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Abstract
The ability of antimicrobials to prevent and treat infections caused by a range of microorganisms,
including bacteria, is threatened by the emergence of drug-resistant microorganisms that is
associated with high mortality rates globally. Novel nano-drug delivery systems, including lipid-
based drug delivery systems, represent an alternative therapeutic approach to combat antimicrobial
resistance resulting from conventional dosage forms. Since bacteria are associated with an acidic
environment and the bacterial envelope is made up of lipid bilayer, the application of pH-
responsive lipid-based nanomaterials for targeted antibiotic delivery is recognized as an active area
of research. The aim of this study was to design and synthesize fatty acid-based pH-responsive
lipids ( FAL, OLA-SPDA and DMGSAD-lipid) and explore their potential for the preparation of
pH-responsive nano-based vancomycin (VCM) delivery systems to treat infectious diseases
caused by methicillin-resistant Staphylococcus aureus (MRSA) infections. All the lipids were
synthesized, and its structures were confirmed by FTIR, *H NMR, *C NMR and HR-MS. The
nontoxic nature of the synthesized lipids was demonstrated by cell viability results above 75% on
all tested mammalian cell lines using the MTT assay. After the synthesis and characterization, the
novel fatty acid-based lipids were employed to formulate three pH-responsive lipid-based nano-
drug delivery systems (liposomes, micelles and lipid polymer hybrid nanoparticles) for efficient
and targeted delivery of VCM for the treatment S. aureus and MRSA infections. These systems
were characterised for their physicochemical properties (Zetasizer), in vitro drug release (dialysis
bag), morphology (HR-TEM), in vitro cell viability studies (flow cytometry), in vitro cytotoxicity
(MTT assay), in vitro antibacterial activity (broth dilution method) and in vivo antibacterial activity

(mice skin infection model).

The four formulated pH-responsive liposomes had a mean size ranging from 86.28 + 11.76 to 282
+ 31.58 nm, with their respective PDI’s ranging from 0.151 + 0.016 to 0.204 = 0.014 at pH 7.4
and 6.0 respectively. The ZP values were negative at physiological pH (7.4) and shifted towards
positivity with a decrease in pH (6.0). The encapsulation efficiency (%EE) and loading capacity
were in the range of 29.86 + 4.5% and 44.27 £ 9.2%, The drug release profiles of all formulations
at both pH 7.4 and 6.0 were sustained throughout the studied period of 72 h. Enhanced in vitro
antibacterial activity at pH 6.0 was observed for the DOAPA-VAN-Liposome and DLAPA-VAN-
Liposome formulations. Flow cytometry studies indicated a high killing rate of MRSA cells using
DOAPA-VAN-Lipo (71.98%) and DLAPA-VAN-Lipo (73.32%) using the MIC of 1.59 pg/ml. In
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vivo studies showed reduced MRSA recovery from mice treated with liposome formulations
(DOAPA-VAN-Lipo and DLAPA-VAN-Lipo) by 4- and 2-folds compared to bare VCM-treated

mice respectively.

The pH-responsive oleic acid-based dendritic lipid amphiphile self-assembled into stable micelles
with particle size, PDI, ZP and %EE of 84.16 £ 0.184 nm, 0.199 £ 0.011 and -42.6 £ 1.98 mV and
78.80 £ 3.26%, respectively. The micelles demonstrated pH-responsiveness with an increase in
particle size to 141.1 + 0.070 nm at pH 6.0. The drug release profiles of formulations at both pH
7.4 and 6.0 were sustained throughout the studied period of 72 h. The in vitro antibacterial efficacy
of VCM-OLA-SPDA-micelle against MRSA was 8-fold better when compared to bare VCM, and
the formulation was 4-fold better at pH 6.0 when compared to the formulation’s MIC at pH 7.4.
The MRSA viability assay showed that the micelles had a high percentage killing of 93.39% when
compared to bare VCM (58.21%) at the same MIC (0.98 pg/ml). The in vivo mice skin infection
model also demonstrated an enhanced antibacterial effect, showing 8-fold reduction in MRSA
burden on skin treated with VCM-OLA-SPDA-micelles when compared with the skin sample
treated with bare VCM.

The optimized pH responsive lipid polymer hybrid nanoparticles (LPHNPs) formulations,
RH40_VCM_LPHNPs had a particle size, PDI and ZP of 64.05 £ 0.64 nm, 0.277 + 0.057 and 0.55
+0.14Vm, respectively, whereas SH15 VCM_LPHNPs displayed a size of 73.41 + 0.468 nm, PDI
of 0.487 + 0.001 and ZP of -1.55 £ 0.184 Vm at pH 7.4. There was a significant change in particle
size and ZP to 113.6 £ 0.20 nm and 9.44 + 0.33 Vm for RH40_VCM_LPHNPs, respectively,
whereas for SH15 VCM_LPHNPs, there was no change in is size but a significant change in
surface charge switch to 9.83 + 0.52 Vm at pH 6.0. The drug release profiles of formulations at
both pH 7.4 and 6.0 were sustained throughout the studied period of 72 h. The VCM release profile,
together with release kinetic study on LPHNPs, demonstrated the influence of pH on the high rate
of VCM release at pH 6.0 as compared to pH 7.4. The LPHNPs a had better antibacterial activity
against S. aureus and MRSA at both pH conditions when compared to bare VCM. Furthermore,
the MIC of LPHNPs against MRSA was better by 8-fold at pH 6.0 than at 7.4.

In summary, synthesized novel lipid materials showed superior biosafety profiles and potential in
the development of lipid-based pH-responsive nanoantibiotic delivery systems against bacterial

infections and other disease types characterized by low pH. The data from this study has resulted



in three first-authored research publications, one co-authored research publication and one co-

authored review article.
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CHAPTER 1
INTRODUCTION

1.1 Introduction

This chapter provides a brief background to the study and highlights the status of infectious
diseases, limitations associated with antibiotic therapy and the emergence of antimicrobial
resistance. Furthermore, it provides details on alternative strategic solutions to enhance antibiotic
therapy, which resulted in the proposed aims and objectives of the study. It also highlights the

novelty and significance of the study.

1.2 Background to the study

For several decades in the history of infectious diseases, antimicrobial resistance (AMR) caused
by pathogenic microorganisms such as bacteria, viruses, fungi and parasites has been the greatest
threat to human health globally®. Since the late 1960s, infectious diseases were thought to be under
control and some were almost completely eradicated?. Unfortunately, resistance to various
antimicrobials gave rise to new threats, which continue to endanger the existence of the human
population®. Antimicrobial resistance is a consequence of the evolutionary response of microbes
and this process attenuates the impact of various treatment options such as antibacterial,
antiparasitic, antiviral and antifungal drugs against the array of infections, thus, rendering them
ineffective®. Therefore, AMR has been responsible for uncontainable infections and costly
treatment associated with prolonged illnesses in infected patients and a subsequent increase in
mortality rate!. Despite the scientific advancement and availability of new antimicrobial agents,
the global rate of infection occurrence and the high number of deaths per year have been

highlighted as the major threat on world economies and to the public healthcare system® .

Compared to any cause of death throughout human history, infectious diseases have been and
continue to be the leading cause of death in both developing and developed countries as we
continue to fight the known and unknown pathogens®. The severity of infectious diseases has been
exacerbated by the emergence of new infections and the re-emergence of known infections’. The
discovery of salvarsan in 1910 and penicillin in 1928 by Ehrlich and Fleming, respectively, were
the earliest successful attempts to control infectious diseases® °. After this period, the development

and introduction of more new antibiotics gave more hope into believing that the infectious disease

1



era will soon be phased out and the golden era of antibiotics, which existed between the 1930s to
1960s, will rise above all infections'®. Unfortunately, the extensive overuse of antibiotics resulted
in the emergence of multidrug-resistant bacteria which made treatment less effective and
completely inefficient!®. In this regard, antibiotic resistance reduces the ability of current
medicines to treat common infections?. For instance, antibiotics, which have played a significant
role in preventing and treating infection in the clinical setting on patients who are receiving
chemotherapy treatment, with chronic diseases such as diabetes and rheumatoid arthritis, are now
rendered ineffective'® 12, The World Health Organization (WHO) projections on AMR, as shown
in Figure 1, suggest that if no viable solutions are adopted by 2050, morbidity rates are estimated
to be at 10 million and 28 million and people will experience severe poverty. Additionally, the
global economy may also experience a possible loss of more than $100 trillion annually due to
AM R13, 14_

Deaths From Drug-Resistant Infections Set To Skyrocket
Deaths from antimicrobial resistant infections and other causes in 2050

sntintecions T, oo
resistant infections :

8.2m

Diabetes 1.5m

Diarrhoeal disease - 1.4m
R

Road traffic accidents .2m
Measles I 130,000

Cholera I 120,000

Tetanus | 60,000

@statistaCharts Source: Review on Antimicrobial Resistance ‘m

Figure 1. The number of deaths attributable to antimicrobial-resistant infections and other causes
in 2050%°.




Pathogenic microorganisms have always evolved to resist the impact of new medicines applied
against them. Among infectious diseases, bacterial infections are recognized as the major cause of
death and with the emergence of AMR, they have become increasingly difficult to manage'®.
According to WHO and the Center for Disease Control and Prevention (CDC), over 2 million
cases of infections are caused by antibiotic-resistant bacteria resulting to about 23 000 deaths, with
over $20 billion excess healthcare cost and $35 billion societal costs annually in US alone®’ 18,
Methicillin-resistant Staphylococcus aureus is one of the most difficult bacterial pathogens to treat
among the ESKAPE pathogens (Enterococcus faecium, Staphylococcus aureus, Klebsiella
pneumonia, Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacter spp.), which
are responsible for nosocomial infections and deaths globally®. MRSA is one of the leading causes
of nosocomial infections since their first report in the 1960s in the United Kingdom (UK) shortly
after the introduction of methicillin?® 2, The virulence of MRSA strains has been associated with
a rapid increase of life-threatening pneumonia, necrotizing fasciitis, endocarditis, osteomyelitis,
severe sepsis, and toxinoses such as toxic shock syndrome, occurring in both healthcare and
community settings®® 22,

It was further reported that 13 to 74% of S. aureus infections reported are MRSA and the source
of S. aureus infections around the world from both community-acquired (CA) and hospital-
acquired (HA) infection reported cases is changing 2 24, Additionally, in all WHO regions, the
prevalence of MRSA has been recorded to exceed 20% and above 80% in some regions?. For all
the HA infections in Europe caused by the antibiotic-resistant bacterium, 44% were MRSA and
contributed to over 20% excess mortality?®. Whereas in the United States of America (USA) alone
within the community setting, over 80,461 invasive MRSA infections and more than 11,285
related deaths were recorded in 20112* 28, This resulted in the hospital/healthcare cost of about 1.4
to 13.8 billion in the USA and 380 million annual loss in Europe in the fight against MRSA
infections®*. According to WHO report in 2014, even though the impact of MRSA infections in
western countries is well document, the magnitude of MRSA infections in other regions like Africa
is not known?’. For example, whilst South Africa has a reported decline from 34 to 28% in 2011,
in some part of Africa, cases of reported MRSA infections were exceeding 82%'® 28, Therefore,
countries of low-prevalence MRSA infections are still at risk due to changes in the global

epidemiology?°.



The continuous growth and unmonitored spread of MRSA prevalence from the nosocomial
environment to communities in countries with intensified international mobility and lacking
healthcare facilities to control of the infection are significantly contributing to the global spread of
MRSAZ. Even though vancomycin (VCM) has been the mainstay for the treatment of MRSA
infections since 1958%" 3! the extensive use of VCM for over 50 years and the emergence of
MRSA isolates with reduced susceptibility to VCM indicate the risk of running out of effective
antibiotics to treat MRSA infections®>®, These MRSA isolates are termed vancomycin-
intermediate resistant Staphylococcus aureus (VISA) and vancomycin-resistant Staphylococcus
aureus (VRSA). Although the total number of cases reported related to these MRSA isolates is
currently low, new infections of this nature are being identified?® %, Since VCM is often regarded
as the last resort for S. aureus infections, their treatment becomes a daunting challenge. This
phenomenon poses a serious threat as the number of VISA and VRSA incidences continues to rise.
Collectively, these challenges advocate for new effective therapeutic approaches to be introduced
or adopted to prevent, treat, and control the spread of these infectious diseases. Hence, there is a
need for the development of new antimicrobial drugs or even novel effective approaches to treating

microbial infections?® 3°,

Despite the great successes in using a conventional antibiotic therapeutic approach to treat bacterial
infections, which has saved millions of lives, this approach has been associated with several
limitations. This has resulted in antibiotic therapeutic failure and subsequent development of
antibiotic resistance over the years®’. Antibiotics were designed to treat and prevent bacterial
infections by killing and inhibiting their growth through conventional antibiotic therapies®.
Unfortunately, limitations associated with traditional dosage forms have been reported. These
include a fast bio/chemical degradation and reduced circulation time in the bloodstream, non-site-
specific and non-target-oriented drug delivery, as well as inadequate drug uptake at the site of
infection, which leads to sub-optimal therapeutic outcomes. In this case, the frequency of
administration is increased to maintain a fixed/desirable plasma drug level, which may lead to the
development of side effects and subsequent poor patient compliance®. These shortcomings
became the major contributors to the development of resistance, which has reduced the antibiotic
timeline between the antibiotic introduction and resistance development®®. The decline of

antibiotic therapy resulted in many pharmaceutical companies opting to discontinue their



investments towards the development of newer classes of antibiotics due to low profits, the short
life span of the product and complicated regulatory approval procedures*'. As shown in Figure 2
below, since 1984, no new class of antibiotics has been discovered, which is being outpaced by
the continuous spread of AMR?*2. Therefore, the innovative alternative approaches that can

enhance therapeutic outcomes of the current antibiotics to combat drug resistance development are

warranted.
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Figure 2. History of antibiotics and resistance*? *,

Over the past decades, the use of nanotechnology based-nanomedicine through integrated
approaches in an attempt to enhance and restore the efficacy of the drugs has been widely reported
in literature**. Nanomedicine involves the use of nanoscale structures for diagnosis, monitoring,
control, prevention, treatment of diseases, and for better understanding the pathophysiology of
diseases to improve the quality of life of patients* “¢. Since the discovery of nanoscale structures,

they have become a promising tool to overcome the therapeutic failures associated with



conventional therapeutic treatments***8, Figure 3 below represents the first generation of
nanotechnology-based drug delivery systems (DDSs) that were approved by the FDA for clinical
use and several drug nanocarriers, including antibiotic nanocarriers, are in different stages of
development*®-2, Furthermore, DDSs have been identified as a promising strategy to addresses
several problems associated with antibiotic therapy, including antibiotic resistance®. These
nanomaterials for antibiotic delivery offers several major advantages such as: i) targeting drug
delivery to a specific site of infection; ii) improving the delivery of poorly soluble drugs and
prevent serum instability issues; iii) improving transportation of the drug across tight epithelial
and endothelial barriers; iv) preventing non-specific binding of the drug to healthy cells; v)
releasing drugs at a sustained rate and controlled manner; vi) enabling uniform distribution in the
target tissue and vii) improving cellular internalization. These advantages restore and improve the
pharmacokinetic properties of the drug with reduced frequency of administration, toxicity and
related side effects, which may improve patient compliance®® 5% 5, A range of nanodelivery
systems including liposomes, solid lipid nanoparticles (SLNs), polymeric nanoparticles (PNPs),
dendrimers, nanoemulsions (NEs), lipid polymer hybrid nanoparticles (LPHNs) and micellar
systems are among the nanodelivery systems used for antibiotic delivery®®. Even though there has
been a great advancement in nanotechnology-based medicine, the application of nanoantibiotic
formulation is still a new concept as compared to cancer and cardiovascular diseases®®. Therefore,
this suggests a need to develop more novel nanoantibiotic delivery systems to explore their

potential in overcoming antibiotic resistance.
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Figure 3. Timeline of nanotechnology-based drug delivery®’.

Nanodrug delivery systems have shown promising results in preclinical studies (animal models)
through passive and receptor-mediated targeting, as well as enhanced permeability and retention
(EPR) effect. However, they suffer from non-specific bio-distribution and uncontrollable drug
release %% °°. To overcome these challenges, a significant progress has been made in developing
stimuli-responsive nanocarriers that respond to the intrinsic physicochemical and pathological
factors at the disease site to increase the specificity of drug delivery®®°. This could lower the
dosage frequency while maintaining the required drug dose in the targeted organs/tissues for a
much longer period at a very low toxicity range, thus improving therapeutic efficacy®®. The
common stimuli used for active targeting and drug release can be classified into physical (e.g.,
magnetic field, electric field, ultrasound, temperature, and osmotic pressure); chemical (e.g., pH,
ionic strength and glucose); and biological (enzymes and endogenous receptors)®: %2, Among these
stimuli-responsive nanodelivery systems reported for effective drug delivery, pH-responsive
nanosystems have been investigated for delivery of the drug at disease sites characterized by low

pH such as bacteria-infected tissue/organs.



Briefly, bacterially infected tissues are associated with lower pH conditions due to anaerobic
fermentation and subsequent inflammation; therefore, pH factor becomes the prime lead in
developing innovative approaches and alternative strategies to treat bacterial infections®®. The pH
variation that exists across the biological system (both cellular and systemic levels in the
pathological state) has been exploited for targeted drug delivery and triggered release in response
to subtle environmental changes associated with pathological conditions that are different from
physiological pH 7.4%. Therefore, designing pH-responsive nanosystems requires a good
understanding of the target site and the mechanism of release. In general, targeted drug delivery
using stimuli-responsive nanomaterials is achieved through long-term stability in blood circulation
as well as EPR, reduced premature drug release to the non-specific sites, as well as their ability to
accumulate and enhance drug release once at the target site in response to a specific stimuli®,
Additionally, there are two main mechanisms of targeted drug release in which pH-responsive
nanosystems adapt in response to change in pH. These are i) the use of biomaterials with ionizable
groups that undergo either or both conformational and solubility changes and ii) the use of
biomaterials with acid-labile bond/linkers that hydrolyze under acidic conditions to facilitate drug
release at the target site®® ®°. The figure below (Figure 4) summarizes strategic ways in which a

pH-responsive nanoparticle can be engineered to fit the required design®®.
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Figure 4. Approaches to design pH-responsive nanosystems. A) use of charge shifting polymers,
B) Acid-labile linkages or C) Crosslinkers that can either combine charge shifting polymers with
non-cleavable linkages to create swellable particles or acid-labile linkages, which lead to pH-

responsive disassembly®.

There is a range of biomaterials that have been incorporated in the formulation of nanodrug
delivery systems such as lipids, polymers, and metals®’. These biomaterials can be functionalized
to impart stimuli-responsive properties of the nanocarrier to maximize targeted delivery. Most
DDSs have been faced with the challenges associated with toxicity except for lipid-based drug
delivery systems (LBDDSs), which have been considered as the safer DDS®. The significant
benefits of LBDDSs include simplicity in modification for multiple applications, biocompatibility
and biodegradability. They also possess membrane-like properties that facilitate its application as
a nanocarrier for intracellular delivery®. LBDDSs have been studied and several lipid-based
carriers, including liposomes, nanoemulsions, solid lipid nanoparticles, micelles, core-shell-type
biomimetic vesicles, lipid-polymer hybrids, have been developed for mostly cancer therapy®"2,
Additionally, extensive progress has been made in the development of pH-responsive LBDDSs
for cancer therapy and have demonstrated promising results, but major progress is needed for
antibiotic delivery. Additionally, the application of nanomedicines for bacterial infections is still
a relatively new concept.*®. Therefore, to address the challenges associated with conventional
antibiotic dosage forms and the emergence of antibiotic-resistant bacteria, novel lipid-based
nanoantibiotic approaches are warranted. Therefore, in this study, we explored three novel
approaches, which employ the use of lipid materials to formulate lipid-based nanodelivery systems
with stimuli-responsive properties: i) pH-responsive liposomes derived from novel two chain fatty
acid-based lipids, ii) pH-responsive micelles from an oleic acid-lipid dendritic amphiphile and, iii)
pH-responsive lipid-polymer hybrid nanoparticles (LPHNPs) from a stearic acid-based lipid
amphiphile to efficiently deliver and enhance VCM activity against MRSA infections.

Liposomes are one of the first generations of LBDDSs that were FDA approved and
commercialized *®. They are phospholipid vesicles consisting of one or more lipid bilayers and
can effectively encapsulate and deliver both hydrophilic and hydrophobic bioactive materials*.

Since the discovery of liposomes, some changes have been made in their basic structure to facilitate



triggered release in response to environmental conditions and to enhance their in vivo liposome-
mediated drug delivery’’. For example, liposomes containing pH-sensitive lipid components are
designed specifically to control the release of the drug in response to acidic pH of the endosomal
system’®. More studies have been conducted to investigate the therapeutic efficacy of pH-
responsive liposomes and reports in the literature suggest that pH-responsive liposomes can target
and accumulate the anti-cancer drugs in tumours more efficiently than the conventional
liposomes™ "°. Even though more studies have confirmed the efficiency of pH-responsive
liposomes as the best candidate for the delivery of drugs to the disease site characterized by acidic
pH, very few studies have been reported on antibiotic delivery. pH-responsive liposomes for
delivery of antibiotics reported so far include gentamycin®, streptomycin® and VCM®?, amongst
others. Cationic, anionic and zwitterionic lipids are commonly used to formulate of pH-responsive
liposomes, which contribute towards the overall surface charge of liposomes®. However, cationic
and anionic lipids are still faced with challenges that limit their in vivo application. For example,
even though negatively charged, or neutral liposomes can avoid early opsonization, their cellular
internalization is affected because of the repulsive force between the liposome and negatively
charged cell membrane®* 8. On the other hand, cationic liposomes can maximize cellular
internalization through electrostatic interaction/binding with the negatively charged cell
membrane but also suffer from non-specific binding with serum proteins before reaching the site
of infection®. This makes zwitterionic lipids the best candidate to impart fusogenic and pH-
responsive properties, possessing positive attributes from both anionic and cationic lipids®.
Zwitterionic lipids can be differentially ionized to promote surface charge switching in response
to change in pH. For instance, at physiological pH, they remain neutral or negatively charged to
avoid early opsonization and non-specific binding; and under acidic conditions they induce surface
charge switching to positive, thus maximizing cellular internalization to enhance therapeutic
outcome®”®, Limited studies have been conducted exploring the potential applicability of
zwitterionic lipids in the formulation of pH-responsive liposome in the fight against disease
infections characterized by acidic pH, such as bacterial infections. Since gram-positive bacteria,
such MRSA, have negatively charged teichoic acids linked to thick peptidoglycan layers, using
surface charge switching lipids such as zwitterionic lipids in the formulation of liposomes can
facilitate electrostatic binding and enhance fusogenic properties of liposomes; which will further

enhance cellular uptake®. Therefore, designing fusogenic liposomal systems with pH-responsive
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properties can enhance targeting and remain to be explored for enhanced therapeutic outcomes in

several diseases associated with acidic conditions at the disease site such as infections and cancer.

The self-assemblies of dendritic amphiphiles have become an attractive strategy in developing a
new class of delivery systems, possessing positive attributes from both polymeric and small
molecular self-assemblies®. Dendritic amphiphiles are highly branched architectures with
multiple functional headgroups, which self-assemble into nanosystems that are highly stable
polymeric assemblies and display membrane properties like in small molecular assemblies®.
However, several reports have shown their lack of active targeting and active release of the drug
carrier in response to a specific stimulus for an improved pharmacokinetics and
pharmacodynamics for the drug with reduced undesired side effects®>. Among the endogenous
stimuli, pH has been widely used as a control parameter for targeted drug delivery and controlled
drug release because of the pH difference that exists between the healthy and disease sites®*. Given
the acidic conditions of the bacterially infected site, using pH-responsive dendritic amphiphiles
can lead to the development of a more stable, membrane penetrating nanosystem with controlled
drug release properties for efficient drug delivery. This can ensure sufficient eradication of
bacterial infection and reduced chances of antibiotic-resistance development. pH-responsive
dendritic polymeric micelles are the one of the well-studied hyperbranched and multifunctional
nanosystems for the efficient delivery of anticancer drugs®. To the best of to our knowledge, no
pH-responsive lipid-dendritic micelles for antibiotic delivery have been reported in the literature.
Therefore, this study highlights the need for the synthesis and delivery application of a lipid-based

dendritic amphiphile to explore their potential in targeted delivery.

Since the discovery of liposomes and polymer-based nanosystems, extensive progress has been
made in developing new and advance DDSs that address their challenges that limit their scope of
application in the fight against different disease types®. Lipid polymer hybrid nanoparticles have
emerged as one of the promising novel DDS, derived from both liposomes and polymeric based
nanoparticles to overcome their shortcomings®® °’. This novel DDS has shown to enhance cell
membrane permeability and long circulation time and display serum stability, differential targeting
and biocompatibility. Using fatty acid-based zwitterionic pH-responsive lipids in the formulation

of LPHNPs can facilitate their efficiency of targeted delivery at disease site characterized by acidic
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pH, such bacterial infection. Even though LPHNPs have accumulated so much interest as the new
generation of novel DDSs, they still remain under investigated®®. To the best of our knowledge
there is no report on fatty acid-based zwitterionic pH-responsive lipid for the development of
LPHNPs for targeted delivery of any drug type. This highlights the importance of developing pH-
responsive LPHNPs to enhance the therapeutic efficacy of antibiotics. Our group have reported
pH-responsive hybrid nanosystems for targeted of delivery of VCM against MRSA infections with
promising in vivo results® 1%, Therefore, using these pH-responsive nanosystems for VCM
delivery to treat MRSA infections can help address the therapeutic limitations associated with

traditional dosage forms of VCM.

Vancomycin is a tricyclic glycopeptide antibiotic, used to treat acute infections caused by gram-
positive bacteria, especially with the emergence of MRSA in hospitals!®t. Vancomycin mechanism
of action against gram-positive bacteria is through inhibiting cell wall synthesis in susceptible
organisms. However, the extensive use of VCM to treat MRSA infections has led to the
development of new MRSA isolates termed vancomycin-intermediate Staphylococcus aureus
(VISA) with reduced susceptibility to VCM2, The common occurrence of these resistant isolates
of MRSA, MSSA, and VISA, is the reduced potential ability of VCM to treat these infections,
which can lead to life-threatening conditions, such as sepsis'®1%®. In this regard, alternative
treatment approaches are warranted. Therefore, the proposed studies were aimed at enhancing the
antibacterial activity and performance of VCM against MRSA using nano-drug delivery systems
such as pH-responsive liposomes consisting of fatty acid-based lipids and pH-responsive micelles
derived from oleic acid-based dendritic lipid amphiphiles, respectively. Chapters two, three and
four highlight the strategies used in the development of new nanosystems to efficiently deliver
VCM against MRSA.

1.3 Problem statement

Among infectious diseases, the resistance of bacterial pathogens to common antimicrobial
therapies are increasing rapidly and it has been associated with high morbidity and mortality
globally. Several limitations such as drug exposure to healthy tissue, insufficient drug
concentration at infection/target sites due to low bioavailability, rapidly degradation and quick
elimination, high frequency of administration, severe adverse effects and poor patient compliance

have been encountered using conventional dosage forms. These limitations are the leading cause
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of poor therapeutic outcomes and subsequent development of antimicrobial resistance crisis
globally. Nano-drug delivery systems have become an attractive solution to overcome challenges
associated with traditional dosage forms. The identification and application of novel nano-based
approaches to enhance antibiotic therapy through targeting infection sites, can contribute to
enhancing patient therapy and disease treatments. The design and synthesis of unconventional lipid
materials for developing pH-responsive nano-formulations are essential to improve the
antibacterial effect of the currently available antibiotics. Additionally, nano-drug delivery systems
that are specifically responsive to unique conditions at disease sites are a current trend in

nanotechnology aimed at enhancing drug therapy.

1.4 Aims and objectives of this study

The broad aim of this study was to design and synthesize fatty acid-based pH-responsive lipids
and explore their potential for the preparation of pH-responsive nano-based drug delivery systems
to treat infectious diseases caused by S. aureus and MRSA infections. The specific aims and

objectives of this study are highlighted below.
Aim 1

The aim of the study was to synthesize four novel pH-sensitive two chain fatty acid-based lipid
derivatives (stearic, oleic, linoleic and linolenic acid derivatives) and explore their potential in the
formulation of pH-responsive liposomes for the targeted delivery of VCM against S. aureus and

MRSA. To achieve this aim, the objectives of the study were to:

1. Use asix-step synthetic scheme to synthesize four novel pH-sensitive two chain fatty acid-
based lipid derivatives (stearic, oleic, linoleic and linolenic acid derivatives):
a. Di -Stearoyl Amino Propionic acid tert-butyl Ester (DSAPE)
b. Di - Oleoyl Amino Propionic acid tert-butyl Ester (DOAPE)
c. Di- Linoleoyl Amino Propionic acid tert-butyl Ester (DLAPE)
d. Di- LinoLenoyl Amino Propionic acid tert-butyl Ester (DLLAPE)
2. Characterize the lipid derivatives using structural elucidation techniques such as FT-IR, H
NMR and *C NMR and HRMS.
3. Determine the in vitro cytotoxicity of the synthesized lipid derivatives to confirm its bio-

safety profile.
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4. Formulate VCM-loaded liposomes from lipids with pH-responsive properties and evaluate
them in terms of size, PDI, ZP, morphology, entrapment efficiency, in vitro drug release,

bacterial cell viability using flow cytometry, in vitro and in vivo antibacterial activity.
Aim 2

The aim of the study was to synthesis a novel oleic acid-derived lipid dendritic amphiphile (OLA-
sodium propionate dendritic amphiphile (OLA-SPDA)) and explored its potential in the
formulation of pH-responsive micelles for the targeted delivery of VCM against S. aureus and

MRSA. To achieve this aim, the objectives of the study were to:

1. Use a seven-step synthetic scheme to synthesize a novel oleic acid-derived lipid dendritic
amphiphile (OLA-sodium propionate dendritic amphiphile (OLA-SPDA)).

2. Characterize the lipid derivatives using structural elucidation techniques such as FT-IR, *H
NMR and 3C NMR and HRMS.

3. Determine the in vitro cytotoxicity of the synthesized lipid derivatives to confirm its bio-
safety profile.

4. Formulate VCM-loaded micelles with pH-responsive properties and evaluate them in terms
of critical micelle concentration (CMC), size, PDI, ZP, morphology, entrapment efficiency,
in vitro drug release, bacterial cell viability using flow cytometry, in vitro and in vivo

antibacterial activity.
Aim 3

The aim of the study was to synthesize a novel fatty acid-based bi-tailed zwitterionic lipid
conjugated to dimethylglycine head groups (DMGSAD-lipid) and explore its potential in the
formulation of pH-responsive LPHNPs for the targeted delivery of VCM against S. aureus and

MRSA. To achieve this aim, the objectives of the study were to:

1. Use an eleven-step synthetic scheme to synthesize a novel fatty acid-based bi-tailed
zwitterionic DMGSAD-lipid.

2. Characterize the DMGSAD-lipid using structural elucidation techniques such as FT-IR, H
NMR and *C NMR and HRMS.
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3.

Determine the in vitro cytotoxicity of the synthesized lipid derivative to confirm its bio-
safety profile.

Formulate VCM-loaded LPHNPs with pH-responsive properties and evaluate them in
terms of size, PDI, ZP, morphology, entrapment efficiency, in vitro drug release, bacterial

cell viability using flow cytometry, in vitro and in vivo antibacterial activity.

1.5 The novelty of the study

The novelty of the research work presented in the two experimental chapters is as follows,

Aim 1

The research work performed in this study is novel for the following reasons:

Aim 2

This study reports the synthesis and characterization of bi-tailed fatty acid-based pH-
responsive zwitterionic lipids, which have not been reported in the literature previously.
This study reports the use of bi-tailed fatty acid-based pH-responsive zwitterionic lipids to
formulate liposomes, which have not been reported previously for intracellular delivery of
any class of drugs.

This work reports for the first time the surface charge switching liposomes comprising of
novel bi-tailed fatty acid-based pH-responsive zwitterionic lipids for targeted delivery of
VCM against S. aureus and MRSA.

This study reports the design and synthesis of a novel oleic acid-derived lipid dendritic
amphiphile (OLA-sodium propionate dendritic amphiphile (OLA-SPDA)), which has not
been reported in the literature before.

OLA-SPDA has not been reported in the literature for any application, including its use as
a nano-based delivery system for any class of drugs.

The study is the first to investigate the antibacterial potential of OLA-SPDA as an antibiotic
delivery vehicle against S. aureus and MRSA.

Whilst polymeric-based dendritic amphiphiles have been reported to deliver anti-cancer
agents only, this is the first study that reports the encapsulation and delivery of an antibiotic
(VCM) via self-assembly of lipid-based dendritic amphiphile.
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Aim 3

e This study reports the synthesis and characterization of fatty acid-based bi-tailed pH-
responsive zwitterionic DMGSAD-lipid, which has not been reported in the literature
before.

e This study reports the use of novel fatty acid-based bi-tailed pH-responsive zwitterionic
DMGSAD-lipid to formulate LPHNPs, which have not been reported before for
intracellular delivery of any class of drug.

e This work report for the first time the surface charge switching LPHNPs comprising of
novel fatty acid-based bi-tailed pH-responsive zwitterionic DMGSAD-lipid for targeted
delivery of VCM against S. aureus and MRSA.

1.6 The significance of the study

The novel approach adopted in this study using the nano-based delivery system to enhance
antibiotic efficacy can contribute to overcoming the current challenge of antibiotic resistance and
avoid limitations associated with their conventional dosage forms. The significance of this study

is highlighted below:

New pharmaceutical products: The proposed VCM-loaded pH-responsive liposomes and VCM-
loaded pH-responsive micelles are new pharmaceutical products that have not been yet reported,
which has the potential to stimulate the local pharmaceutical industries to manufacture cost-

effective, superior medicines.

Improved patient therapy and disease treatment: The proposed formulations can improve patient
therapy and treatment of various diseases associated with bacterial infections by enhancing
antibacterial performance, minimizing doses, lowering side effects and improving patient
compliance. It can, therefore, contribute to enhancing the quality of lives of patients and saving

lives.

Creation of new knowledge to the scientific community: These proposed studies can lead to new
knowledge being generated in pharmaceutical sciences. It can include the following:

e  Synthesis schemes for new materials, preparation procedures for the novel drug delivery
systems and their properties in vitro and in vivo can contribute to the creation of new

scientific knowledge.
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e  The extensive in vivo testing of these novel systems can provide knowledge for in vitro in

vivo correlations.

Stimulation of new research: The proposed pH-responsive VCM-loaded liposomes, micelles and
LPHNPs systems hold great potential as nano-delivery systems in enhancing the antibacterial
activity of VCM against MSSA and MRSA infections. It can stimulate further studies on their

clinical evaluation, the potential for other applications and the design of new materials.

1.7 Overview of dissertation

The research work performed is presented in this thesis in a publication format, according to the
guidelines of the University of Kwa-Zulu Natal, College of Health Sciences. It specifies the
inclusion of a brief introductory chapter, published papers, and a final chapter on the conclusions.
A PhD study requires at least three first-authored papers, two of which must be experimental.

CHAPTER 2: EXPERIMENTAL PAPER ONE: This chapter addresses Aim 1, Objectives 1 -
4 and is a first-authored experimental article published in an ISI International Journal: Journal of
Drug Targeting (Impact Factor = 3.277). This article highlights the synthesis of novel two-tail fatty
acid-based lipid derivatives and explores their potential in the formulation of pH-responsive
liposomes. Also, the in vitro toxicity evaluation, formulation of the ultra-small vesicles (VCM-
liposome) to deliver VCM, characterization of its physical properties and in vitro and in vivo
antibacterial properties were also highlighted.

CHAPTER 3: EXPERIMENTAL PAPER 2: This chapter addresses Aim 2, Objectives 1 - 4
and is a first-authored experimental article published in the ISI international journal: Journal of
Pharmaceutical Sciences (Impact Factor 3.197). This article highlights the synthesis of a novel
OLA-SPDA lipid dendritic amphiphile. It also highlights the in vitro toxicity evaluation, hemolytic
study, formulation of the pH-responsive micelles (VM-OLA-SPDA-micelles) for targeted delivery
of VCM, characterization of its physical and antibacterial properties both in vitro and in vivo

activity.

CHAPTER 4: EXPERIMENTAL PAPER 3: This chapter addresses Aim 3, Objectives 1-3 and
is a first-authored experimental article in preparation for submission. This article highlights the
synthesis of a novel fatty acid-based bi-tailed pH-responsive zwitterionic DMGSAD-lipid, the in
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vitro toxicity evaluation, formulation development of LPHNPSs, characterization of its physical

properties, in vitro and in vivo antibacterial properties.

CHAPTER 5. CO-AUTHORED PAPER: In addition to the first authored experimental papers
in Chapters 2, 3 and 4 focusing on aims 1, 2 and 3, | have also been involved in other papers within
our group as a Ph.D. student. As these papers also focused on the broad aim of this PhD project to
improve the treatment of bacterial infections, these papers have been included in the thesis. This
chapter, therefore, includes one published experimental paper and one communicated review
article in an ISI International Journals: Colloids and Surfaces B: Biointerfaces (Impact Factor =
4.389) and WIREs Nanomedicine & Nanobiotechnology (Impact Factor = 7.689).

CHAPTER 6: CONCLUSION: This chapter includes the overall conclusions from research
findings in the study which, provides information on the potential significance of the findings and
makes recommendations for future research work in the field of strategic solutions to combat

bacterial resistance of antibiotics.
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