 0.05). However, out of the three critical
factors, CLX amount demonstrated significance in affecting LC% of CLX loaded nanoparticles
prepared by SE. This statistical model was significant due to P < 0.05, along with high R? value
demonstrating that 85.26% of the variation in response can be explained by the model.
Interestingly, R? value of the NPPT model demonstrated relatively high number too, revealing
that 74.42% of the variation in the response can be explained by the model. Both obtained
models demonstrated a relatively larger difference between the predicted and adjusted R?,

which could be due to inclusion of non-significant values into the models. However, statistical
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model obtained to predict LC% values of CLX loaded PLGA nanoparticles by SE method

demonstrates significant P-values and F-values, along with high value of coefficient of

determination, therefore confirming that the obtained model is accurate.

The equations of NPPT model for EE% and SE model for LC% are presented below:

LC% (SE) = 0.951 + 0.2184 + 5.498B — 1.823C

EE% (NPPT) = 44.082 + 3.5534 — 36.592B + 6.054C

Eq. (5.9)

Eq. (5.10)

Here, A stands for PLGA amount (mg), B for CLX amount (mg), and C for the volume of

organic phase (ml). As described above, the sign before the coefficients corresponds to the

relationship between two variables [130,255,395,396]. In Eq. (5.9), increase in factors of

PLGA amount and volume of organic phase leads to increase in the response, while increase

in the CLX amount leads to decrease of EE%. In contrast, Eq. (5.10) demonstrates that increase

in PLGA and CLX amount will result in increased LC%, while increase in the volume of

organic solvent will decrease the result in response.

Table 5.9: Statistical data obtained from ANOVA analysis of EE% of CLX loaded PLGA

nanoparticles prepared by NPPT and SE nanoparticle preparation methods. * Statistically

significant differences (P-value < 0.05), df = degree of freedom.

Source Nanoprecipitation Single emulsion
Sum of | df | F-value | P-value Sum of | df | F-value | P-value
Squares Squares
Model 6949.47 | 3 14.59 | 0.013* 1995.20 | 3 4.05 0.105
Independent variables: Independent variables:
PLGA 631.01 1 3.97 0.117 732.11 1 4.46 0.102
amount
CLX 6025.28 1 37.95 | 0.004* 546.98 1 3.33 0.142
amount
Organic 293.18 1 1.85 0.246 716.12 1 4.36 0.105
phase
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Based on the data obtained from both statistical models predicting responses of EE% and LC%,
it appears that increasing the range of critical factors and increasing the number of runs could
improve some of the results obtained from ANOVA analysis of the data, specifically to improve
the clarity and accuracy of these models. With that, it can be expected that both EE% and LC%
models would demonstrate significant influence on prediction of drug encapsulation and
loading results. However, with current data, only formulations prepared by NPPT achieved
significant model for EE% prediction, while formulations by SE achieved significant model

for LC% prediction only.

In both EE% and LC% statistically significant models, only critical factor that influence the
responses is CLX amount. It is important to note that it was previously observed in Table 5.3
and Table 5.4, that the volume of the organic phase also seems to influence the EE% and LC%
values: an increase in the volume of organic phase leads to an increase in EE% and LC% in all
NPPT formulations, while an increase in the same factor leads to a decrease in the same
responses of formulations prepared by SE (Figure 5.4). These observations are confirmed by
coefficient signs presented in the Eq. (5.9) and Eq. (5.10). However, despite this, the changes
in the volume of organic phase do not significantly impact the EE% and LC% values based on

the results reported from ANOVA analysis (Table 5.9 and Table 5.10).

Table 5.10: Statistical data obtained from ANOVA analysis of LC% of CLX loaded PLGA
nanoparticles prepared by NPPT and SE nanoparticle preparation methods. * Statistically

significant differences (P-value < 0.05), df = degree of freedom.

Source Nanoprecipitation Single emulsion
Sum of | df | F-value | P-value Sum of | df | F-value | P-value
Squares Squares
Model 10.96 3 3.65 0.112 165.02 3 7.71 0.039*
Independent variables: Independent variables:
PLGA 0.66 1 0.70 0.451 2.37 1 0.33 0.595
amount
CLX 7.01 1 7.45 0.053 136.07 1 19.08 | 0.012%*
amount
Organic 3.29 1 3.49 0.135 26.58 1 3.73 0.126
phase
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Comparably to our approach, Alonso-Gonzalez et al., 2022 also used DoE to observe how
certain factors affect LC% of CLX loaded PLGA nanoparticles prepared by SE method.
Similarly to results shown in the present study, the authors report that only statistical model
predicting LC% response demonstrated significance, while model with EE% predictions did
not [255]. Additionally, the authors showed that only change in drug to polymer ratio appeared
to be a significant factor in changing the LC% results, while other factors such as surfactant
concentration, sonication amplitude and time failed to significantly influence the response
[255]. Finally, study by Alonso-Gonzalez et al., 2022 along with our research agrees that
increase in CLX amount in formulations prepared by SE method demonstrate an increase in
LC% (Figure 5.4) [255], as also observed by the positive sign in front of the coefficient
corresponding to the critical factor in the obtained equation (Eq. 5.10). However, studies by
Ramalho et al., 2019 and Meng et al., 2018 demonstrated contrasting results, where increase in
drug concentration led to decrease of EE% in drug loaded PLGA nanoparticles prepared by SE
method [403,404]. Meng et al., 2018 suggests that increased concentration of the drug can lead
to saturation of the organic phase, which can lead to partition of drug molecules into aqueous
phase thus lowering the drug entrapment into polymer phase [403]. However, these reports do

not appear to fit the data obtained in present study.

208



A B
£
g g
3 >
B ¢
§ &

3 k]
=
i §
9 =
- 2
g
&
A PLGA amount (mg)
B: CLX amount (mg)

& D
z £
z
§ §
g g
i g

8: CLX conc. (mg) s ¢ A PLGA conc. (mg)
“ A: PLGA conc. (mg)

C: Organic phase (ml)

Figure 5.4: 3D response surface plots of the effect of PLGA amount (mg), CLX amount (mg),
and the organic phase volume (ml) on EE% (A-B) and LC% (C-D) of CLX loaded PLGA
nanoparticles. (A-B) plots for PLGA nanoparticles prepared by NPPT, (C-D) plots for
nanoparticles prepared by SE.

Interestingly, some studies demonstrate that changes in PLGA amount also significantly
affected the EE% and LC% responses in drug loaded PLGA nanoparticles prepared by SE
method [401,405]. Both Ahmad et al., 2022 and Abbas et al., 2024 demonstrated that increase
in PLGA concentration has significantly increased how much drug was entrapped in PLGA
nanoparticles. Authors suggest that increased viscosity of the polymer phase reduces diffusion
of the organic solvent into external aqueous phase, therefore enhancing the amount of the drug
entrapped inside of the nanoparticles [401,405]. Similarly, increasing the PLGA amount was
also reported to significantly enhance EE% of nanoparticles prepared by NPPT method
[142,398]. However, changes in PLGA amount in present study did not show a clear trend in
either reducing or increasing EE% or LC% values, which could be due to narrow range of

PLGA amount used.
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Results of this section, investigating the significant effect of critical factors on the EE% and
LC% values of CLX loaded PLGA nanoparticles, are presented in Table 5.11. Interestingly,
most of the studies investigating how critical factors influence chosen responses of PLGA
nanoparticle formulations does not select the drug amount or drug concentration as one of the
critical factors. Due to only several prior studies available, especially for nanoparticles
prepared by NPPT method, as well as overall contrasting results reported, it is challenging to
evaluate how the data from present study fits with available research. Improvement of obtained
statistical model by increasing number of runs or widening the range of critical factors tested

could be beneficial in improving the current statistical model.

Table 5.11: Summary of the findings observed in section 5.3.1.5., showing significant effect
of critical factors on the EE% and LC% values of CLX loaded PLGA nanoparticles. Symbol
“1” demonstrates the increase, while symbol “|”” demonstrates decrease, “No effect” means no

significant effect on the response.

Critical factors Nanoparticles by Nanoparticles by SE
NPPT
Parameters Levels of Response | Response Response | Response
tested parameter in EE% in LC% in EE% in LC%

PLGA amount T No effect | No effect No effect | No effect
CLX amount 1 ! No effect No effect 1
Volume of T No effect | No effect No effect | No effect
organic solvent

5.3.1.6. Optimisation and validation of the DoE models

The optimum CLX loaded PLGA nanoparticle formulations prepared by NPPT and SE
methods were selected by applying constrains on the critical factors. For the independent
variables, PLGA amount was selected to be minimised and CLX amount to be maximised, to
enhance the amount of drug per polymer used in the nanoparticle formulations. No contrains
were set for the volume of organic solvent. For the reponses, particle size and PDI were set to

be minimised, while EE% and LC% were set to be maximised.
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Desirability factor of Design Expert Software was used to determine the parameters of critical
factors which would help to achieve the desired reponses in the nanoparticle formulations.
Based on the constrains selected, the software yielded solutions with desirability of 0.52 for
NPPT model and 0.53 for SE model out of 1, which equals ideal desirability. Selected solutions

and characterisation of those formulations are presented in Table 5.12.

Table 5.12: Formulations of CLX loaded PLGA nanoparticles, which were selected due to
highest desirability by Desing Expert Software based on the constrains that were chosen.
Responses are presented as predicted by the software in comparison to experimental data,
obtained in in order to confirm predictions. Error bars of experimentally confirmed data

represent SD and n = 3. EE% = encapsulation efficiency, LC% = loading capacity.

Sample Nano- PLGA | CLX | Organic | Aqueous | Particle PDI EE% | LC%
name particle mass | mass phase phase size (nm)
synthesis | (mg) | (mg) | Volume volume
method (ml) (ml)
N-F9 NPPT 5 1.1 1.4 4 Predicted
103.5 0.21 39.9 4.4
Confirmation
93.7£5 | 0.09+£0.02 | 11.54£3 | 2.5+1
E-F9 SE 5 2 1 Predicted
190.9+0 0.214 39.2 11.2
Confirmation
182.9+17 | 0.19£0.06 | 27.8+0 | 11.1+0

Software presented additional formulations for verification of each NPPT and SE model, three
confirmation runs (n = 3) were performed to validate the statistical models. The results were in
good agreement with the predicted values, as well as within the 95%-confidence-interval,
indicating validitity of the models. However, as demonstrated in Table 5.12, the
characterisation of actual optimised final formulations N-F9 and E-F9 showed relative
difference between predicted results and experimentally obtained data. Both predicted and
actual responses of E-F9 were in reasonable agreement except for EE% values, however it was
discussed in section 5.3.1.5. that obtained statistical model lacked significance in determining
EE% response of PLGA nanoparticles obtained by SE method. In contrast, particle size of N-

F9 was the only reponse with predicted and actual values in reasonable agreement. Other
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responses, such as PDI, EE% and LC% demonstrated to be not accurate compared to the
predicted values. This outcome could be linked to the use of two-level screening design as it
included non-significant critical factors into the final model, which could have limited the
accuracy of the predictions. Additionally, screening design is mainly used to identify which
variables are significant, generating data that can be later used with other statistical design

methods, such as Box — Behnken Design, for further optimisation of the experiments [390].

5.3.2. Optimisation and characterisation of selected formulations with

mucoadhesive coating

Formulations N-F9 and E-F9, which were obtained through the use of DoE, were further
optimised with mucoadhesive coating. The mucoadhesive coating of PLGA formulations
containing encapsulated CLX was necessary to prolong nanoparticle retention time in the
bladder, where formulations would be instilled intravesically in order to treat UTIs. Based on
the optimisation of mucoadhesive nanoparticles investigated in Chapter 4, five concentrations
and 3 types of chitosan were selected for present study: 0.5 mg/ml of CS-M, 1 mg/ml of CS-L,
and 0.5 mg/ml, 1 mg/ml and 2 mg/ml of C-CS. Results for both formulations with chitosan

coatings are presented in Table 5.13.

Table 5.13: Characteristics of CLX loaded PLGA nanoparticles with chitosan coating. Error

bars represent SD and n = 3. EE% = encapsulation efficiency, LC% = loading capacity.

Sample name | Chitosan | Chitosan | Particle PDI Zeta EE% | LC%
type conc. size (nm) potential
(mg/ml) (mV)

N-F9 N/A N/A 93.7£5 | 0.09+£0.02 | -8.34£2 11.543 | 2.5+1
N-F9-CSM CS-M 0.5 295.5+83 | 0.29+0.01 | 33.4+2 | 14.846 | 3.3+1
N-F9-CSL CS-L 1 273.9+4 | 0.31+0.02 | 28.842 | 1937 | 4.2+2

N-F9-0.5CCS C-CS 0.5 311.6+72 | 0.28+0.01 | 30.5%1 11.6+3 | 2.6+1
N-F9-1CCS 1 282.2+15 | 0.27+0.01 | 35.3+3 10.4£2 | 2.3+#1
N-F9-2CCS 2 368.5+39 | 0.29+£0.02 | 41.742 | 17.3£29 | 3.8+2

E-F9 N/A N/A 182.9+17 | 0.19+£0.06 | -3.1+0 | 27.8+0 | 11.1+0
E-F9-CSM CS-M 0.5 212.6+22 | 0.32+0.05 5.443 22.34£2 | 8.9+l
E-F9-CSL CS-L 1 194.6+16 | 0.29+0.05 7.5+1 18.0£2 | 7.2+1

E-F9-0.5CCS C-CS 0.5 215.5€9 | 0.29+0.04 | 19.9+1 | 26.3£3 | 10.5+¢1
E-F9-1CCS 1 207.3+28 | 0.29+0.08 | 22.6+2 | 28.9+5 | 11.6+2
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E-F9-2CCS 2 223.0£35 | 0.37+0.08 | 21.1£2 | 27.3£5 | 10.9£2

Based on the obtained data, addition of chitosan has significantly (P < 0.05) increased the zeta
potential of the particles from negative to positive. Normally, PLGA nanoparticles exhibit
negative charge due to terminal ester or carboxyl groups of PLGA [119], however addition of
cationic chitosan coating changes the particle charge into positive, depending on the
concentration, MW, and sometimes even derivative of chitosan used [345]. Positively charged
nanoparticles are known to form electrostatic interactions with negatively charged mucosal
surfaces, therefore making the formulations mucoadhesive [9]. The results observed in Table
5.13 demonstrate that zeta potential was highest in chitosan coated PLGA nanoparticles by
NPPT method, compared to nanoparticles prepared by SE method. Some reports suggest that
it could be due to surfactant, which coats the particles and shields the surface charge [137,138].
It is important to note, that formulation N-F9 was prepared by NPPT method, which means
only 0.075% of P407 was used, while E-F9 was prepared by SE method, which used 2% of
PVA. It has been established that due to hydrophobic bonding of partially hydrolysed PVA and
acetic groups of PLGA, PVA is permanently attached onto the nanoparticle surface [169,170].
Based on this, several studies have demonstrated that increasing the concentration of PVA

reduces the surface charge of PLGA nanoparticles [119,137].

Slight increase in particle size and PDI of nanoparticles coated with different types of chitosan
was observed, however this outcome is expected and has been extensively documented in other
publications of chitosan coated nanoparticles [347-349]. No other major changes were

observed comparing chitosan coated formulations to the non-coated formulations.

Based on obtained results, formulations N-F9-1CCS and E-F9-1CCS, which contained 1
mg/ml C-CS, were selected for further experiments. As explained in Chapter 4, zeta potential
and particle size were the main characteristics influencing how well particles adhere to the
mucosal surface [224,342]. Hence, formulations N-F9-1CCS and E-F9-1CCS demonstrated
smallest particles of all chitosan coated formulations, resulting in particles sized 282.2 + 15 nm
and 207.3 + 28 nm, respectively. More importantly, formulations with 1 mg/ml C-CS coating
demonstrated highest zeta potential values out of all combinations of chitosan used. The only
exception was N-F9-2CCS formulation, which showed highest zeta potential of 41.7 = 2 mV,
however it also showed highest particle size of 368.5 £ 39 nm and therefore was not used in

further experiments.
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As the aim of this study was to prepare mucoadhesive CLX loaded PLGA nanoparticles for
intravesical delivery to the bladder, the pH of selected formulations was investigated. Initial
pH of the N-F9 was 7.0 + 0.1, while addition of chitosan coating demonstrated pH of 4.8 £ 0.3
of the N-F9-1CCS. Similarly, the pH of E-F9 formulation was close to neutral with pH of 6.4
+ 0.2, while addition of chitosan turned the pH more acidic showing pH of 5.1 &+ 0.1 of the
formulation E-F9-1CCS. In order to enhance mucoadhesive properties, the pH of all
formulations was changed to 4.5. Acidic pH was found to be the optimal pH for strong
mucoadhesive properties of the nanoparticles, as well as non-toxic acidity to the bladder
environment, as discussed in depth in Chapter 4 [224,357]. Nanoparticle characteristics after

pH change were presented in Table 5.14.

The shape and surface morphology of these formulations were also investigated by TEM
(Figure 5.5). TEM images showed a spherically shaped nanoparticles, with chitosan coated
formulations N-F9-1CCS and E-F9-1CCS demonstrating size range of 118.8 + 34 nm and 82.8
+ 18 nm, respectively. Uncoated formulations N-F9 and E-F9 demonstrated smaller particle
size of 51.6 £ 12 and 63.0 £ 15 nm, respectively. While TEM results show significantly smaller
particles than reported by DLS (Table 5.14), this outcome is expected as DLS measurement
normally reports larger particle size due to measurement of hydrodynamic radius of the
particles, instead of true radius of the particles as is measured by TEM. The detailed explanation
of particle measurement principles of the DLS and TEM techniques were reported in section

2.3.2.1. and section 2.3.2.4. of Chapter 2.

Table 5.14: Characteristics of CLX loaded PLGA nanoparticles with and without chitosan
coating after the pH of nanoparticle solution was changed to 4.5. Error bars represent SD and

n=23.

Sample name | Chitosan Chitosan Particle PDI Zeta
type concentration size potential

(mg/ml) (nm) (mV)

N-F9 N/A N/A 133.5+£25 | 0.20+0.01 -3.7+1

N-F9-CCS C-CS 1 295.9+£33 | 0.28+0.02 32.9+2

E-F9 N/A N/A 210.7+46 | 0.26+0.10 -0.6+1

E-F9-1CCS C-CS 1 194.8+15 | 0.25+0.03 14.3+2
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Uncoated formulations N-F9 and E-F9, along with chitosan coated formulations N-F9-1CCS
and E-F9-1CCS were further characterised by powder X-ray diffraction (PXRD) and attenuated
total reflectance — Fourier transform infrared (ATR-FTIR) spectroscopy to analyse the drug
distribution within the nanoparticle system. Results of PXRD results are plotted in Figure 5.6.
Multiple sharp peaks visible in the raw CLX sample demonstrate that the drug is in crystalline
state. Once the drug in encapsulated into the nanoparticles, only one broad diffraction peak at
20 of 19.7 ° can be observed in all nanoparticle formulations prepared by SE. Blank
formulations are presented in order to demonstrate that the same diffraction peak is also
observed when no CLX is present in the samples. This draws the conclusion that the broad
peak at 20 of 19.7 © belongs to the polymer diffraction pattern and it demonstrates that the
polymer is an amorphous state [406,407]. Interestingly, some smaller peaks can be observed at
20 0f19.2°,23.4°,31.2 °and 45.2 ° in formulations N-F9 and N-F9 (no CLX) that correspond
to the peaks at the same degrees as observed in P407. P407 was used as surfactant in these
formulations. Some of these peaks are also visible in N-F9-1CCS and N-F9-1CCS (No CLX)
samples. These results appear to confirm that P407 coats parts of the surface of the
nanoparticles prepared by NPPT. Interestingly, it appears that addition of chitosan coating
reduces the exposure of P407 on the surface of the particles to some capacity due to
disappearance of a few peaks in chitosan coated formulations. Most importantly, no sharp peaks
of CLX are observed in formulations N-F9, N-F9-1CCS, E-F9 and E-F9-1CCS, suggesting that

the drug is encapsulated into the nanoparticles and is in an amorphous state [389].
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Figure 5.5: TEM images of CLX loaded PLGA nanoparticle formulations: (A) N-F9, (B) N-
F9-1CCS, (C) E-F9, (D) E-F9-1CCS.

The ATR-FTIR spectra of CLX, presented in Figure 5.7, demonstrated characteristic peaks of
CLX at 3333 and 3227 cm!, which are attributed to stretching vibration of primary amine N-
H of SO2NH: group, along with characteristics peaks of asymmetric and symmetric stretching
of S=0; observed at peaks 1346 and 1130 cm™' [389,408]. The ATR-FTIR spectra of PLGA
showed two characteristic peaks at 1749 and 1086 cm™!, where first peak was attributed to C=0
stretching, while the latter peak indicated C-O-C group stretching [193]. The spectrum of raw
PVA, which was used in nanoparticle preparation by SE method, demonstrated a peak at 1734
cm’! indicating stretching of C=0, a peak at 1238 cm™!, which demonstrated a wagging of CHa,
and peaks at 1022 and 845 cm™!, which were attributed to stretching of C-O-C group and C-C
group, respectively [409]. Alternatively, P407 was used as a surfactant for preparation of
nanoparticles by NPPT, with its spectra demonstrating characteristic peaks at 2882 cm™ (C-H
stretch aliphatic) and 1099 cm™ (C-O stretch), as well as two peaks at 962 and 841 cm’! that

were also reported in prior literature [410].
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Figure 5.6: Powder X-ray diffraction patterns of (A) raw materials and nanoparticles prepared

by SE method, (B) raw materials and nanoparticles prepared by NPPT method.

Formulations N-F9, N-F9-1CCS, E-F9, and E-F9-1CCS demonstrated clear characteristic
peaks as observed in PLGA spectra at 1734 — 1755 and 1086 — 1090 cm™!, with diminished
peaks of CLX, suggesting that the drug was encapsulated inside the PLGA nanoparticles. In
formulations N-F9-1CCS and N-F9-1CCS (without CLX) some reduction in peak intensities
can be observed, due to addition of chitosan. Additionally, peaks at 2882 cm!, 962 cm™ and
841 cm™ can be observed in all nanoparticle formulations prepared by NPPT method,
indicating that P407 coats parts of the nanoparticle surface (Figure 5.7A). In contrast, peaks at
1238 and 845 cm’!, which are associated with PVA, can be clearly seen in all formulations
prepared by SE method (Figure 5.7B). This outcome is to be expected due to hydrophobic
binding of PVA and PLGA, which permanently attaches PVA onto the nanoparticle surface
[169,170]. Additionally, the same reasoning can be used to explain why some PLGA peaks at
1734 and 1090 ¢cm™' of nanoparticle formulations prepared by SE method appear to lack
intensity. Minimal peak shifting was also observed from the characteristic peaks of PLGA at
1749 and 1086 cm™ to 1734 and 1090 cm™!, respectively. Diminished peaks at 1734 cm™ of E-
F9 and E-F9-1CCS, including the same formulations that had no CLX, were likely the

consequence of PVA and chitosan coating the nanoparticle surface.
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Figure 5.7: Fourier-transform infrared spectra of (A) raw materials and nanoparticles prepared
by NPPT method, (B) raw materials and nanoparticles prepared by SE method. CLX =
Celecoxib, C-CS = carboxymethyl chitosan, P407 = poloxamer P407, PVA = poly(vinyl
alcohol), PLGA = poly(lactic-co-glycolic acid).

5.3.3. In vitro drug release

Differences in drug release profiles of CLX loaded PLGA nanoparticles, coated or uncoated
with chitosan, were investigated. Additionally, changes in drug release profiles were expected
due to different preparation method of nanoparticles used. PBS was chosen as the release
buffer, however its pH was adjusted to 4.5 to mimic acidic environment. As discussed in
Chapter 4, acidic pH is needed to enhance mucoadhesive properties of chitosan coated PLGA
nanoparticle formulations [224]. Due to hydrophobicity of CLX and poor solubility in PBS pH
= 4.5, surfactants are often added to the release medium to increase the drug solubility and
maintain sink conditions, as it is often reported in the literature [255,389]. Therefore, 1% of
Tween 80 was added to PBS (37 °C degrees, pH = 4.5) where CLX solubility was equal to
532.2 + 34 pg/ml, compared to CLX solubility in PBS (37 °C degrees, pH = 4.5) alone, which
was less than 0.5 pg/ml. Once release media composition was determined, free CLX release
from dialysis bag was examined in order to compare release profiles of free CLX and CLX that
is encapsulated into PLGA nanoparticles. CLX dissolved in EtOH showed 100% release from

the dialysis bag within 1 to 2 hours of the assay, showing a fast drug release in sink conditions.

Results of drug release profiles of CLX loaded PLGA nanoparticles are shown in Figure 5.8.
Biphasic release profile was seen in all formulations, with burst release of CLX observed within

first 24 hours, followed by very slow increase documented up to 7 days (data not shown).
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Interestingly, during the initial burst effect, N-F9 and N-F9-1CCS demonstrated approximately
58% of the drug released after 8 hours, while E-F9 and E-F9-1CCS showed approximately
45%, indicating that the release of CLX from nanoparticles prepared by SE was sustained more
than from nanoparticles prepared by NPPT method. Similar findings were reported in the
literature [410,411], with study by Wang et al., 2014 reporting that faster drug release of
nanoparticles prepared by NPPT can be attributed to the smaller particle size. However,
formulations N-F9 and N-F9-1CCS demonstrate the same drug release profiles, while their
particle size is significantly different (Table 5.13), demonstrating that differences in particle
size are unlikely to influence the drug release. A hypothesis was considered that different types
and concentrations of surfactants used in these formulations (P407 was used in nanoparticles
prepared by NPPT, while PVA was used in nanoparticles prepared by SE) influenced the rate
of drug being released from PLGA nanoparticles. Prior research has showed that different
surfactant coating of nanoparticles does influence initial burst release [410,412], therefore
differences in nanoparticle preparation methods and surfactants used are likely to be the main
reasons why E-F9 and E-F9-1CCS formulations demonstrated more sustained burst effect
compared to N-F9 and N-F9-1CCS formulations. After the first 24 hours, all formulations
continued to release from 4% to 10% of drug following the next 48 hours, after which the drug
release reached a plateau. After 7 days of nanoparticle incubation in release medium, E-F9 and
E-F9-1CCS formulations have released 99.9+10% and 84.1+£1%, respectively, while
formulations N-F9 and N-F9-1CCS released less of the CLX, totalling 82.5+3% and 77.6+2%,

respectively.

Most of the studies report that CLX loaded PLGA formulations showed 100% release over
time [255,387,388], however this was failed to achieve in present study, where formulations
N-F9, N-F9-1CCS and E-F9-1CCS never reached a 100% release. It was observed by Alonso-
Gonzalez et al., 2022 that formulations with CLX showed a burst effect in the first 8 hours,
then entered slower CLX release phase up to 7 days, finally reaching very slow release rate
from day 7 to 28 [255]. Since the drug release assay was stopped at day 7 in the present study,
it could be debated that release from formulations N-F9, N-F9-1CCS and E-F9-1CCS could
have slowly continued up to a month. However, a slight decrease in CLX percentage was
observed starting the day 5 (for nanoparticles prepared by NPPT) and day 6 (for nanoparticles
prepared by SE) of the release assay, suggesting that all of the drug has been released, or that
some drug degradation has occurred. Similarly to our study, Chu et al., 2023 reports only 82%
of CLX released from PLGA nanoparticles after 7 days, with a plateau observed after 72 hours
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of the release assay. Overall, conflicting results of CLX drug release rate are reported in the
literature, with some reports indicating fast release within 1 to 2 days [386—388], and others
demonstrating a prolonged sustained drug release of over a week, continuing for a month or
more [255,389,402]. This can be attributed to the differences of parameters and chemicals used
to prepare CLX loaded nanoparticles, as it has been shown that use of different organic solvents
and surfactants used can reduce the burst drug release effect [386,387,410,412]. Additionally,
the mechanism of drug entrapment can influence the rate of drug release, as nanoparticles with
drug adsorbed onto the particle surface will demonstrate a burst effect, with drug dissolving

immediately after being submerged into the media [413].

CLX location within the nanoparticle system could have a major impact on the release rate.
For instance, CLX that is fully entrapped into nanoparticle core will demonstrate much slower

release compared to nanoparticle system, which has CLX adsorbed onto the particle surface.

Formulations prepared by NPPT method demonstrated no difference in drug release profiles
compared between nanoparticles with or without chitosan coating. In contrast, formulations
prepared by SE method demonstrated lower overall CLX release when coated with chitosan
compared to uncoated nanoparticles. It is important to note that no significant difference
between E-F9 and F-F9-1CCS formulations was observed during the burst release of CLX
during the first 8 hours of the assay. Additionally, due to large SD of E-F9 formulation, data of
both formulations overlaps after the 48-hour timepoint. Hence, it is challenging to state whether
chitosan coating had any significant difference to the release profiles of the CLX loaded PLGA
nanoparticles prepared by SE method. Several publications demonstrated that PLGA
nanoparticles showed sustained drug release when coated with chitosan [193,226,227]. Study
by Lu et al, 2019 explained, that as chitosan coats the nanoparticle surface, it limits the drug
adsorption onto the particle surface and consequently sustains drug release by reducing the
initial burst effect [193]. However, no peaks indicating CLX adsorption on the nanoparticle
surface were observed during PXRD and ATR-FTIR analysis in section 5.3.2. While this does
not confirm there was no drug adsorption on the particle surface, in order to accurately report
whether chitosan coating has a significant effect on CLX release profiles, more chitosan coated
formulations would have to be studied, where release profiles of CLX loaded PLGA

nanoparticles coated with different concentrations and types of chitosan would be investigated.
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Figure 5.8: Cumulative in vitro CLX release from (A) formulations N-F9 and N-F9-1CCS,
prepared by NPPT preparation method, (B) formulations E-F9 and E-F9-1CCS, prepared by
SE preparation method. Formulations were incubated in PBS pH = 4.5 + 1% Tween 80 release

medium, at 37 °C and 100 RPM shaking. Error bars represent the SD and n = 3.

5.3.4. Histology and histopathological evaluation

Ex vivo toxicity of mucoadhesive CLX loaded PLGA nanoparticles were examined on fresh
porcine bladder tissues. After dissection of the bladder, 400 pl of each nanoparticle solution
was pipetted onto the tissue, incubated for 1 hour, later fixed in formalin, embedded in paraffin,
and finally sectioned. Following dehydration process and H&E staining, tissues were

rehydrated and mounted onto the microscope slides. Images taken are presented in Figure 5.9.
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Figure 5.9: Microscopic images of H&E stained ex vivo porcine bladder tissue sections of 8
um thickness. Images A-B demonstrate negative controls, in which tissues were kept on ice
throughout transportation (A) and followed treatment procedure without administration of
nanoparticle solutions (B). Positive control tissues were treated with 10 mg/ml PS for 1 hour
at 37 °C (C). Images D-K demonstrate tissues incubated for 1 hour at 37 °C degrees with
formulations N-F9 (no CLX) (D), N-F9-1CCS (no CLX) (E), E-F9 (no CLX) (F), E-F9-1CCS
(no CLX) (G), N-F9 (H), N-F9-1CCS (1), E-F9 (J), E-F9-1CCS (K). Scale bar denotes 10um,

UC = umbrella cells, UR = urothelium, LP = lamina propria.
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Obtained tissue sections were observed for any toxic effects caused by nanoparticles on
urothelium layer of the bladder tissue. As observed in Figure 5.9A-B, healthy bladder tissues
exhibit a tightly packed umbrella cell layer, which together with uroplakins forms an
impermeable plaque that protects urothelium tissue from pathogens and controls water and ion
exchange [4]. Based on these observations, transportation on ice and treatment process of
washing and incubation at 37 °C did not cause any negative effects on the health of the tissue.
In contrast, strong noxious effects can be observed in Figure 5.9C, as treatment with PS lead
to disruption of tight and adherens junctions within urothelium layer, resulting in tissue
desquamation and diminished intracellular matrix [333]. Compared to this, tissues treated with
nanoparticle formulations for 1 hour showed no histopathological changes, therefore
confirming the treatment to be safe. Some haziness can be observed around the urothelium
barrier in Figure 5.9, specifically in images E, G, H and I, however it is likely to be artefacts,

as umbrella cells of the urothelium demonstrate an intact barrier of bladder lining.

Short treatment time could be one of the reasons for no toxicity observed in mucoadhesive
nanoparticles. Previous literature has demonstrated that increased incubation time of chitosan
on bladder tissue increases damage caused to the urothelium, such as necrosis and
desquamation of the umbrella cells [220,221]. Additionally, it was reported that increase in
concentration of chitosan lead to more toxic effects caused, however concentration of chitosan
used to coat nanoparticles in the present study was very low, ranging from 0.000005% to
0.00002% (w/v). Despite that, it has been shown that desquamation of bladder cells can occur
within 10 minutes of the treatment with chitosan, after which a quick restoration and
differentiation of the cells follows, concluding in restored urothelium layer within an hour from
the treatment start [217,221]. Therefore, although chitosan coated nanoparticles could cause
short term toxicity, regeneration of urothelium layer is fast and demonstrates no long-term

toxicity effects [217,221].

PLGA nanoparticles have been deemed to be safe for use by drug delivery system in human
body by Food and Drug Administration (FDA) [90]. During synthesis of nanoparticles by SE
method, small concentration of PVA was used to stabilise the emulsion and prevent particle
aggregation [136]. No toxicity was expected from PVA use in present study, as small
concentrations of PVA were used, as well as intended intravesical application of the

nanoparticle treatment. This was discussed in more detail in section 3.3.6.
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CLX is a part of NSAID group, which are known to cause cardiovascular adverse effects,
gastrointestinal bleeding, kidney injury, and hypertension [414]. However, CLX is selective
COX-2 inhibitor drug, which demonstrates lower risk of toxicity compared to other NSAIDs
[414]. Although there are no reports demonstrating instillation of CLX to the bladder, CLX was
demonstrated as potential treatment of bladder cancer, as it suppresses tumour proliferation and
invasion [415,416]. A recent study by Mohanty et al., 2023 demonstrated that inhibition of
COX-2 leads to compromised innate immune system response, where production of
antimicrobial peptides and pro-inflammatory cytokines, as well as integrity of the urothelium
barrier is negatively affected [71]. However, more studies are needed to investigate and confirm
these findings. Use of NSAIDs for UTI treatment is still a relatively novel therapy that lacks
understanding in efficacy and how it compares with current therapeutic options. Despite this,
current study demonstrates a promising CLX loaded nanoparticle system, that could be used

as potential IDD facilitated treatment of other disorders.

5.4. Conclusion

CLX was successfully loaded into PLGA nanoparticles, which were prepared by using two
conventional polymeric nanoparticle synthesis methods: NPPT and SE. DoE was used to
analyse how the same parameters used in both preparation methods affected the
physicochemical characteristics of the nanoparticles. Three parameters were chosen for this
study: PLGA amount, CLX amount, and volume of the organic phase. Based on the screening
test performed, the volume of the organic phase was the parameter that significantly impacted
the characteristics of nanoparticles the most. Both particle size and PDI responses were
significantly affected after different volumes of organic volume were used in preparation of
PLGA nanoparticles by both NPPT and SE methods. Alternatively, change in CLX amount
loaded significantly affected only EE% when nanoparticles were prepared by NPPT, and LC%
when nanoparticles were prepared by SE method. Amount of PLGA was the parameter than
significantly affected only one response, which was particle size, and only in nanoparticles
prepared by NPPT method. The summary of DoE results is presented in Table 5.15, for
nanoparticles synthesised by NPPT method, and Table 5.16, for nanoparticles prepared by SE
method. Overall, this study demonstrates that depending on the nanoparticle preparation
method, different nanoparticle physicochemical properties can be achieved. Smaller and more
uniform nanoparticles can be achieved by using NPPT method, however more sustained drug

release is achieved from nanoparticles prepared by SE. Up to 13% of CLX was loaded into
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PLGA nanoparticles when SE method was used for nanoparticle synthesis, while only up to

6% of CLX loading was achieved in PLGA nanoparticles prepared by NPPT method.

Table 5.15: Summary of findings obtained from DoE study, showing significant effect of
critical factors on the responses of CLX loaded PLGA nanoparticles prepared by NPPT method.
Symbol “1” demonstrates the increase, while symbol “|” demonstrates decrease, “No effect”

means no significant effect on the response.

Critical factors Nanoparticles by NPPT
Parameters Levels of Response in | Response | Response | Response
tested parameter particle size in PDI in EE% in LC%
PLGA amount 1 1 No effect | Noeffect | No effect
CLX amount 1 No effect No effect l No effect
Volume of 1 ! 1 No effect | No effect
organic solvent

Further characterisation of the CLX loaded PLGA nanoparticles by PXRD and ATR-FTIR
demonstrated no peaks of crystalline CLX in the formulation samples, suggesting that the drug
was successfully loaded into the PLGA nanoparticles, with likely no drug adherence observed
on the particle surface. Nanoparticles coated with chitosan were also fully characterised,
demonstrating increased particle size and higher PDI. Additionally, chitosan coating increased
particle charge from slightly negative to highly positive charge, suggesting enhanced
mucoadhesive properties. Contrary to the findings reported in other studies, chitosan coating
of CLX nanoparticles did not affect the drug release profiles of CLX loaded PLGA

nanoparticles.

Table 5.16: Summary of findings obtained from DoE study, showing significant effect of
critical factors on the responses of CLX loaded PLGA nanoparticles prepared by SE method.
Symbol “1” demonstrates the increase, while symbol “|” demonstrates decrease, “No effect”

means no significant effect on the response.

Critical factors Nanoparticles by SE
Parameters Levels of Response in | Response | Response | Response
tested parameter particle size in PDI in EE% in LC%
PLGA amount 1 No effect No effect | Noeffect | No effect
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CLX amount 1 No effect No effect | No effect 1
Volume of 1 1 1 No effect | No effect

organic solvent

In general, results obtained from this study demonstrates that use of different nanoparticle
methods can significantly impact the physicochemical characteristics of the nanoparticles. Use
of statistical models can predict the effect that changes of certain parameters will have on the
characteristics of the nanoparticles, therefore shortening the optimisation process to achieve

desired results.

226



Chapter 6

Conclusions and future outlook
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6.1. General conclusions

The presented study demonstrates preparation, characterisation and optimisation of drug
loaded polymeric nanoparticles that could be used as potential therapy for urinary tract
infection (UTT) treatment and prophylaxis. Combined antibiotic and cyclooxygenase-2 (COX-
2) inhibitor drug therapy was chosen as a novel therapeutic approach, with aims to reduce
antibiotic treatment and enhance symptomatic treatment of UTIs. Current antibiotic use for
treating bacterial infections have led to significant increase in antimicrobial resistance (AMR),
therefore this study presents an alternative nanomedicine-based dual therapy which, along with
inhibition of bacterial growth by using antimicrobial agents, would also involve symptomatic
treatment of inflammation and pain associated with UTIs. Obtained drug loaded polymeric
nanoparticle systems were tailored to enhance the loading of each drug, along with other
physicochemical characteristics optimised for optimal drug delivery to the bladder. To avoid
systemic drug exposure, intra-bladder drug delivery was proposed, however certain limitations
were identified first. Direct to bladder drug instillation has been shown to suffer from urine
dilution of drug therapeutic concentrations, as well as early drug expulsion from the bladder,
hence demonstrating a need for improved drug delivery method to treat bladder disorders.
Therefore, this study was also focused on attaining mucoadhesive properties of the drug loaded
nanoparticles, which subsequently showed strong mucoadhesive interactions with ex vivo
porcine bladder tissue, indicating promising results for prolonged particle retention time in the
bladder. During the study, great importance was given to toxicology profiles of obtained
nanoparticle formulations, to ensure that prolonged treatment of bladder tissues would not
cause pathological events. No toxicity on ex vivo porcine tissue was observed after the tissues
were treated with obtained nanoparticle formulations for 1 hour, demonstrating safe toxicology

profiles.

6.1.1. Use of hydrophobic ion pairing (HIP) increases hydrophobicity of the
hydrophilic antibiotic for improved encapsulation into polymeric

nanoparticles

In Chapter 3, our focus was to obtain a robust biodegradable antibiotic loaded nanoparticle
system for intravesical drug delivery (IDD). Antibiotic of choice was gentamicin (GEN), as it
has shown great promise in effective and safe UTI treatment by IDD, however a major

challenge associated with this drug was its hydrophilicity. After choosing polymeric
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nanoparticles as the drug nanocarriers, we explored potential strategies in obtaining high drug

loading of hydrophilic GEN into polymeric nanoparticles.

It has been demonstrated that hydrophilic drugs are particularly hard to encapsulate into
nanoparticles, as they are likely to leach out into the aqueous phase during nanoparticle
synthesis [182,280,281]. This leads to reduced mass entrapped into the particles, as well as
burst release effects observed during in vitro drug release assays [182,280,281]. The study in
Chapter 3 demonstrates successful use of hydrophobic ion pairing (HIP) technique to reduce
hydrophilicity of the drug. For this study, four different counterions were investigated based on
their binding efficiency with the drug, as well as dissociation ability from the drug once
therapeutic environment representing media is reached. Results showed that sodium oleate
(OA) to be the superior counterion for binding with GEN, as it demonstrated roughly 90% of
the drug complexed into ion paired GEN (GEN:HIP) complex, as well as high dissociation
efficiency of 63% in acidic high-salt buffer. Although counterions docusate sodium salt (AOT)
and sodium dodecyl sulphate (SDS) showed higher binding efficiency of > 96%, their
dissociation in high salt buffers was around 50%. While high binding efficiency was an
important factor to establish a strong GEN:HIP complex, the dissociation of the complex was
essential for drug to achieve its therapeutic concentration within the target site. Therefore, this
study demonstrated the importance of selecting a fitting counterion for ion pairing of the chosen
drug, as interaction between the drug and HIP agent, as well as the composition of the
physiological medium, can greatly impact the binding and dissociation of the obtained

drug:HIP-agent complex.

GEN:HIP complex encapsulation into poly(lactic-co-glycolic acid) (PLGA) nanoparticles
demonstrated high encapsulation efficiency (EE%) values of > 90%, compared to the un-paired
free GEN (UNP-GEN), which demonstrates significantly lower entrapment of 33.1 + 2%.
However, some discrepancy was observed between EE% results and in vitro drug release
results, which showed only 10% of GEN being released from the GEN:HIP loaded
nanoparticles over the period of 6 months. Despite this, GEN demonstrated full 100% release
from its GEN:HIP complex when incubated in medium representing physiological conditions,
demonstrating full dissociation from the drug within 24 hours. This meant, that GEN release
in the aqueous media was sustained by ~ 20 hours because of its complexation into the HIP
complex. In comparison, UNP-GEN loaded PLGA nanoparticles showed burst release of GEN
within the first 8 hours of the assay, demonstrating that drug entrapment into PLGA
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nanoparticles sustained the release GEN for ~ 4 hours. These results showed a great potential
of using the HIP technique to reduce hydrophilicity of water-soluble drugs, as ion paired GEN
demonstrated greater sustained release profiles than GEN encapsulated into PLGA
nanoparticles. Therefore, combining HIP with nanotechnology seems like a promising solution
to achieve highly loaded hydrophilic drug nanoparticle systems, which could also demonstrate
more than 20 hours of sustained drug release within the bladder. Although GEN loading into
PLGA nanoparticles might appear redundant since GEN:HIP complex alone can demonstrate
sustained drug release, GEN:HIP entrapment into nanoparticles is essential for effective IDD,
as future formulations with mucoadhesive coating would also ensure prolonged retention time

of the particles within the bladder.

Additionally, we found that GEN complexed in GEN:OA and GEN:SDS complexes
demonstrated enhanced antimicrobial properties against E. Coli, compared to the non-ion
paired free gentamicin (UNP-GEN) solution. This indicated, that use of HIP enhances
antimicrobial properties of the antibiotics, which could suggest a lower dosage of the drug

needed in order to treat UTIs in the future.

6.1.2. Preparation of mucoadhesive polymeric nanoparticles for direct to the

bladder delivery

Addition of mucoadhesive agent to the drug loaded nanoparticle formulations was essential
part of this study to ensure effectiveness of IDD to the bladder approach. Many different studies
reported use of chitosan and its derivatives to obtain mucoadhesive nanocarriers. Chapter 4
focused on using different types, molecular weights (MWs) and concentrations of chitosan to
provide positive particle charge to usually negatively charged PLGA nanoparticles [119].
Positively charged nanoparticles could then form electrostatic interactions with negatively
charged mucin layer of the bladder urothelium, therefore prolonging their retention time in the
bladder and preventing washouts by urine voiding. For this study, chitosan of different MWs
(low, medium, and high) and chitosan derivative carboxymethyl chitosan (C-CS) were used.
We found that chitosan coating applied to PLGA nanoparticles significantly increased particle
size, therefore addition of surfactants to the formulations was essential to ensure small particle
size. Additionally, this study demonstrated that acidic environment enhanced positive charge
of the particles. However, the pH of the nanoparticle solution had to be tailored to ensure no

toxicity would be caused to the bladder during the future in vivo treatments, therefore lowest
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possible acidity of pH = 4.5 was chosen, based on the reports in the literature [286,357]. These
findings confirmed the need of improved urinary catheters, which could be used to safely drain
urine from bladder lumen, followed by instillation of pre-treatment solution, which would
ensure the correct bladder pH conditions to enhance the efficacy of the following mucoadhesive

nanoparticle treatment.

In vitro and ex vivo mucoadhesion testing was conducted to examine mucoadhesive properties
of chitosan coated PLGA formulations. Results showed that increase in MW or concentration
of chitosan used in the nanoparticle formulations lead to stronger particle mucoadhesion to the
bladder tissue. This also meant, that higher MW of chitosan used could compensate for lower
concentrations of chitosan, which were needed for some formulations to ensure smaller particle
size. Additionally, particle size was observed to be an important criterion for enhanced
mucoadhesive properties. These results suggest that to achieve the most effective
mucoadhesive coating, as well as preserve physicochemical properties of obtained drug loaded
nanoparticle systems, chitosan coating likely needs to be specifically tailored to each

nanoparticle formulation to enhance their performance in in vivo applications.

6.1.3. DoE study for encapsulation of celecoxib into mucoadhesive PLGA

nanoparticles

As discussed in Chapter 1 of this study, UTI treatment with non-steroid anti-inflammatory
drugs (NSAIDs) was reported as a potential alternative UTI treatment method to antibiotics, as
it would reduce the risk of bacteria acquiring AMR form misuse and overuse of antibiotics [ 74—
76]. Our study proposed the combined use of antibiotics and COX-2 inhibitor drug celecoxib
(CLX) as a solution to reduce antibiotic use and enhance symptomatic treatment of
inflammation and pain experienced during UTI. For this purpose, sustained release of CLX
loaded PLGA nanoparticles was needed to reduce the need of frequent dosing. In addition,
prolonged retention time in the bladder was essential, therefore mucoadhesive coating was

added to the nanoparticles, as discussed in Chapter 4.

In Chapter 5, Design of Experiments (DoE) was used in order to obtain CLX loaded PLGA
nanoparticles with small particle size and narrow size distribution, but high drug loading. CLX
loaded PLGA nanoparticles were obtained by using two methods: nanoprecipitation (NPPT)

and single emulsion — solvent evaporation (SE). The aim of this study was to compare how the
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same parameters in both of those methods affect the physicochemical characteristics of CLX
loaded PLGA nanoparticles. The selected parameters and outcomes of the screening DoE
analysis are presented in Figure 6.1. Overall, smaller nanoparticles, with a narrow size
distribution, were achieved by NPPT method, while higher drug loading was achieved in

nanoparticles obtained through SE method.

PLGA amount CLX amount Organic solvent volume
Level Level Level
Low High Low High Low High
S e e N T Ry~~~ —— — T~ T o m e e e e eE e e
NPPT ! SE NPPT L SE NPPT ! SE
1 1
PARTICLE > | i . ! o
SIZE Increase i No effect No effect ' Noeffect Decrease i Increase
- 1
PDI :I : i i
- No effect ' No effect No effect i No effect Increase ! Increase
1
| ! i
EE% ' "I ]
No effect ' No effect Decrease | No effect No effect ! No effect
1 L 1
1 C 1
LC% C R
== No effect i No effect No effect : Increase No effect ‘ No effect
1 1

Figure 6.1: A summary illustration of DoE study outcomes: the significant impact on responses
(on the left) observed after increase of the levels of critical factors (presented at the top).
Responses of each critical factor are split between nanoparticles prepared by nanoprecipitation
(NPPT) or single emulsion — solvent evaporation (SE) methods. PDI = polydispersity index,
EE% = encapsulation efficiency, LC% = loading capacity.

Obtained formulations were then coated with different types of chitosan of varying
concentrations, as optimised in Chapter 4, with final formulations demonstrating positive zeta
potential of 14.3 £ 2 mV of nanoparticles prepared by SE method, and 32.9 + 2 mV of
nanoparticles synthesised by NPPT method. Based on the results obtained by in vifro and ex
vivo mucoadhesion assays in Chapter 4, it is likely that nanoparticles synthesised by NPPT
method would show stronger mucoadhesive interaction with bladder mucin layer due to two-
fold higher zeta potential values, compared to nanoparticles prepared by SE method. Further
characterisation by attenuated total reflectance — Fourier transform infra-red spectroscopy
(ATR-FTIR) and powder X-ray diffraction (PXRD) indicated no particle adsorption on the
particle surface, suggesting that CLX was successfully entrapped inside the PLGA

nanoparticles.
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In vitro drug release profiles of chitosan coated and non-coated nanoparticles obtained by
different nanoparticle preparation methods were investigated. Results demonstrated that
chitosan coating did not significantly affect the drug release rates. CLX loaded nanoparticles
obtained through NPPT method demonstrated faster burst release of the drug, with over 60%
of the drug released within 8 hours. In contrast, CLX loaded PLGA nanoparticles synthesised
by SE method showed much slower release in the first 8 hours, with around 45% of the drug
released. These results were likely to be the outcomes of certain parameters used within each
method for synthesis of CLX loaded nanoparticles, such as surfactant type, surfactant
concentration, and solvent type. Nevertheless, formulations obtained by both NPPT and SE
methods demonstrated some desirable physicochemical properties or expected therapeutic

behaviour, which demonstrate promising nanoparticle system for IDD to the bladder.

6.2. Future outlook

The work of this project aimed to develop an IDD therapy, facilitated with nanotechnology and
dual pharmaceutical agent therapy for treatment and prophylaxis of UTIs. While IDD is
currently used as off-label treatment for acute and complicated UTI cases [86], this route of
drug administration to treat bladder disorders shows great potential. With progress of recent
studies and this project in development of nanomedical therapies, improved medical devices
for intra-bladder drug delivery are essential in order to safely and effectively deliver novel
therapies. In addition to this, regulatory process of nanomedicine development, clinical testing
and market approval needs to be re-evaluated and standardised. Currently many novel
nanomedicine products demonstrate unexpected high toxicity profiles when tested in in vivo
due to diversity of nanoparticle compositions, characteristics, surface coatings, and interactions
with biological systems [172,174]. Despite these limitations, this study showed a proposed
treatment of GEN and CLX loaded nanoparticle systems, exhibiting mucoadhesive properties
for prolonged retention time on the bladder surface. However, the efficacy and compatibility
of dual treatment has not yet been demonstrated in vivo. In addition, this study could benefit
from some additional experiments to explore some areas of the study in even more detail. Thus,
following experiments could provide further insight or offer novel ideas that can be

investigated as next steps for this project.

The conducted studies in this project demonstrated that hydrophilic antibiotic complexation

into a HIP complex can enhance hydrophobicity of the drug, which in turn can lead to sustained
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drug release in aqueous media, as well as enhanced antimicrobial activity. However, some
limitations were identified for HIP complex loading into PLGA nanoparticles as in vitro drug
release assays showed only 10% of the drug being released after 6 months. Therefore,
additional testing is needed to confirm that GEN:HIP complex is entrapped into the polymeric
nanoparticles. This could include some improvements on the nanoparticle synthesis methods,
to ensure that GEN:HIP complex precipitation due to hydrophobicity does not limit its

encapsulation into PLGA during the nanoparticle preparation process.

Additionally, other nanocarrier systems might need to be evaluated for GEN:HIP complex
delivery to the bladder. One of the biggest limitations of GEN entrapment into PLGA
nanoparticles was the drug extraction from the nanoparticles in order to quantify the amount
of GEN that was successfully encapsulated into the nanoparticles. The solvents used for
extracting the drug from PLGA nanoparticles are not compatible with GEN solubility, meaning
that fully dissolved system of both PLGA and GEN was not possible to achieve. This, therefore,
resulted in use of indirect GEN quantification method, which does not provide insight into the
actual quantity of GEN entrapped inside the nanoparticles. To ensure that GEN in quantified
using direct method and therefore the amount of GEN entrapped into nanoparticles can be
quantified, other materials might need to be used to encapsulate GEN into nano-sized delivery
vehicles, as well as easily extract the drug out of them. As a drug delivery solution, we propose
the use of lipid nanoparticles, or alternatively, mucoadhesive in-situ forming gels, that are

discussed in later in this section, as well as in Chapter 4.

Chitosan and C-CS coatings optimised for mucoadhesive nanoparticle formulations in
Chapter 4 are among the promising findings of this study, however a few recent publications
have demonstrated that the data obtained for this study could be used to further improve the
drug delivery directly to bladder. Mucoadhesive in-situ forming hydrogels have been
demonstrated to improve particle retention on the bladder lining, prolong sustained release, and
showed no interference with the physiological function of bladder, nor any toxicity evidence
[234-237]. Use of the in-situ mucoadhesive hydrogels to deliver obtained nanoparticle systems
would negate the need for smaller particles, in vitro drug release profiles would likely
demonstrate even more prolonged drug release than reported in Chapters 3 and 5, and finally,
higher concentrations of chitosan could be used to enhance the mucoadhesive properties of the

hydrogels without affecting physicochemical characteristics of the nanoparticles.
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While obtained DoE study in Chapter S provided a great insight into how the same parameters
of different nanoparticle preparation methods affected the physicochemical characteristics of
CLX loaded PLGA nanoparticles, additional DoE study could provide improvement on
predicting dependent variables of the final formulations. After identifying significant variables
in nanoparticles obtained by both NPPT and SE methods by screening DoE design, Response
Surface Methodology (RSM) can be used to then point out the most critical levels of selected
significant factors [390]. Results in Chapter 5 demonstrated that predictions obtained by
screening design have not been very accurate in predicting the experimental outcomes of final
formulations. Therefore, by using RSM, non-significant variables would not be included in the
design matrix, along with more levels chosen for the study [390]. Hence, use of RSM, such as
Box-Behnken Design, could provide more precise models for this study, which could then be
used to make accurate predictions of the parameters needed to achieve nanoparticles that have

high EE% and loading capacity (LC%) values, small particle size, and narrow size distribution.

Finally, in vivo studies of obtained formulations would be beneficial to confirm that chitosan
coated PLGA nanoparticles demonstrate short term toxicity and cell desquamation, followed
by fast umbrella cell regeneration, therefore causing no long-term toxicity. Additionally, the
dual treatment of antibiotic and COX-2 inhibitor drug, instilled intravesically could be assessed
in treating UTIs in a mice or rat animal models, to ensure dual treatment efficacy, superiority

compared to the antibiotic treatment, as well as safe toxicology profiles.
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