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ABSTRACT

Tuberculosis (TB) is reported as one of the leading causes of morbidity and mortality globally, accounting for
about 10 million new cases and 1.5 million deaths annually with the poorest and socially excluded groups
bearing the largest burden of the disease. The conventional treatment approach for susceptible cases
involves a daily oral dose of four first-line drugs, such as rifampicin, isoniazid, pyrazinamide and ethambutol
(RIPE), which are scheduled into an initial intensive phase of two months with RIPE regimen and a
continuous phase of four months with rifampicin/isoniazid regimen. Currently, the treatment of tuberculosis
still remains a global challenge due to inconsistent drug bioavailability, dose-related side effects, systemic
drug toxicity and poor patient compliance, which could be attributed to poor delivery of conventional anti-TB
therapeutics. Therefore, the issue of drug resistance, non-targeted delivery, sub-optimal dosage at disease
sites and side effects on healthy cells have rendered conventional treatment approach inefficient and
ineffective in combating the disease even after combination chemotherapy. This research aimed to address
the shortfalls associated with oral delivery of anti-TB therapeutics by employing nanotechnological approach
to design a novel nano-enabled surface-functionalized drug delivery system (DDS) that will specifically target
the infection site of Mycobacterium tuberculosis (Mtb) following oral administration. Alveolar macrophages,
the reservoir for Mtb, displays special surface receptors, such as mannosyl, galactosyl, and lectin, which can
be explored in the design of a smart and intelligent nanodelivery system to improve the preferential
accumulation of anti-TB drugs within the alveolar macrophages, thereby reducing systemic side-effects and
enhancing therapeutic activity. Based on this concept, we have designed, optimized and characterized a
smart ligand-functionalized nano-construct — referred to herein as a ‘mannosylated hybrid
lipopolysaccharide-based (MHLP) nanosystem’ — with encapsulated rifampicin and isoniazid for targeted and
controlled delivery to Mtb infection site following oral administration.

The physicochemical parameters that characterized the design of a smart nano-construct in TB therapeutics
including satisfactory size, shape and surface properties, good gastrointestinal permeability, cellular uptake
and internalization by RAW 264.7 macrophages, as well as low cellular toxicity to healthy cells informed the
fabrication of the MHLP nanosystem. In this study, an optimized CT-SL nano-conjugate was developed and
surface-functionalized with mannose as targeting moiety. Fourier Transform Infrared (FTIR) spectroscopy,
Differential Scanning Calorimetry (DSC), Thermogravimetric analysis (TGA) and Phenol-Sulphuric acid
assay confirmed the successful grafting and functionalization of the nano-conjugates while Dynamic Light
Scattering (DLS) analyses confirmed the synthesis of MHLP nanoparticles with an average size less than
300 nm and surface charge of +20 to +30 mV. Scanning Electron Microscopy (SEM) results confirmed the
morphology of the MHLP nanosystem to be spherical with uneven surfaces and a spongy appearance due
to the attachments of the functionalized moiety. Optical scattering analysis confirmed the stability profile of
the nanosystem in suspension while the in vitro dissolution study showed a sustained release of rifampicin
and isoniazid at the simulated physiological pH, indicating a positive influence of lipopolysaccharide
architecture on drug release kinetics. Additionally, ex vivo permeability studies demonstrated a 2-fold
increase in gastrointestinal rifampicin permeability within 8-hour study period in comparison with the free drug
solution. Interestingly, MHLP nanoparticle uptake and intracellular drug accumulation studies showed an
enhanced rifampicin/isoniazid delivery to RAW 264.7 macrophages when compared with the unmodified
nanosystem and the free drug solution. Cytotoxicity assay demonstrated a good biocompatibility with greater
than 80% cell viability achieved at nanoparticle concentrations 120 pg/mL during 24-hour treatment time.

Overall, detailed in vitro and ex vivo experimental results validated the fabricated MHLP nanopatrticulate
systems as efficient cargo system for rifampicin and isoniazid delivery to alveolar macrophages for enhanced
anti-TB therapeutics. While rifampicin and isoniazid were selected as the model drugs in this study due to
their established anti-mycobacterial activities and limitations, the novel MHLP nanosystem can also be
employed to incorporate other anti-TB chemotherapeutics for enhanced on-site delivery of the bioactives.
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CHAPTER 1
INTRODUCTION

1.1. Tuberculosis: Causative organism and pathology

Tuberculosis (TB) is an infectious disease caused by the mycobacterium species in the
Mycobacterium tuberculosis (Mtb) complex. Whilst Mtb is identified as the causative organism
for the majority of cases, other species have been implicated as well, including Mycobacterium
bovis, Mycobacterium microti, Mycobacterium africanum, and Mycobacterium canettii
(Nachiappan et al., 2017). Airborne Mtb are spread by droplets (1-5 ym in diameter) which
are usually expelled into the air when a person with active TB coughs, speaks, sings, or
sheezes (Nachiappan et al., 2017). It is worthy to note that not all persons exposed to Mtb get
infected. The chances of getting infected depends on several factors such as virulent nature
of the tuberculosis source, the environment and exposure period, and the strength of the
immune system (Nachiappan et al., 2017). Following inhalation of the airborne droplets, the
Mtb is deposited in the terminal airspaces of the lungs, where it infects the alveolar
macrophages. In ~5% of infected individuals, the immune response is not strong enough to
adequately eliminate the initial infection, hence, the disease progresses to active TB within
the first one to two years (Leung, 1999). This is known as primary TB. Also, there are other
group of individuals (~5%) in which their immune system is strong enough to control the initial
infection, however, some viable Mtb remain dormant and reactivate at a later time (Leung,
1999). These kind of cases are referred to as post-primary or reactivation tuberculosis.
Majority of Mtb infected individuals (~90%) present as asymptomatic, harbouring the infection
at subclinical level, which is referred to as latent tuberculosis infection. These individual are
the major reservoir of Mth, but they are not contagious. In this case, the activities of the host
immune system suppress the mycobacteria and prevent it from multiplication and spread
(Nachiappan et al., 2017) . The nature of immune response to Mtb infection has become an
important determinant of the clinical presentations of TB, especially in immunocompromised

patients.

The pathological manifestation of Mtb impacts the normal physiological performance of the
lungs in regards to respiration. The lung is the most commonly affected organ in TB infection,
with about 79% - 87% lung involvement in an individuals with active cases (Farer, Lowell and
Meador, 1979; Lyon and Rossman, 2017). While the main pulmonary focus is generally sub-
pleural, the disease could spread into the pleural space resulting to the development of a
tuberculous pleurisy with effusion. This usually leads to the classic but nonspecific symptoms

of pleurisy. Local spread to the hilar lymph nodes and other areas of the body has also been



reported, with the later giving rise to extra-pulmonary foci which are responsible for the major
clinical manifestations of TB. These spreads can be seen on radiographic images as enlarged
lymph nodes or calcification of both the lymph nodes and the parenchymal lesion typically
referred to as the classic Ghon’s complex. Pulmonary involvement in immunocompetent
individual is estimated to be comparable to that of immunocompromised individual, e.g. in
cases of human immunodeficiency virus (HIV) coinfection (Lyon and Rossman, 2017).
However, immunocompromised individuals are prone to more extra-pulmonary disease
(Shafer and Edlin, 1996). Typically, the host response to Mtb infection is characterized as
granulomatous inflammation, in which the cells of the mononuclear phagocyte system and the
chiefly activated macrophages and their cellular derivatives aggregate in a compact collection
of cells (Adams, 1976; Warren, 1982; Williams and Williams, 1983). The immune response is
meant to eliminate the invaded pathogen, Mtb. However, there is a rising evidence that
suggests that Mtb concurrently adapts to the changing microenvironment of the host immune
system (Basaraba and Hunter, 2017). This adaptation gives rise to a non-replicating, drug-
tolerant bacilli, which persistently manipulate the host’'s immunity with the development of a
progressive pulmonary/ extra-pulmonary inflammation, as well as multiple organ failure,
leading to death (Basaraba and Hunter, 2017). In addition, the granulomas can cause the
development of abnormal cell death (necrosis) in the centre of tubercles, appearing to the bare
eyes as a soft, white, cheese-like mass called caseous necrosis (Grosset, 2003). It has been
suggested that the tissue damage associated with mycobacterial adaptation is a result of a
progressive responses to accumulated mycobacterial antigens, suggesting that disease
progression may not exclusively depends on bacterial numbers even in the late stages of
disease (Basaraba and Hunter, 2017). Hence, the understanding that Mtb can produce
disease without necessarily increasing bacterial load could be a major advancement in anti-

TB therapeutics and disease managing strategies.

1.2. Background of the study

TB has been a major public health challenge despite all efforts made to improve its treatment
and management. It has been reported to cause a high death rate, particularly in
immunocompromised systems like in HIV-infected patients (Costa et al., 2016). TB disease
has widely spread throughout Africa, Asia and South America, presenting enormous stress on
public health with significant economic impact. However, its presence in Europe and North
America is minimal (WHO, 2018). The causative organism, Mycobacterium tuberculosis (Mtb),
is a small rod-shaped bacillus affecting majorly the lungs (pulmonary TB), but other parts of
the body can also be affected (extrapulmonary TB) (Rappuoli and Aderem, 2011; Sia and
Wieland, 2011). Adequate mycobacterial clearance from an infected human requires early

initiation of efficient anti-TB agent. The conventional anti-TB regimen involves the use of



rifampicin, isoniazid, pyrazinamide and ethambutol (RIPE) (Costa et al., 2016). In South Africa,
the standard treatment regimen for a new and previously treated TB for adults and children
greater than 8 years includes an intensive phase and a continuation phase. The intensive
phase runs for a period of two months, while the continuation phase runs for four months.
During this period, patients take a combination therapy at a varying dose based on their body

weights as illustrated in table 1 below (TB-Guidelines, 2017).

Table 1.1. Standard treatment regimen for new and previously treated TB for adult and
children greater than 8 years (TB-Guidelines, 2017).

Body weight Intensive Phase Continuation Phase (Daily dose
before treatment _ for four months)
(Daily dose for two
months)
RIPE (150/75/400/275) RI (150/75) RI (300/150)
per tablet per tablet per tablet

30-37 kg 2 Tablets 2 Tablets -
38-54 kg 3 Tablets 3 Tablets -
55-70 kg 4 Tablets - 2 Tablets
>70 kg 5 Tablets - 2 Tablets

However, the need for a long treatment schedules (about 6 months) usually comes with
serious adverse effects, leading to poor adherence to therapy. In addition, the pill burden
further discourages the patient from complying with treatment (Pinheiro and Reis, 2011). This
obviously contributes to the emergence of multidrug resistant strains and treatment’s
inefficacy (Vieira et al., 2018). The rise in the incidence of resistance to drug therapy is an
issue of public health concern, as it causes a relapse and disease propagation. Multidrug
resistant TB (MDR-TB) and extensively drug resistant TB (XDR-TB) necessitate the use of
second-line anti-tubercular drugs (ATDs), which are hard to purchase and are much more
toxic and costly than the first-line ATDs (du Toit et al., 2006). Consequently, effective delivery
technologies are required in order to remedy these therapeutic drawbacks. Improving drug
delivery strategies for the existing drugs may be useful in reducing the length of TB
chemotherapy, avoiding resistance and improving patient compliance to treatment (Vieira et
al., 2018).

Whilst the development of new ATDs is a reasonable advancement in the fight against TB,
improving the efficacy of existing drugs can be seen as a faster approach. In this regard, the

need to improve the therapeutic index of existing ATDs, majorly by encapsulating them into



nanodelivery systems (NDSs), should be well thought out (Pradhan, 2011). This basically aims
at increasing the amount of drugs that reach the infected sites and minimizing toxic effects
(Pradhan, 2011). The exceptional physicochemical properties of these delivery systems, such
as small and suitable size, controlled release ability, excellent surface area to mass ratio and
high reactivity with structure, have given a lead in optimizing anti-TB therapeutics. The
usefulness of these properties is very important, as it eliminates the need for frequent drug
administration, provide doses reduction, help the patient to adequately comply to therapy and
by extension improves therapeutic outcome (Mustafa et al., 2015). An anti-TB dosage form
that can be orally administered once weekly would be ideal for patient compliance (Flynn,
1982). In addition, the advantage of escaping the degradation and absorption problem

encountered with conventional oral formulation is maintained (Mohammed et al., 2017).

Most importantly in anti-TB therapeutics is alveolar macrophage (AM) targeting, as these cells
represent the key reservoir for Mtb. The discovery of surface receptors like mannosyl, lectin,
and galactosyl on the surface of macrophage cells has revolutionized anti-TB therapeutics,
where nanostructures carrying anti-TB drugs can be functionalized with specific ligands to
target these receptors, thus enhancing particulate internalization (Kaur et al., 2008; Saraogi
et al., 2011). The macrophage cells can recognize and phagocytize particulate carriers with
the help of these surface receptors and consequently enhancing the intracellular drug delivery
and therapeutic efficacy. Several studies have surface functionalized nanoparticles (NPs) with
mannose aimed at targeting the AMs. Nimje and co-workers, 2009 coated solid lipid NPs
bearing Rifabutin with mannose (Nimje et al., 2009), Kumar and co-workers, 2006
mannosylated 5G EDA-PPI dendrimers to deliver rifampicin (Kumar et al., 2006), Saraogi and
co-workers, 2010 mannosylated gelatin NPs bearing isoniazid (Saraogi et al., 2011) and Jain
and co-workers, 2008 fabricated similar system to deliver Didanosine for anti-HIV therapeutics
(Jain et al., 2008).

This study investigated a mannose-functionalized Lipopolysaccharide (LPPS) nanosystem as
an excellent strategy for simultaneous oral delivery of rifampicin (RFP) and isoniazid (ISN).
The nano-architect combines the advantages of biodegradable polysaccharide (for example
structure integrity and physical stability) and biodegradable lipid (such as high drug loading
capacity and sustained release ability). In addition, they offer the advantages of higher degree
of biocompatibility, versatility, safety and efficacy (Patidar et al., 2010). The choice of oral route
stems from the ease of drug administration and higher compliance tendency usually
associated with oral drug delivery. Moreover, this route of drug administration is widely

accepted, and it requires neither specialized training nor administration device.



1.3. Rationale for this study

There are several questions arising from the clinical management of TB. Victims of this deadly
and ‘hard to eradicate’ bacteria (Mtb) suffer severely because of the problem of ineffective
chemotherapy available to them (Sosnik et al., 2010; Matthys et al., 2009). The current TB
therapeutics is challenged with the problem of drug degradation before reaching the target
site, low drug concentrations at the infection site, primary drug resistance or the poor cell drug
penetration (Cardona et al., 2006). The long (about 6-9 months) and compulsory treatment
schedule of ATDs usually gives rise to serious toxic effects (especially the second-lines ATDSs),
and it predisposes to poor patient compliance (Pinheiro and Reis, 2011) . This is one of the
reasons why there is a wide spread of resistant strains of Mtb. Furthermore, there are several
factors, such as low drug solubility, premature degradation before reaching the target sites,
intestinal malabsorption, and drug-drug interaction, which predispose current TB drugs to poor
bioavailability (Sosnik et al., 2010). Hence, current medicine fails to effectively focus the
treatments and instead overflows the entire body with poisonous chemicals and consequently
toxic results (Pradhan, 2011). These challenges necessitate appropriate actions to develop a

delivery system that could optimize anti-TB therapeutics.

Considering the therapeutic viewpoint, existing anti-TB chemotherapeutic agents have
demonstrated acceptable anti-mycobacterial activity against various susceptible strains of
Mtb. However, non-targeted delivery and the associated toxicity alongside poor oral
bioavailability contributed to failure in the fight against TB. The design of a delivery system
with the capacity to shield the encapsulated drug(s) from gastrointestinal degradation, deliver
the payload to a target cell and minimise systemic toxicity could significantly improve the
clinical outcome of TB management. Active targeting of AMs (reservoir for Mth) presents
several-folds of advantages. Targeting the AMs could increase the intracellular deposition of
ATDs at infection site by favourably altering biodistribution of the drug after oral administration,
while minimizing toxicity to healthy tissue. Hence, the anti-mycobacterial efficacy could
significantly improve whilst the unwanted side effects associated with conventional therapy
substantially reduce. Furthermore, this strategy may help lessen the challenges of drug-drug
interactions in cases of concurrent treatment of co-morbidities due to site-specific drug

delivery.

The rising cost of conventional anti-TB drugs, particularly the second line regimen, and the
increasing incidence of TB in some countries undoubtedly impact on the healthcare system,
which is unaffordable for developing countries. Improved drug efficacy will significantly
decrease the amount of anti-TB drug needed to eradicate Mtb, hence permitting a reduction

in cost. Additionally, an effective targeted carrier system designed to deliver the payload in a



sustained release kinetics allow for reduction in dose frequency and duration of therapy, which

will minimize pill burden and improve patient compliance.

Thus, the current study designed, optimized and characterized a mannosylated hybrid
lipopolysaccharide based (MHLP) nanosystem capable of encapsulating, targeting and
controlling the simultaneous release of rifampicin (RFP) and isoniazid (ISN). Figure 1.1
depicted the synthetic mechanism encompassing the nanoformulation, which incorporated low
molecular weight Chitosan (CT) and Soybean Lecithin (SL) into the lipopolysaccharide

backbone.
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Figure 1.1. Schematic showing the synthetic mechanism involved in the fabrication of hybrid
CT-SL RFP-ISN-loaded nanoparticles. The solvent injection technique encourages
polyelectrolyte complexation between CT and SL, which drives the formation of the hybrid
lipopolysaccharide nanostructure. RFP: rifampicin. ISN: isoniazid.

1.4. Aim and objectives

To overcome the challenges associated with conventional anti-TB therapeutics, this work aims
to fabricate a surface functionalized hybrid lipopolysaccharide based NDSs, having application
as a controlled release and site-specific delivery system with the goal of improving the
therapeutic efficacy of the bioactive. To achieve this design strategy, the following objectives

were identified:



a) To synthesize a hybrid lipopolysaccharide (CT-SL) nanoparticles with polyelectrolyte
complex architect for improved structural integrity and drug-loading efficiency.

b) To prepare hybrid CT-SL RFP-ISN-loaded nanopatrticles for enhanced drug delivery.

¢) To conjugate CT-SL RFP-ISN-loaded nanoparticles with mannose to facilitate active
targeting.

d) To determine the degree of functionalization of the mannosylated CT-SL NPs.

e) To analyze the chemical and functional transformations of CT, SL, RFP-ISN-free
mannosylated CT-SL hybrid and RFP-ISN-loaded mannosylated CT-SL hybrid.

f) To describe the physicochemical and morphological characteristics, such as, particle
size, zeta potential, structural morphology, thermal transition, drug loading capacity,
polydispersity index, thermal decomposition, encapsulation efficiency and elastic
properties of the NPs.

g) To investigate the release of RFP-ISN from the NDSs.

h) To determine the biocompatibility as well as cellular uptake of RFP-ISN-loaded
mannosylated CT-SL NPs using RAW 264.7 macrophages.

1.5. Novelty of this study
The two strategies underlisted presented the novelty of this project.

1. The design and characterization of CT-SL nano-constructs with a polyelectrolyte
complex structure for the oral delivery of anti-TB therapeutics.

2. The synthesis of a mannose-functionalized CT-SL nanosystem encapsulated with RFP
and ISN for smart targeting of the alveolar macrophages, the reservoir for Mtb.

1.6. Overview of the dissertation

The dissertation is sectioned into interwoven chapters that offers a logical and holistic
understanding of the design strategies, as well as the characterization technique applied in
the formulation of lipopolysaccharide-based nanosystem for anti-TB therapeutics.

Chapter 1 of this dissertation presented a concise introduction into tuberculosis as an
infectious disease outlining the global burden and standard treatment guidelines of the
disease, with particular focus on Africa as one of the highly affected continents in the world.
Furthermore, this chapter highlighted the study rationale by detailing the numerous drawbacks
associated with the current conventional anti-TB therapeutics. In addition, the chapter
provided a detailed description of the proposed lipopolysaccharide nano-enabled drug delivery
system that can potentially be used to overcome the alarming therapeutic challenges of TB
treatment. A schematic illustration of the synthetic mechanism employed in the

nanoformulation was also provided to better demonstrate the reaction mechanism associated



with the nanosystem fabrication. The novelty of this study as well as the aims and objectives

were presented herein.

Chapter 2 discussed the transport mechanisms driving the movement of molecules across
the gastrointestinal tract and also the various barriers, such as physiological, biochemical and
physicochemical barricades, associated with oral delivery of molecule or bioactives. More
also, it provided an insight into the unique properties of lipopolysaccharide NDSs that could
enable the system to bypass the harsh gastrointestinal environment during oral administration.
This chapter further reviewed numerous current lipopolysaccharide nanotechnological
strategies reported to show significant efficacy in the oral delivery of several bioactive towards

various disease management.

Chapter 3 delineated the stepwise approach adopted in the nanofabrication of RFP-loaded
CT-SL nanoparticles investigating the polyelectrolyte complex (PEC) structure inherent in the
nanostructure and its impact on the delivery of RFP. It further explored the influence of CT-SL
ratio on the physicochemical properties as well as the drug-loading and entrapment efficiency
of various nanoformulations. In addition, the various conventional techniques employed to
validate the successful complexation of the polycation (from CT) and polyanion (from SL) were
also presented herein. Finally, the mucoadhesive properties, in vitro drug release profile, and
gastrointestinal permeability of the nanoformulations were described giving more insight into

the optimal formulation parameters with respect to the desired measured responses.

Chapter 4 highlighted the influence of surface-functionalization, via mannosylation, of the
synthesized CT-SL nanoparticles on cellular uptake and intracellular drug accumulation.
Nanoparticle internalization and intracellular RFP-ISN concentration assays were undertaken
guantitatively and qualitatively to validate the efficacy of the synthesized nanosystem as
regards targeted delivery of the experimental drugs. This chapter revealed that RAW 264.7
macrophage cells are better targeted by mannose-functionalized nanoparticles when
compared with unmannosylated and the free drug solution counterpart. The accumulation of
intracellular RFP and ISN was higher in the mannose-functionalized experimental formulation
in comparison with the unmannosylated and the free drug solution. Ex vivo cytocompatibility
study revealed a ‘cyto-friendly’ nanosystem demonstrating acceptable safety profile ideal for
NDSs.

Chapter 5 presented the summary of the overall findings from this research work and
appropriate recommendations as regards further exploration into the utilization of the

lipopolysaccharide-based nanosystem in anti-TB therapeutics.



1.7. Conclusion

The management of TB has become a nightmare to clinicians due to several drawbacks
associated with anti-TB therapeutics, such as poor oral bioavailability, dose-associated side
effects, toxicity and the issue of patient compliance. Anti-TB drugs are themselves very active
as regards anti-mycobacterial action, however, the clinical benefit of these chemotherapeutic
agents is hindered due to poor drug delivery to the diseased site. As a result, these chemicals
are taken at high doses to achieve therapeutic plasma concentration, thus flooding the system
with toxic chemicals. Nanotechnological approach has proven to be a better alternative drug
delivery strategy to remedy the challenges of anti-TB therapeutics. The design of a smart and
intelligent mannose-functionalized lipopolysaccharide nanosystem that can enable direct and
specific targeting of the alveolar macrophages, where Mtb reside, to deliver the anti-TB drugs
will be a gold standard for enhanced treatment TB.
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CHAPTER 2

LIPOPOLYSACCHARIDE NANOTECHNOLOGICAL STRATEGIES FOR
EFFICIENT ORAL DRUG DELIVERY

2.1. Introduction

Delivery of active pharmaceutical ingredients through the oral route is a widely accepted and
most preferred because of high patient compliance rate, convenience, cost-effectiveness,
ease of formulation and administration. In addition, oral formulations are now designed to
facilitate the gradual release of its bioactive over a prolonged duration, thereby permitting
spaced dosing while still maintaining optimal therapeutic plasma or target tissue
concentration. The gastrointestinal (Gl) epithelium of humans interestingly provides a wide
absorptive surface braced with finger-like protrusions (villi) that further broaden the total
surface area available for absorption (Vertzoni et al., 2019). Greater than seventy percent of
all medications are orally administered either as solid drug formulations (that is tablet and
capsule) or liquid drug formulations (that is suspensions and solutions) (Reinholz, Landfester
and Mailander, 2018). However, orally given medicines, in comparison with those
administered parenterally are not readily available in the plasma to produce their desired
therapeutic effects. Usually, they ‘journey’ via the Gl tract, through which they get absorbed
before reaching the systemic circulation. Due to this, oral drug delivery predisposes to delayed
onset of action in comparison with parenteral delivery, and in a worst case scenario, the
bioactive may not even get into the blood (Berardi and Bisharat, 2014). Orally ingested
medications encounter several challenges before they could make it down to the systemic
circulation. The drug must survive the harsh acidic environment in the stomach after ingestion.
In addition, protein drugs must escape the effect of the digestive enzymes such as, proteases,
pepsin and cathepsin. Furthermore, a drug that makes it through the stomach into the small
intestine is faced with additional enzymatic degradation from the action of sucrases, lactases
and maltases that digest oligosaccharides and disaccharides to simple sugars (i.e. glucose,
galactose, mannose, and fructose). In addition, lipids and peptides are cleaved by pancreatic
lipases and proteolytic enzymes (i.e. chymotrypsin, trypsin, aminopeptidase, dipeptidase and
carboxypeptidase). Finally, after successfully overcoming these major obstacles, the drug
must be absorbed mainly through the small intestinal enterocyte and overcome the intestinal
efflux pump to access the systemic circulation. Currently, several biopharmaceuticals have
failed to achieve adequate absorption into the bloodstream, with subsequent poor
bioavailability as a result of these and other challenges (Mei et al., 2013; Reinholz, Landfester
and Mailander, 2018).
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Efforts to prevent drug degradation and improve the rate of intestinal absorption with the aim
of enhancing oral bioavailability of drugs have been steered from formulation science ranging
from the enteric coating to the more advanced nano-based formulation (Mei et al., 2013;
Mohammadzadeh and Javadzadeh, 2018). The enteric coating is made up of polymeric layer
that demonstrates some level of stability at low pH values with consequent shielding of the
bioactive from dissolving in the stomach, but then disintegrates at the alkaline pH of the small
intestine to release its contents into the intestinal fluid. However, such enteric coating alone
still doesn’t give expected solution to the challenges of poor bioavailability of oral drug delivery
especially as it relates to protein and antibody medicine delivery (Zelikin, Ehrhardt and Healy,
2016; Brown, Whitehead and Mitragotri, 2020). A major promising strategy to counter the
obvious obstacles and proffer solution to the drawbacks of oral drug delivery involves the use
of nanomedicine (Chen et al., 2015; Press, 2016). Nanomedicine, the medical application of
nanotechnology (agent in nanometric scale, less than 1000 nm), may be applied in
pharmaceuticals to achieve bioactive protection, sustained drug release, specific targeting,
enhanced drug dissolution and absorption, and reduced bioactive cytotoxicity (Hanifi, Fathi
and Mir Mohammad Sadeghi, 2010; Mohammadzadeh, 2013; Singh et al., 2017; Sithole et
al., 2017; Sumaila et al., 2019).

Lipopolysaccharide (LP)-based nanosystems are nanostructures containing both lipid and
polysaccharide components. They combine excellent properties of biodegradable lipids (i.e.
high drug-loading and sustain-release capacity) and biodegradable polysaccharides (i.e.
structure integrity and physical stability) (Nagpal, Singh and Mishra, 2010; Rawal et al., 2018).
Moreover, LP-based nanosystems offer the benefits of enhanced biocompatibility,
adaptability, safety and efficacy with comparatively cost-effective naturally derived polymers

(Patidar et al., 2010; Salomon, Goycoolea and Moerschbacher, 2017).

In recent times, lipid-based nanosystem (LBN) has gained much attention as an effective oral
drug delivery system (Hallan et al., 2016; Al-Remawi et al., 2017; Dora et al., 2017b;
Nirbhavane et al., 2017; Singh et al., 2017; Patil and Deshpande, 2018), basically because
they have demonstrated a higher level of biocompatibility, safety and versatility (Miller, Radtke
and Wissing, 2002; Erdine and De Andrés, 2006). Consequently, about thirty-six different
lipid-based drug delivery formulations have been enlisted in the U.S. Food and Drug
Administration (FDA) approved register for lipid-based drug delivery systems (Wishart, 2006;
Savla et al., 2017). The fact that lipid-based formulations can be adapted in several ways to
satisfy varieties of product requirement as regards the administration route, disease state,
product cost, stability, and efficacy, has lightened the scientists’ job and heightened the desire
for more exploration into this line of research. Therefore, lipid-based drug carriers have

become very important lately due to their intrinsic capacity to improve the solubility and
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bioavailability of poorly water-soluble drugs. In this review, the key challenges precluding the
success of oral drug delivery are discussed, and the various LP nanotechnological strategies

employed to remedy these drawbacks are also detailed.

2.2.  Molecular transport mechanisms across the gastrointestinal tract

The GI tract provides various transportation pathways for the delivery of molecules to the
systemic circulation with notable ones being paracellular, transcellular, carrier-mediated, and
receptor-mediated (Fig. 2.1). The movement of molecules through these pathways depends
on the physicochemical properties of these molecules, such as hydrophobicity, molecular
weight, pH, and ionization constants along with biological barriers that hinders the absorption
of large molecules like proteins from the Gl tract. (Yun, Cho and Park, 2013). Therefore, a
thorough understanding of biomolecular materials and the underlying mechanisms behind

their transport through the Gl tract are significant in fabricating oral drug delivery systems.

Carner-Mediated
Paracellular Endocytosis
Diffusion Receptor-Mediated 2 H
\ Transcellular Endocytosis Ap|ca| Site
\ Diffusion) ~N 4

)

Mucus Layer ————p
Microvilli
Enterocyte

Tight Junction

Basolateral Site

Figure 2.1. Schematic summary (not to scale) of several possible transport mechanisms
across the gastrointestinal mucosa barrier; paracellular route provides a channel where the
drug passively diffuses between cells at the intercellular tight junctions, transcellular route
allows drugs to permeate the cell passively by partitioning to cell membranes at both apical
and basolateral sides, receptor-mediated and carrier-mediated transport routes, an energy-
dependent active transport where the drug is vectorized via receptor-drug and carrier-drug

interaction, respectively. Figure adapted from (Mohammadzadeh and Javadzadeh, 2018).

2.2.1. Paracellular transport
The aqueous extracellular channel that exists between epithelial cells linked together by

intercellular junctions is referred to as a paracellular pathway (Zheng, Trivedi and Siahaan,
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2006; Deli, 2009; Laksitorini et al., 2014). This curvy channel, which is about 80 nm long, runs
the entire lateral side of the cells and allows the trafficking of small molecules and ions across
the mucosa barrier of the intestine (Adson et al., 1994) . This transport mechanism is passive
and involve simple diffusion regulated by the tight junctions. However, these tight junctions
create major barricades for the permeation of ions and larger molecules (Madara, 1998). The
human intestine has variable average pore sizes created by the epithelial tight junctions and
this play a major role as regards selectivity in the type of molecule transported across the
epithelial tight junction (Buckley and Turner, 2018). The jejunum, ileum and colon with average
paracellular pore sizes of approximately 7-9 A, 3-4 A, and 8-9 A, respectively, suggests that
molecules greater than 15 A (- 3.5 kDa) cannot permeable through this route (Tomita et al.,
1988; Rubas et al., 1996).

2.2.2. Transcellular transport

Transcellular transport allows molecules transit the Gl epithelial cells via a mechanism called
transcytosis, a process that involves the cellular uptake of particulate materials. This transport
mechanism, initiated by endocytosis at the cell apical membrane, is typically exemplified in
glucose movement from the intestinal lumen to the extracellular compartment. Particulate
transportation via transcellular route depends on numerous factors: (1) particle
physicochemical properties (e.g. size, shape, surface charge, lipophilicity, hydrogen-bonding
potential, surface hydrophobicity or ligand) (Kiptoo, Calcagno and Siahaan, 2016); (2)
gastrointestinal tract physiology; and (3) the animal model used for uptake study (Burton,
Conradi and Hilgers, 1991; Ganesan et al., 2018). Enterocytes and M cells, specialized cells
lining the GI tract and dominating the Peyer’s patch epithelium, respectively, are primarily
involved in particulate transportation. Furthermore, M cells are characterized by a high
endocytosis ability and thus represent a potential portal for oral delivery of proteins and peptide
drugs. In addition, the high transcytotic capacity of M cells have made them a good target for
the transport of nanoparticles (Clark, Hirst and Jepson, 2000). The surface of M cell is adapted
to convey antigens from the intestinal cavity to lymphoid tissue, thereby producing a mucosal
immune response (Toorisaka et al., 2012). The nanoparticulate uptake and transport
efficiency of M cells are significantly greater than that of intestinal cells. However, the absence
of a complete glycocalyx structure evident in glycosyl arrangement, together with the sparsely
developed apical membrane microvilli encourages the contact and fusion of nanoparticles with
cells (Shakweh, Ponchel and Fattal, 2004).

2.2.3. Carrier-mediated transport
Carrier-mediated transport mechanism is an active absorption, energy-dependent, adenosine

triphosphate (ATP) process that allows the uptake of specific molecules by carrier proteins. In
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this transport mechanism, bioactives are moved across the cell membrane or the whole cell
and then deposited into the systemic circulation from the enterocyte’s basal surface. The
carrier agents identify target molecules via membrane-bound receptors and transport them
across the cell membranes into the gastrointestinal epithelium. Transportation of materials in
this process is against concentration gradient and usually in trace amounts, as seen in the
transcellular movement of some molecules like amino acids, di- and tripeptide, and
monosaccharides (Bai and Amidon, 1992; Shah and Shen, 1996).

2.2.4. Receptor-mediated transport

Receptor-mediated transport has long been utilized to improve the oral bioavailability of drugs.
These mechanisms offer a pathway for the transfer of bioactive materials into the cell
(endocytosis) and across the cell (transcytosis), facilitated by the binding of a ligand to a
precise cell surface receptor (Russell-Jones, 1996). Ligand-receptor complexes are
internalized into the cell in the vesicular form unlike the carrier-mediated process that depends
on energy (ATP or cotransport) to shuttle their substrate across the cell membrane.
Collectively, these processes of membrane invagination and subsequent vesicular formation
are referred to as ‘endocytosis’ and include phagocytosis, pinocytosis, receptor-mediated
endocytosis (clathrin-mediated), and potocytosis (non-clathrin-mediated) (Swaan, 1998).
Drugs or bioactive materials transported to the gastrointestinal tract access the systemic
circulation via two distinct absorption pathways: intestinal lymphatics and the portal blood. The
amount of administered drug absorbed through these dual pathways is strongly dependent on

the physicochemical and metabolic disposition of the drug.

2.3. Barriers associated with oral drug delivery

Orally administered drugs are either intended to exert a local effect in the Gl tract or are
absorbed into the bloodstream for a systemic effect. A huge surface area for absorption and
long resident time, offer better chances for drug absorption, particularly in the small intestine.
However, several environmental factors impact drug integrity and absorption along the
intestinal segments: (i) length of the segment, (ii) thickness of the mucus layer, (iii) segment
pH, (iv) drug resident time, and (v) segmental bacterial diversity and population (Rouge, Buri
and Doelker, 1996; Ensign, Cone and Hanes, 2012; Homayun, Lin and Choi, 2019). The
biological and physicochemical interactions that exist between oral therapeutic agents and the
Gl tract physiology regulate the absorption of drugs into the systemic circulation and
subsequently determines the bioavailability and therapeutic effect. Thus, developing oral
drugs with adequate bioavailability comes with serious challenges broadly classified into

physiological, biochemical, and physicochemical barriers. Moreover, large molecule
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biopharmaceuticals like proteins, peptides, and oligonucleotides are even more challenging

than small molecular drugs (Kiptoo, Calcagno and Siahaan, 2016; Kompella and Lee, 2001).

Several biological hurdles are naturally designed to protect the body and separate every organ
system based on their specific functions. The protection could be against invading pathogens
such as bacteria, viruses, and toxins. The human skin offers the widest barrier to the human
body protecting it from the harmful external environment. On the other hand, the blood-brain
barrier (BBB), is a highly specific barrier protecting the brain against undesirable molecular
trafficking from the bloodstream to the brain. Likewise, the Gl mucosa barrier eliminates
harmful germs and toxins from ingested materials and stop them from entering the
bloodstream. These are very important natural self-defence body structures; however, it also
precludes the delivery of biotherapeutic agents orally or centrally. Hence, sound knowledge of
the structural and biological design of the Gl mucosa barrier alongside the physicochemical
properties of the drug is vital in the design of an oral delivery system with improved drug
bioavailability.

2.3.1. Physiological barriers

The Gl tract is an extended conduit in which the luminar surface is covered with an aqueous
glycoprotein-rich mucus layer secreted by the goblet cells. Orally administered drugs have to
infiltrate the mucus layer (thickness, 100 to 150 micrometres) before gaining access into the
epithelial cell layer of the Gl mucosa barrier (Fricker and Drewe, 1996). The mucus layer
precludes particles larger than 600 to 800 Da molecular weights from penetration, and thus
acting as a ‘biological filter’ (Turner, 2009). In addition, a single layer of columnar epithelial
cells linked together by tight intercellular junctions underneath the mucus layer further
barricade drug molecules from crossing in to the systemic circulation (Kompella and Lee,
2001; Turner, 2009; Laksitorini et al., 2014). Lipophilic drug molecules, seemingly, are more
amenable to permeate the intestinal mucosa barrier through the transcellular route due to their
cell membrane partitioning ability. However, such molecules must have optimal lipophilicity-
solubility balance. On the other hand, hydrophilic drugs cannot partition into the cell membrane
but rather they are transported via the aqueous paracellular channel. This is the most likely
route for the transport of peptide and protein drugs, but the large size of these molecules

precludes their permeation through the tight-junctions inherent in the paracellular route.

Finally, another notable barrier to drug trafficking across intestinal mucosa is the ATP-
dependant p-glycoprotein efflux transporter. P-glycoprotein (P-gp), also called ATP-binding
cassette, subfamily B member 1 (ABCB1), is an efflux membrane protein that is vastly
expressed on the apical surface of the superficial columnar epithelial cells of the intestine. The

density of P-gp decreases proximally from the colon to the duodenum with the colon and ileum
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expressing a vast amount (Takano, Yumoto and Murakami, 2006). Drug interaction with the
efflux transporters often results in poor absorption and low oral bioavailability because the
drug is readily expelled back into the intestinal lumen and removed from the body (Sugano et
al., 2010). It has been estimated that more than 25 percent of lipophilic drugs are P-gp
substrate (Nassar et al., 2009).The efflux pumps remove harmful molecules like toxins from
the epithelial cell membrane of the intestinal mucosa (Shepard et al., 2003; V. Varma et al.,
2011).

2.3.2. Biochemical barrier

The stomach and intestinal region of the Gl tract offer the most active biochemical barricade
to the bioavailability of orally administered drugs (Allen and Carroll, 1985; Brown, Whitehead
and Mitragotri, 2020). Drug molecules are faced with the first hurdle of having to overcome
the unfavourable environment of hydrochloric acid and proteolytic pepsin mixture within the
stomach segment. Hydrochloric acid in the stomach makes this region the most acidic
environment (pH 1 to 2) in the human body, a condition suitable for pepsin activity. Due to this,
pepsin is present at high concentration in the stomach acting as a broad-spectrum
endopeptidase with the ability to hydrolyze peptide linkages of aromatic residues such as
tyrosine, tryptophan, and phenylalanine (Brown, Whitehead and Mitragotri, 2020). Lipases are
also well distributed in the stomach region catalyzing the hydrolysis of fats, oils, and
triglycerides. Getting down to the small intestine, ingested drugs are faced with barrier posed
by the pancreatic enzymes, chymotrypsin, trypsin, elastase, and carboxypeptidases. These
enzymes are capable of degrading 30 to 40 percent of large proteins and small peptides within
ten minutes (Fricker and Drewe, 1996). In addition, the small intestinal enterocytes produce
numerous carboxypeptidases, aminopeptidases, endopeptidases, and gamma-glutamyl

transpeptidases (Whitcomb and Lowe, 2007).

Phase | and Il metabolizing enzymes have also been found in the intestine and this could
predispose to a premature drug metabolism, particularly for agents designed for systemic
action. CYP superfamily are the most notable phase | enzymes exhibiting a minimal
concentration of P-450 enzymes in the wall of the intestine. Though the amount of intestinal
P-450 enzymes is about twenty times less than that in the liver, the potency is comparable to
hepatic P-450 as regards drug metabolizing activity (Agoram, Woltosz and Bolger, 2001;
Engman et al., 2001). P-450 enzymatic activity is greatest at the proximal segment of the Gl
tract, while toward the distal part a decreasing activity is displayed (Agoram, Woltosz and
Bolger, 2001). The CYP1, CYP2, and CYP3 subfamilies are associated with the metabolism
of xenobiotics, and each of these isoenzymes’ subfamilies are substrate specific. CYP1A1,
CYP2C, CYP2D6, and CYP3A4 enzymes are located in the small intestine (Doherty and
Charman, 2002). CYP3A4 makes up 70-percent of the intestinal CYP enzymes and as such
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regarded as the most abundant P-450 enzyme (Benet et al., 1999). There is much structural
resemblance between intestinal and liver CYP enzymes; however, they are regulated
independently (Doherty and Charman, 2002). Ingested foods have been shown to interact with
intestinal CYP enzymes and thus regulate enzymatic activity. some foods are enzyme
inducers (e.g. grilled/smoked foods-CYP1Al enzyme interaction), while others are enzyme
inhibitors (e.g. grapefruit- CYP3A enzyme interaction) (Doherty and Charman, 2002).
Intestinal phase Il enzymes (e.g. glucuronyltransferase, N-acetyltransferase, sulfotransferase,
and glutathione-S-transferase) are viewed as metabolizing and conjugating enzymes that
demonstrate high activity at the intestinal mucosa barrier (Doherty and Charman, 2002). The
activities of all these Gl enzymes, alongside intestinal pH gradient, GI motility and varying the
gastric emptying rate, strongly impact the pharmacokinetics of orally administered drugs
(Brown, Whitehead and Mitragotri, 2020). Therefore, the design of a delivery system with the
architectural disposition to bypass these biochemical barriers is important for effective delivery

of oral drugs.

2.3.3. Physicochemical barrier

Physicochemical properties such as size, charge, hydrophilicity and hydrogen-bonding
potential can impact the partitioning and transportation of drug molecules across cell
membranes, particularly biopharmaceuticals (Kiptoo, Calcagno and Siahaan, 2016; Pauletti,
Okumu and Borchardt, 1997). Several studies have investigated the relationship between
particulate size and membrane permeability applying the Caco-2 cell monolayer model (Liao
et al., 2010; de Angelis and Turco, 2011; Sakai-Kato et al., 2014), and supported the fact that
drug permeation across the paracellular channel depends on particulate size. The sieving
property of the intercellular junction further explains the size-permeability relationship of drug
particles crossing the intestinal epithelium. Particulate transport across the already negatively
charged paracellular pathway is charge-dependent; however, the exact mechanism is not well
known (Kiptoo, Calcagno and Siahaan, 2016). One study reported that a positive surface
charge favours particulate uptake and transport across the intestinal epithelium (Du et al.,
2018), but another findings suggested that anions confer an increase in particles permeation
across the intestinal wall due to their relaxation effect on tight junction (Lamson et al., 2020).
Pauletti and co-worker (1997) suggested that the effect of charge on peptide permeation
across the cellular membrane is negligible as the molecular size increases (Pauletti, Okumu
and Borchardt, 1997). Molecular hydrophobicity can modify the route of peptide permeation.
An increase in lipophilicity shifts peptide permeation from paracellular to transcellular route.
The ability of drug molecules to form hydrogen bond with water has also been reported to
influence drug trafficking across the intestinal barrier; drugs with lesser hydrogen-bonding

potential (e.g. two hydrogen bond) to water molecule have greater membrane permeation than
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those with greater hydrogen-bonding potential (e.g. eight hydrogen bond) (Kiptoo, Calcagno
and Siahaan, 2016).

2.4. Rationale for the use of polymer-lipid hybrid nanosystems

Nanotechnology-based drug delivery systems can be an effective strategy to improve the
therapeutic benefits of most bioactives, particularly as it relates to manoeuvring the Gl milieu
to enhance bioactive absorption. Nanotechnology when applied in the medical context, results
in Nanomedicines (agents in nanometric scale, less than 1000 nm), and have been applied in
pharmaceuticals to achieve bioactive protection, sustained drug release, specific targeting,
enhanced drug dissolution and absorption, and reduced bioactive cytotoxicity (Singh et al.,
2017; Sithole et al., 2018; Sumaila et al., 2019). In addition, nanosizing could help to improve
drug-membrane interaction, enhance drug permeability as well as bioavailability (Sumaila et
al., 2019). In this regards, several polymeric nanocarriers have been designed, which can be
sub-divided into i) nanocapsules (one or more drug encapsulated inside polymer shells), ii)
nanospheres (polymer matrix system accommodating an even distribution of the one or more
bioactive within the matrix), and iii) drug-polymer hybrids (systems that have one or more drug
attached to the polymer externally), and others (Ding et al., 2019). Polymeric nanostructure,
unlike the lipid system, imparts the benefit of Gl tract stability and a better bioactive protection
(Viswanathan, Muralidaran and Ragavan, 2017). In addition, polymeric materials are versatile
as they can be maodified for optimum physico-chemical properties congruent to oral drug
delivery, can be fabricated via different methods (e.g. solvent extraction-evaporation,
precipitation technique, spray-drying, and others), and polymeric nanodelivery systems could

be used as a transporter for a wide variety of bioactives (Plapied et al., 2011).

Moreover, the advancements in polymer chemistry permits excellent control over the nano-
architectural design as well as bio-physical properties of the polymeric nanocatrrier, facilitating
a controlled or triggered drug delivery design (Raemdonck et al., 2014). However, despite
these attractive advantages, polymeric nanocarriers are limited by inadequate encapsulation
of lipophilic bioactives and issues of burst release (Rao and Prestidge, 2016). Moreover, only
a limited number of polymers have gained approval for oral drug delivery application. Thus,
the chances of translation into clinical relevance are limited. Similarly, Lipid carriers offer
nascent opportunities in oral delivery of challenging therapeutics. Firstly, the existence of
diverse lipid-based excipients had given rise to versatile nanoformulation designs viz; solid
lipid nanoparticles (SLN), nano-emulsions, nanostructured lipid carrier (NLC), self-emulsifying
nanosystems, nanoliposomes, and others. Secondly, in regards to application in the delivery
of poorly water-soluble drugs, lipidic nanocarriers could be beneficial in i) improving drug
solubility by forming a lipophilic micro-environment; ii) enhancing drug uptake by inhibiting P-

glycoprotein (P-gp) efflux and/or preventing pre-systemic drug degradation inside the
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enterocyte; and iii) by-passing first pass metabolism by encouraging lymphatic route of drug
transport (Singh, Gangadharappa and Mruthunjaya, 2017). Furthermore, lipid-based
nanosystems could be applied to shield sensitive bioactives, such as proteins and peptides
through encapsulation, from the degradative effect of the gastrointestinal (Gl) enzymes
(Manosroi and Bauer, 1990). However, lipid nanocarriers when exposed to the harsh
acidic/enzymatic environment of the stomach and gastrointestinal (Gl) tract (Fricker et al.,
2010) are susceptible to lipolysis. This could disrupt the stability of the lipid system and results
in undesired burst release of the encapsulated drug(s) and subsequent premature
metabolism. In addition, the altered structure and composition of the ruptured lipid
nanocarriers could led to a reduction in its solubilization ability. Hence, regardless of the
outstanding pre-clinical potential of lipid-based nanosystems, the highlighted drawbacks have

limited their extensive clinical relevance.

Recently, a more sophisticated carrier system was proposed, which recognized lipid-polymer
hybrid system as a more promising platform for efficient oral drug delivery (Joyce et al., 2020).
The introduction of biopolymer hybrids was aimed at combining the much-needed features of
lipid-based and polymeric nanosystems in a single carrier. A wide variety of polymeric
materials have been incorporated into the hybrid system, ranging from naturally derived (e.g.
polysaccharides) to semi-synthetic/synthetic (e.g. Carboxy methyl ethyl cellulose/ poly lactic-
co-glycolic acid) biopolymers (Maghrebi, Prestidge and Joyce, 2019). However, given that
most synthetic polymer-based nanocarriers are limited by the challenges of safety and
biocompatibility, polysaccharides which are naturally derived, have been widely investigated
for application in lipopolysaccharide oral drug delivery design. Moreover, the eco-friendly
property and the simple fabrication procedure associated with polysaccharides make it a more
acceptable excipient for lipid-polymer hybrid system (Sumaila et al., 2019). Lipid-
polysaccharide hybrids, herein called lipopolysaccharide hybrid systems, has been widely
investigated for biopharmaceutical performance towards oral absorption and bioavailability
enhancement of difficult therapeutic agents (Ling et al., 2010; Ramalingam and Ko, 2016; Liu
et al., 2018; Mohammadzadeh and Javadzadeh, 2018). The lipopolysaccharide composition
as well as the fabrication method typically played a role in the physicochemical properties and
the performance of the nanosystem in oral drug delivery. Thus, a good knowledge of the
structure-bioactivity relationships associated with lipopolysaccharide nanocarriers in regard to

Gl transport is vital when designing an effective lipopolysaccharide system.

2.5.  Nanotechnological approaches of lipopolysaccharide in oral drug delivery
Nano-formulation technology is exploring the benefit of combining both polysaccharides and
phospholipids in the design of drug delivery system (DDS) as shown in table 2.1. Due to their

biocompatibility, biodegradability, nontoxicity, and versatility, the most commonly used
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members of naturally derived polysaccharide in this hybrid system include chitosan, alginate,
pectin, and dextran (Seyednejad et al., 2011; Mandal et al., 2013). Some designs have utilized
chemically modified polysaccharide in order to improve the physical and chemical properties
of the polymer while retaining their unique properties. Typical examples include N-trimethyl
chitosan (TMC), Carboxymethyl chitosan (CMC), and Hydroxypropyl trimethyl ammonium
chloride chitosan (HACC), which are used for their improved water solubility (Wang et al.,
2020). Lipids used are often phospholipids, which may be anionic, cationic or neutral for
example, lecithin, compritol 888, Stearic acid, Soybean phosphatidylcholine (SPC), Lipoid
S75, glyceryl monooleate (GMO), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), cetyl
palmitate and others (Luo et al., 2015; Shi et al., 2016, 2017; Thakkar et al., 2016; Vieira et
al., 2018; Liang et al., 2018; Senna et al., 2018; Basha et al., 2020).These naturally derived
polymers have been designed into nanoparticles or nanoliposomes with both polymeric
components complementing each other to improve desirable properties. For instance, the
polysaccharide component impact Gl stability (Luo et al.,, 2015) and mucoadhesiveness
(Vieira et al., 2018) to the architecture while the phospholipid component influence extended
bioactive release and high loading capacity (Harde, Das and Jain, 2011). LP-based
architecture can positively influence the Gl absorption of drugs via various mechanisms such
as; drug release modification, lymphatic uptake motivation, drug-induced side effect reduction,
bioavailability enhancement among others. This section will focus on solid lipid nanoparticles
and liposomal formulations enhanced with polysaccharide backbone to improve oral drug

delivery.

2.5.1. Polysaccharide-associated lipid nanoparticles

Polysaccharide-associated lipid nanoparticles (PLN) are nanosized particles comprising of
polysaccharide-phospholipid core-shell or hybridized architecture, which integrate
complementary characteristics of both polysaccharide nanoparticles and liposomes. This
integrated nanostructure can mitigate the drawbacks associated with liposomal and polymeric

nanosystems in the delivery of bioactives perorally (Mandal et al., 2013).

Thakkar and co-workers (2015), explored the application of this novel architect in cancer
therapeutics. They investigated the potential application of chitosan-coated solid lipid
nanosystem (SLN) in the oral delivery of combined ferulic acid (FA) and aspirin (ASP) for
pancreatic cancer chemoprevention. In their study, the human pancreatic cancer cells MIA
PaCa-2 and Panc-1 models were used to investigate cell viability. They reported that
combined FA + ASP loaded chitosan-coated SLN significantly reduced the dose of FA and
ASP required for effective tumour suppression by 5- and 40- fold, respectively. Moreover, in
comparison to the free FA + ASP, an increased apoptosis of 35 and 31 percent were observed

in MIA PaCa-2 and Panc-1 cells, respectively (Thakkar et al., 2015). Their findings were

22



supported by an in vivo study done in the same lab using the MIA PaCa-2 pancreatic tumour
xenograft mice model (Thakkar et al., 2015). They reported a 45 percent increase in tumour
growth suppression after peroral doses of combined 75mg/kg and 25mg/kg of FA+ ASP
loaded chitosan-coated SLN when compared to the vehicle control group (Thakkar et al.,
2015). Most recently, Azandaryani and colleagues (2019) also demonstrated the efficiency of
chitosan-lipid nanocomplex in the oral delivery of letrozole, a non-steroidal aromatase inhibitor
known for its hydrophobicity and low oral bioavailability (Azandaryani et al., 2019). In their
study, they reported that letrozole loaded hybrid chitosan-stearic acid nanocomplex, designed
using modified ionic crosslinking technique, yielded a 7- to 10-fold Gl permeability in
comparison to the free drug (Azandaryani et al.,, 2019). Furthermore, they reported a
substantial cytotoxicity (ICso of 67.85 £ 0.55 nM) against breast cancer cell line, MCF-7
(Azandaryani et al., 2019).

In a another study, Dong and associates (Dong et al., 2018) designed a hybrid chitosan-solid
lipid nanoparticles (NPs) to improve the Gl absorption of enoxaparin, a hydrophilic
macromolecule clinically used for its anticoagulant activity. This LP-based system, fabricated
from the hybridization of chitosan and glyceryl monooleate, produced a 4.5-fold increase in
the area under the plasma drug concentration-time curve (AUC) as compared to plain
enoxaparin solution (Dong et al., 2018). The enhanced oral bioavailability of the drug may be
attributed to the high mucoadhesivity and improved Gl epithelial cell permeation impacted by
the chitosan-solid lipid nanostructure. There are other numerous studies (Vieira et al., 2018;
Liang et al., 2018; Senna et al., 2018; Khan et al., 2019), which have demonstrated the efficacy
of this novel PLN architect in the delivery of bioactive molecules for treatment of various

diseases.

2.5.2. Modified chitosan-associated lipid nanoparticles

Chitosan, a deacetylated product of chitin, has been widely investigated for nanotechnological
application due to their biological activities and outstanding properties such as;
biocompatibility, biodegradability, bioactivity, and non-toxicity (Brasselet et al., 2019).
However, the use of this natural polysaccharide in various fields is limited by its low solubility
in water and most organic solvents. This drawback can be remedied through chemical
modification of chitosan, and at the same time improving on the previously mentioned
outstanding properties (Wang et al., 2020). The presence of reactive functional groups, -OH
and -NH2, allow for chemical modification of chitosan via N-acylation, N-alkylation, C-6
oxidation, and quaternization reactions to improve the biotechnological application. Chitosan
derivatives have been utilized in the design of LP-based nanosystem for application as a drug
carrier system (Chen et al., 2016; Shi et al., 2016; Tian et al., 2018). This section will focus on

chitosan quaternization as applicable to LP nanostructure in oral drug delivery.
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2.5.2.1. Quaternized Chitosan Derivatives

Quaternization is a reaction process that improves the water solubility of chitosan. This
reaction involves ionic interaction between alkyl iodide and chitosan under basic condition.
Several studies have revealed the possibility to modify the cation (NHs") of chitosan to
enhance its solubility in a wide pH range, as well as in neutral or slightly alkaline medium
(Ortona et al., 2008; Mohamed et al., 2013; Luan et al., 2018). Quaternized chitosan remain
positively charged at pH = 6.5, whereas unmodified chitosan loses its cations as the medium
become more acidic. This change in chemical behaviour impacts the use of chitosan in oral
drug delivery design.

Quaternized chitosan derivatives associated with lipid nanostructure, administered orally, can
improve the plasma concentration and tissue distribution of encapsulated bioactive. This
could be possible based on the following factors; (i) high affinity of cationic quaternized
chitosan towards the anionic surface of cell membranes, (ii) improved drug transport through
the paracellular pathways by the opening of the tight junction between epithelial cells, and (jii)
the lipophilicity of quaternized chitosan-associated lipid architecture that allows permeation

across cellular membranes.

25.2.1.1. TMC - associated lipid hanosystem

N-trimethyl chitosan (TMC) is a partially quaternized chitosan derivative that can be obtain
from reductive methylation of chitosan using methyl iodide in the presence of a strong base
such as sodium hydroxide (figure 2.2) (Bose and Wong, 2018). The unique properties of this
water-soluble chitosan derivative such as; mucoadhesiveness and absorption-enhancing
capability, have aroused the interest of many research scientists (Thanou et al.,, 2001;
Hamman, Stander and Kotzé, 2002). TMC has the ability to open epithelial tight junctions
through ionic interactions between the positively charged amino groups ( NHs*) on the carbon-
2 position and the negatively charged sites on the cell membrane and/or in the tight junctions
(Hamman, Schultz and Kotzé, 2003). Due to the membrane-permeating and tight junction-
opening properties, TMC has been applied in numerous nanotechnological designs,
particularly in combination with phospholipids (Brasselet et al., 2019). Ramalingam and co-
worker (2015, 2016), in separate studies, investigated the efficiency of TMC-grafted palmitic
acid nanoparticles in oral delivery of curcumin and resveratrol (Ramalingam and Ko, 2015,
2016). In both studies, they reported that this nanostructure prevented burst release of the
bioactives in simulated gastric fluid (SGF, pH 1.2), indicating that the nano- architect is stable
in acidic medium. However, the nanosystem encouraged a sustained release of the drugs in
simulated intestinal fluid (SIF, 7.4) (Ramalingam and Ko, 2015, 2016). This information
detailed the ability of TMC-grafted lipid nanosystem to protect the bioactives against acidic

degradation, and consequently improve oral bioavailability of the drug. Furthermore, this group
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evaluated the oral bioavailability and brain distribution of curcumin from the novel
nanostructure in mice. They show that TMC-associated lipid nanostructure increases the
relative oral bioavailability of curcumin and resveratrol 23-folds (Ramalingam and Ko, 2015)
and 3.8-folds (Ramalingam and Ko, 2016), respectively, when compared to corresponding
curcumin and resveratrol solutions. A significant increase in mice brain distribution of
curcumin, impacted by the TMC-grafted lipid structure, was also reported (Ramalingam and
Ko, 2015). In a related study, Chen and colleagues (2016) also investigate the performance
of this novel TMC-associated lipid structure in oral delivery of harmine, a [-carboline
compound with antitumor activity (Chen et al., 2016). They observed an oral delivery efficacy
of the fabricated TMC-coated liposome similar to that described by Ramalingam and co-
worker (Ramalingam and Ko, 2015, 2016; Chen et al., 2016).
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Figure 2.2. Reaction scheme of N-trimethyl chitosan (TMC).

25.2.1.2. CMC-associated lipid nanosystem

Carboxymethyl chitosan (CMC) is famous for its excellent water-solubility, ampholytic
property, ease of synthesis, and a wide range of applications (Aizat and Aziz, 2018). CMC is
derived from the carboxymethylation of chitosan, in which some of the — NH; and primary -OH
sites of the glucosamine units of chitosan are substituted by carboxyl group (- COOH). This
reaction, based on the position of substitution, can yield O-carboxymethyl chitosan (O-CMC),
N, N-carboxymethyl chitosan (N, N-CMC), and N, O-carboxymethyl chitosan (N, O-CMC)
(figure 2.3). Like the TMC-grafted lipid nanostructure, CMC has been intercalated with
liposome/ SLN to impact desirable properties such as Gl stability and ease of transport across
the mucosa barrier (Baek and Cho, 2017; Tian et al., 2018). Baek and colleague (2017)
designed a CMC coated curcumin-loaded SLN (CMC-C-SLN) to demonstrate the
bioavailability-enhancing capacity of the modified chitosan-associated SLN (Baek and Cho,
2017). They reported a 6.3- and 9.5-fold increase in lymphatic uptake and oral bioavailability
of CMC-C-SLN, respectively, compared to curcumin solution (Baek and Cho, 2017). Their

work showed that the improvement in bioavailability with a corresponding increase in
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cytotoxicity of CMC-C-SLN may be due to the enhanced cellular and lymphatic uptake
impacted by CMC-associated lipid system.
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Figure 2.3. The chemical structures of chitosan and the various derivatives of carboxymethyl
chitosan (CMC).

25.2.1.3. HACC-associated lipid nanosystem

N-(2-hydroxy)-propyl-3-trimethylammonium chitosan chloride (HACC) is a modified chitosan,
which is synthesized by the reaction of chitosan with epoxypropyl trimethyl ammonium chloride
as shown in (Figure 2.4) (Li et al., 2016; Yang et al., 2019). Like other quaternized chitosan
with good solubility profile and Gl permeation properties, HACC has been applied in various
nanoformulations to improve the oral delivery of poorly water-soluble drugs, particularly in
association with phospholipid (Choi et al., 2016; Shi et al., 2016, 2017). Using Caco-2 and
follicle-associated epithelium (FAE) cell models, Shi and co-workers (2016) extensively
investigated the Gl permeation mechanisms of HACC-associated solid lipid nanosystem (Shi
et al., 2016). Their work showed that HACC-grafted docetaxel-loaded SLN (HACC-g-DTX-
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SLN) demonstrated the highest cellular uptake in Caco-2 cell monolayer when compared to
unmodified SLN and DTX solution. Furthermore, they reported that HACC-g-DTX-SLN
displayed a higher transport efficacy in follicle-associated epithelium cell monolayer in
comparison to that in Caco-2 cell monolayer (Shi et al., 2016). Their findings posit that HACC-
modified SLN could reversibly regulate the trans-epithelial electrical resistance and the
expressions of tight junction-associated proteins, like occludin, claudin-1, and zonula
occludens-1, to favour the vectorization capacity of the nanosystem (Shi et al., 2016). This
shows that the mechanism of enhanced absorption impacted by HACC-modified SLN is
largely related to caveolae-mediated endocytosis, M cell phagocytosis, and reversible tight
junction opening (Figure 2.5) (Shi et al., 2016).

CHs

O CH,CHCHy— N*—H, o
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OH CHs
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Figure 2.4. Reaction scheme illustrating the synthesis of N-(2-hydroxy)-propyl-3-
trimethylammonium chitosan chloride (HACC) in the presence of epoxypropyl trimethyl
ammonium chloride (EPOTAC).
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Figure 2.5. Schematic representation of the transport mechanisms of HACC-modified
bioactive-loaded SLN across Gl epithelial cells; permeation mechanism is largely related to
caveolae-mediated endocytosis, M cell phagocytosis, and reversible tight junction opening.
Reprinted with permission from (Shi et al., 2016). Copyright (2016) American Chemical
Society.

2.5.3. Layer by layer polysaccharide-associated lipid nanoparticles

Layer by layer (LBL) assembly, first introduced by Decher and Hong (Decher and Hong, 1991;
G, 1997), has become an effective technique of polymeric coating on two-dimensional and
three-dimensional systems, like liposomes, for the delivery of bioactives. The design of this
assembly involves alternating depositions of cationic and anionic polyelectrolytes to create a
multilayer coating, which is supported primarily, but not entirely, by electrostatic interactions,
hydrogen bonds and bio-specific interactions (Lvov Y Ichinose |, Kunitake T, 1995; Cheung,
Stockton and Rubner, 1997; Wang et al., 1997). LBL strategy is well acceptable because of
the numerous benefits it offers; it allows non-covalent incorporation of many therapeutic
agents and biomacromolecules into the LBL structure without compromising their biological
properties (Poon et al., 2011). Moreover, since the strategy allows the integration of multiple
components, several factors such as the surface chemistry, choice of bioactive moieties to
use, and dimensions of the thin films, can be manipulated to produce a sophisticated

nanosized drug delivery system with a tailored drug
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release kinetics (Poon et al., 2011). Furthermore, LBL nanoparticles can be employed to
deliver multiple therapeutic substances with the capacity to control the release of each
entrapped substance (Poon et al., 2011). The hybridization of LBL polysaccharide assembly
with liposomes which is applicable in the design of high-quality oral delivery system has been

well recognized.

Paclitaxel (PTX), a poorly water-soluble chemotherapeutic agent known for its anti-tumour
activity was encapsulated in LBL assembled polysaccharide coated SLN to improve its anti-
angiogenic effect (Campos, Varas-Godoy and Haidar, 2017). Campos and co-workers (2014),
in their work, fabricated a novel shell-core LBL hyaluronan—chitosan coated SLN (LBL-HA-
CT-g-SLN) to demonstrate the efficacy of the nanostructure in the delivery of the
encapsulated PTX. The design, with hyaluronan (HA) forming the outermost layer of the shell,
offers selective targeting of CD44 receptors (HA receptors) in MCF-7 breast cancer cells
(Song et al., 2014). They reported that LBL-HA-CT—g-SLN enhanced the intrinsic
chemotherapeutic activities of PTX by facilitating the targeting, cellular uptake and time-/dose-
controlled delivery and release of PTX (Campos, Varas-Godoy and Haidar, 2017). In a related
publication, Tian and colleague (2018) designed a lecithin-based liposome coated with the
guaternized chitosan, CMCS and TMC, in an LBL format through electrostatic adsorption, to
demonstrate the sustained release and improve oral bioavailability impacted by the LBL-
coated nano-assembly (Tian et al., 2018). They reported a 6-fold and 3-fold increase in oral
absolute bioavailability of curcumin from the LBL-CMCS-TMC coated liposomes when
compared to uncoated liposomes and TMC-coated liposomes, respectively (Tian et al., 2018).
Furthermore, they discovered from in vivo studies that the LBL assembly could extend the
retention time of curcumin in systemic circulation and generate high level of the drug in the
liver, spleen and lung (Tian et al., 2018). The ease of LBL-CMCS-TMC coated liposomes to
permeate the GI mucosa barrier and then cellular uptake by phagocytes from the
reticuloendothelial system could explain the higher blood level of curcumin with a

corresponding increase in biodistribution.
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Table 2.1. lllustration of various lipopolysaccharide approaches successfully designed to

improve oral drug delivery.

encouraged
sustained release
in simulated
intestinal fluid, and
improved oral
bioavailability of
the drugs. The
nanostructure also
improved
permeation across

blood-brain barrier.

Formulation Phospholipid Polysaccharide Bioactive Remarks References
approach
Chitosan- Stearic acid, lecithin  chitosan ferulic acid, Increased (Thakkar et
coated SLN aspirin apoptosis in MIA al., 2015)
PaCa-2 and Panc-
1 cells, and tumour
growth
suppression in
animal model.
Chitosan-lipid  Stearic acid, Chitosan Letrozole Increased tissue (Azandaryani
nanocomplex  Tripalmitin glyceride permeability and et al., 2019)
cytotoxicity against
MCF-7
Chitosan-lipid  Glyceryl chitosan enoxaparin  Produced a 4.5- (Dong et al.,
hybrid monooleate fold increase in 2018)
AUC when
compared to plain
enoxaparin
solution.
TMC-grafted Palmitic acid TMC Curcumin, Protected (Ramalingam
SLN resveratrol bioactives against and Ko, 2015,
acidic degradation, 2016)
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TMC-
associated

lipid structure

CMC- coated
SLN

HACC-grafted
SLN

Shell-core
layer by layer
hyaluronan—
chitosan
coated SLN

Layer by layer
CMCS-TMC
coated

liposomes

Palmitic acid

Glyceryl
monooleate, soya

lecithin

Glyceryl
monooleate,

lecithin

Soy-lecithin

L-a-

Phosphatidylcholine

soya

T™MC

CMC

HACC

Hyaluronan,

chitosan

CMCS, TMC

Harmine

Curcumin

Docetaxel

Paclitaxel

Curcumin

(Chen et al.,
2016)

Possessed stability
in gastric acid
medium, sustained
release capacity,
and oral
bioavailability
enhancing

capacity.

Increased (Baek and

lymphatic uptake Cho, 2017)
and oral

bioavailability of

drug by 6.3-fold

and 9.5-fold,

respectively,

compared to

curcumin solution.

Enhanced Gl (Shi et al.,
permeation and 2016)

oral bioavailability

Enhanced intrinsic ~ (Campos,

chemotherapeutic Varas-Godoy
activities of and Haidar,
paclitaxel via 2017)
specific tumour

targeting, cellular

uptake and time-
/dose-controlled

delivery and

release of

bioactive.

Increased oral (Tian et al.,

absolute 2018)
bioavailability by 6-

fold and 3-fold in
comparison to

uncoated

liposomes and

31



TMC-coated
liposomes,
respectively.
Generated
increase
biodistribution of

drug in tissues.

2.6. Conclusion

Oral route of drug delivery is a generally acceptable form of drug administration due to several
benefits that come with it, such as safety, ease of ingestion, pain evasion, patient compliance,
among others. However, the harsh environment of the GI tract could degrade
pharmacologically active agents and renders them useless. In addition, the P-gp efflux
transporters, associated with Gl epithelial cell membrane, eliminate ingested drugs from cells,
and this consequently reduce in vivo drug efficacy. This makes oral drug delivery very
challenging and has become the focus in formulation science. In this review, we have reported
the various molecular transport mechanisms across the Gl tract and presented the barriers
that could preclude effective oral delivery of bioactives. Furthermore, we highlighted the
influence of lipopolysaccharide nanotechnological architect on vectorization of bioactive
through the harsh GI environment and across the GI mucosa barrier. We recognised that
lipopolysaccharide nanostructures could increase plasma drug concentration and improve

tissue drug distribution for orally administered medications.
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3.1. Introduction

Tuberculosis (TB) has been a major public health challenge, particularly in Africa, Asia and
South America, despite all efforts made to improve its treatment and management (WHO,
2017). Moreover, TB has been associated with high mortality rates, in co-morbid Human
Immunodeficiency Virus (HIV) incidences (Costa et al., 2016). The causative organism,
Mycobacterium tuberculosis (Mtb) primarily affects the lungs as pulmonary TB, however, other
parts of the body could also be affected resulting in extrapulmonary TB (Rappuoli and Aderem,
2011). The conventional anti-TB regimen involves the oral administration of rifampicin,
isoniazid, pyrazinamide or ethambutol in various combinations often dosed multiple times per
day (Costa et al., 2016). Patients of this ‘hard to eradicate’ bacteria (Mtb) suffer severe
adverse effects due to major drawbacks associated with the delivery of this chemotherapy
regimen (Sosnik et al., 2010). The current TB therapeutic strategy is challenged with problems
of low drug solubility, intestinal malabsorption, pre-mature drug degradation, low drug
concentrations at the infection site, and poor cell-drug penetration (Sosnik et al., 2010). All
these factors impart poor bioavailability of TB medications. Furthermore, the long (6-9 months)
and stringent treatment schedule of anti-tubercular drugs (ATDs) and associated side-effect
profiles (particularly the second-lines ATDs) contributes to poor patient compliance (Pinheiro
and Reis, 2011). These challenges necessitate action to develop an effective delivery system
capable of alleviating these concerns. A nanocarrier system capable of releasing bioactives

steadily in therapeutically effective quantities could assist in improving drug target-site
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bioavailability, cell-drug penetration, intestinal absorption, and protection against pre-mature
drug degradation while reducing the dosage frequency of the medication thereby improving

patient compliance.

In an attempt to solve the aforementioned challenges, several studies have successfully
fabricated nano delivery systems to efficiently deliver ATDs. Some of which include hybridized
lipid-polymer systems (Bachhav et al., 2017a; Petkar et al., 2018), liposomal systems (El-ridy
et al., 2007; Patil et al., 2015), natural polymeric systems (Devi and Maji, 2009; Singh et al.,
2017), synthetic polymeric systems (Esmaeili, Hosseini-nasr and Rad-malekshahi, 2007;
Ohashi et al., 2009b) and systems for local lung delivery (Amarnath et al., 2016; Costa,
Sarmento and Seabra, 2018a), to name a few. Formulations with synthetic polymers face
some drawbacks as regards safety and biocompatibility. Likewise, inhalational and
intravenous formulations may be less cost effective and administration could pose a challenge
to the patient. Lipopolysaccharide-based polyelectrolyte complex (PEC) particulates would be
an excellent drug delivery strategy for the smart delivery of ATDs orally. The composition of
such a system as a polymeric complex combines the advantages of a biodegradable
polysaccharide (for structural integrity, physical stability and bioactive protection) (Nagpal,
Singh and Mishra, 2010; Rawal et al., 2018) and phospholipid (for high drug-loading capacity
and sustained release). In addition, lipopolysaccharide-based PEC particulates offer the
advantages of improved biocompatibility, versatility, safety and efficacy (Patidar et al., 2010;
Salomon, Goycoolea and Moerschbacher, 2017) with relatively cost-effective naturally-

derived polymers.

Low molecular weight chitosan (CT) is a deacetylated linear polysaccharide represented by
(1-4)-2-amino-2-deoxy-B-D-glucan. This copolymer of glucosamine and N-acetylglucosamine
with a positive surface charge (Bhise et al., 2007), contributes to its reactive ability to form
PECs with anionic molecules (Bawa et al., 2011). L-a-Lecithin, Soybean (SL) in contrast, a
negatively charged polymer with a high complexation affinity for CT, has gained much
attention for the synthesis of solid-lipid nanoparticles, micro- and nano-emulsions and

liposomes (Patil et al., 2015).

To the best of our knowledge, there have been no reports of a lecithin-chitosan nano delivery
system specifically designed for oral delivery of rifampicin. However, several studies have
investigated similar systems, with favourable outcomes, in cancer chemotherapy (Barbieri et
al., 2013), transdermal melatonin delivery (Pepic, Hafner and Lovric, 2011) and oral insulin
delivery (Al-Remawi et al., 2017). Likewise, the formulation in the present study is based on
the PEC that occurs between the free anionic phosphate group of the phospholipid (SL) and
the free cationic amine group of the polysaccharide (CT). Polyelectrolyte complexation is a

self-sustaining reaction which does not require further reaction initiators, catalysts or cross-
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linkers. In addition, the popularized use of cost-effective naturally-derived polymeric materials
for the synthesis of drug-delivery systems propose reliable safety and non-toxicity as a result
of an ecologically-positive tactic and non-complex formulation procedure (Sahoo et al., 2009;
Siyawamwaya et al., 2015). Of particular importance to this study, is the notion that varying
degrees of Polyelectrolyte complexation enhances drug bioavailability (Heinen et al., 2013),
improves drug encapsulation efficiency and influences drug-release kinetics of
nanoparticulate formulations (Cheow and Hadinoto, 2012).

The present study aims to fabricate a lipopolysaccharide-based PEC particulate for application
as a sustained-release oral delivery system for ATDs with the goal of improving patient
compliance and therapeutic efficacy with regards to bioavailability. This study incorporated CT
and SL for the polyelectrolyte complex using the solvent injection technique with rifampicin
(RFP) as the model drug. The synthesized RFP-loaded PEC particulates were analyzed for
molecular and crystallinity transitions to establish polyelectrolyte complexation with
subsequent characterization of rheological properties, formulation stability and light scattering
behaviour of the nanopatrticle suspension, mucoadhesion, thermodynamic and hydrodynamic
properties, permeability and drug release studies. To effectively study the drug release profile
of the fabricated particulates as a function of the PEC, a 4 x 2 matrix system was implemented:
1) PEC particulates of interest with encapsulated RFP (SL-CT-RFP), 2) in situ mixing of RFP
with the formulated SL-CT+RFP complex (where RFP is not encapsulated), 3) in situ complex
of pristine SL+CT+RFP and 4) in situ complex of SL-coated RFP and pristine CT
(MSL+RFP+CT). Furthermore, mathematical modelling of the drug release kinetics was
performed to elucidate insight into the drug release mechanisms acting upon the various

formulations.
3.2.  Materials and methods

3.2.1. Materials

Low molecular weight chitosan (CT) (75-85% deacetylated), L-a-Lecithin soybean (a
concentrate of soybean lecithin with 94% phosphatidylcholine and < 2% triglycerides), Porcine
Mucin (PM) (type 2), Rifampicin (RFP) and phosphate-buffered saline (PBS) were purchased
from Sigma-Aldrich (St. Louise, MO, USA). Ethanol (ETOH) and glacial acetic acid were
procured from Merck (Pty Ltd., South Africa). All chemicals were of analytical reagent grade
and used without prior modification. Double deionized water (DDW) was used for all the

preparations.
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3.2.2. Preparation of rifampicin-loaded SL-CT lipopolysaccharide particulates

3.2.2.1. Preparation of loose nanoparticle powders

Lipopolysaccharide PEC particulates were prepared using an adapted solvent injection
technique (as shown in Figure 3.1) from Sonvico and co-workers, 2006 (Sonvico et al., 2006).
Briefly, 300 mg of SL was dissolved in 10 mL of ethanol followed by an addition of 150 mg
RFP which was thoroughly dissolved to obtain a homogenous SL-RFP solution. CT solution
was prepared by dissolving 100 mg polymer in 40 mL of a 1% Y/, acetic acid solution and 50mL
DDW. The RFP-loaded nanoparticle suspension of a 3:1 SL-CT weight ratio was obtained by
injecting 10 mL of SL-RFP ethanol solution (30 mg/mL) into 90 mL of CT solution through a
syringe (inner diameter 0.75 mm, flow rate 40 mL/min) with subsequent mechanical stirring.
The resulting nanopatrticle suspension was centrifuged at 5000 rpm for 30 minutes, the
supernatant decanted and sediment lyophilized to obtain a dried nanoparticle powder. The
same procedure was followed for the preparation of PEC particulates of a 1:1 SL-CT weight
ratio and RFP-free formulation.
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Figure 3.1. Schematic representation of the synthesis of lipopolysaccharide-based PEC
particulates via the solvent injection technique.

3.2.2.2. Preparation of PEC particulate tablets

For simplicity of sample preparation for the determination of in vitro drug-release profiles,
textural profiling and hydration dynamics, the resulting dried nanoparticle powders were
compressed into tablets. Batches of nanoparticle powder (SL-CT-RFP 1:1 and 3:1) containing
300 mg RFP was compressed into tablets using a die punch fitted into a hydraulic unit model
tablet press machine (Carver, Inc. Wabash, USA) under an applied pressure of 1400 psi. The
preparation of SL-CT+RFP tablets involved the mixing of RFP with pre-formulated SL-CT
complex. For the preparation of SL+CT+RFP tablets, pristine polymers and RFP (300 mg SL
+ 300 mg CT +300 mg RFP) were mixed together before punching. The preparation of
MSL+RFP+CT tablets required melting of 300 mg SL at 45°C which was then subsequently
used to coat 300 mg RFP. Thereafter, SL-coated RFP was mixed with 300 mg pristine CT and
then punched into tablets.

3.2.2.3. Evaluation of particle size distribution, zeta potential and conductivity

Briefly, 100 mg of the synthesized PEC particulates were dispersed in DDW and sonicated for
30 seconds. A 2 mL sample of the nanoparticle suspension was placed in disposable cuvettes
and analyzed at 25 °C for average particle size, polydispersity index (Pdl), zeta potential, and
conductivity using the Malvern ZetaSizer Nano ZS (Malvern Instruments, Worcestershire, UK).

3.2.2.4. Determination of RFP-loading capacity and encapsulation efficiency in
response to changes in SL concentration

Drug-loaded nanoparticle suspensions (2 mL; n=3), were centrifuged at 5000 rpm for one

hour. The concentration of RFP in the clear supernatant was analyzed by UV-Vis spectroscopy

(Specord40, Analytik Jena, AG, Germany) set at Amax = 475 nm. Triplicate measurements were

carried out to determine the %encapsulation efficiency (Y%EE) and %drug-loading capacity

(%LC) of the PEC particulates using Equations (3.1) and (3.2), respectively:

Total amount of RFP loaded — Amount of RFP in the supernatant
% EE = X100 (3.1)
Total amount of RIF loaded

Amount of RFP in PEC particulates

% LC = X1 2
bLC Weight of PEC patrticulates 00 (3.2)

Determination of mucoadhesive properties in response to SL: CT and RFP variations
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In vitro mucoadhesion analysis was performed using PM to determine %mucin-binding
efficiency (¥%MBE) to confirm interactions between the PEC particulates and PM with regards
to the effect of RFP-loading on the mucoadhesive property of the PEC particulates (Pawar,
Douroumis and Boateng, 2012). Briefly, 2mL samples of nanoparticle suspension (0.5 mg/mL)
was mixed with 2 mL of PM (1 mg/mL) solution prepared in phosphate buffered saline (PBS)
(pH 6.8). This colloidal mixture was incubated at 37°C for 2 hours in an incubation chamber
with a rotation of 20-25 rpm. Thereafter, the sample was centrifuged at 5000 rpm for 30 min
and the absorbance of the supernatant measured at Amax = 250 nm by UV-Vis spectroscopy.
Triplicate measurements were performed and %MBE of the various nanopatrticle formulations
calculated using Equation (3.3):

Ci—Cp

%MBE = X100 (3.3)

Where C; is the original PM concentration used for incubation and C, is the concentration of
free PM in the supernatant.

3.2.2.5. Determination of molecular vibrational transitions and analysis of PEC
formation

Powdered samples of RFP-loaded and RFP-free SL-CT PEC particulates and the native

polymers were analyzed for interactions resultant of PEC formation. Samples were analyzed

at a resolution of 4 cm™ over a wavelength range of 4000 cm™ to 650 cm™ using the

PerkinElmer Spectrum 2000 ATR-FTIR (PerkinElmer 100, Llantrisant,Wales, UK).

3.2.2.6. Analysis of the thermodynamic properties of the synthesized
lipopolysaccharide PEC and RFP-loaded PEC particulates
The thermodynamic properties of the SL-CT PEC, SL-CT-RFP PEC particulates and the
pristine constituent polymers and drug were evaluated using a Temperature Modulated
Differential Scanning Calorimeter (TMDSC) (Mettler Toledo, DSC, STAReSystem,
Swchwerzenback, ZH, Switzerland). Samples of 5-10 mg were sealed in aluminium crucibles
and heated over a 10-325°C temperature range at a heating rate of 5°C/min under continuous
flow of nitrogen gas at 200 mL/min. The DSC thermograms were obtained as plots of heat

flow against sample temperature.

3.2.2.7. X-ray powder diffraction (XRPD) analysis
The crystallinity transitions of the RFP-loaded PEC patrticulates, RFP-free SL-CT complex and
native polymers were analyzed using XRPD (Rigaku MiniFlex 600, Tokyo, Japan) sourced

with nickel-filtered CuKa radiation (at a voltage of 40 kV and a current of 15 mA).
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Diffractograms were obtained using a 26 scan range over 3-80° at a scanning rate of 5° per

minute.

3.2.2.8. Evaluation of rheological properties of the synthesized
lipopolysaccharide complex and RFP-loaded PEC particulates
The kinetic gelation properties of the PEC formulations were analyzed using the ElastoSens™
Bio? (Rheolution Instruments, Canada) which employed a non-destructive acoustic vibration
and laser measurement of rheological responses without sample contact (Ceccaldi et al.,
2017). Samples were studied by mixing appropriate volumes of 0.1%"/, SL and 0.1%"/, CT
solutions (in SL-CT ratios of 1:1 and 3:1) in the sample holder where Polyelectrotyte
complexation reactions were allowed to occur at 37°C over a 5-hour duration. The
experimental procedure was repeated for the incorporation of RFP into the reaction system
(polymer complex:RFP ratio of 5:1). The same solvents, as mentioned earlier, were used for
preparation of the polymer solutions. The shear storage modulus G’ (Pa) was obtained as a

function of time (seconds).

3.2.2.9. Textural profiling of RFP-loaded lipopolysaccharide complex
nanoparticle tableted formulations
Textural profiling, in terms of matrix breakpoint (N) and fracture energy (N.mm), of the SL-CT-
RFP 1:1 and 3:1 tablets was performed using a texture analyzer (TA.XTplus, Stable
Microsystems, Surrey, UK) fitted with a flat-tipped stainless steel probe of 2mm in diameter.
The test parameters consisted of a pre-test and test speed of 2mm/s, post-test speed of
10mm/s and an Auto-type trigger force of 0.05N with a 5 kg load-cell. The maximum peak
point and area under the curve of the Force-Distance textural profile allowed the determination

of the force at matrix breakpoint and corresponding fracture energy.

3.2.2.10. Optical characterization and stability of the lipopolysaccharide PEC
particulates in suspension
Optical interactions and formulation stability of the formulated nanoparticle suspensions were
investigated utilizing the Turbiscan™ LAB (Formulaction, L’Union, France). A 20 mL aliquot of
RFP-loaded and RFP-free nanoparticle suspensions were introduced into specialized sample
holders and analyzed at pre-determined intervals over a 5-minute duration at 25 (+ 0.5)°C.
The instrument was fixed with a pulsed near infra-red light source moving vertically along the
sample collecting data at 40um-intervals. A 180° positioned transmission detector detected
transmitted light whereas a backscattering detector, positioned at 45°, detected rebounded
light in response to the light-scattering effect by the suspended PEC particulates. The changes

in backscatter (ABS) measurements were used to assess formulation stability.
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3.2.2.11. In vitro drug release of lipopolysaccharide PEC particulates and kinetic
modelling of release data

RFP-loaded nanoparticle tablets (SL-CT ratios of 1:1 and 3:1) containing 300 mg RFP were
placed into vessels containing 900 mL of PBS pH 6.8 at 37°C in a dissolution tester (ERWEKA,
USP Apparatus I, DT 126, UK) operated at a paddle revolution of 50 rpm over a 24-hour
period. Samples of 5mL of dissolution medium were withdrawn at predetermined time intervals
and replaced with equal amounts of fresh PBS (pH 6.8) to maintain sink conditions. The RFP
content in each sample was quantified using UV-Vis spectroscopy set at Amax = 475 nm. The
comparator formulations studied include 1) in situ mixing of RFP with the formulated SL-CT
complex (SL-CT+RFP), 2) in situ complex of pristine SL+CT+RFP, 3) in situ complex of SL-
coated RFP and pristine CT (MSL+RFP+CT) and 4) Free RFP. Experimental data were
obtained in triplicate and all values are representative of mean = SD (n=3). The release
kinetics of RFP from the formulated nanoparticle-based tablets and comparator formulations
were fitted into the Zero-order (Equation 3.4), First-order (Equation 3.5), Higuchi (Equation
3.6), Korsmeyer-Peppas (Equation 3.7) and Hixson-Crowell (Equation 3.8) kinetic models to
assist in the elucidation of the primary drug release mechanisms (Cheow and Hadinoto,
2012).

C = Kot (3.4)
Where Ky is the Zero-order release constant at time t.

LogC = logCo - Kt/2.303 (3.5)
Where Cy is the initial drug concentration and K is the First-order rate constant at time t.

Q = Kt'? (3.6)
Where Q reflects % drug release and K is the design variable of the system at time t.

Q01/3 _ Qtl/3 = KHCt (37)
Where Qq is the initial quantity of drug in the formulations, Q: is the residual quantity of RFP
at time t and Ky is the rate constant.

M¢/M.. = Kt" (3.8)
Where M/M.. is the fractional drug release at time t, K is the release rate constant and n is the

release exponent.

3.2.2.12. Analysis of the hydrodynamic and swelling characteristics of the RFP-
loaded lipopolysaccharide PEC tableted PEC particulates

Analysis of the in vitro hydrodynamic and swelling behaviour of the SL-CT-RFP

nanoparticulate tableted formulation was performed via Magnetic Resonance Imaging (MRI)

(Oxford Instruments Magnetic Resonance, Oxon, UK) equipped with a 0.5 Tesla permanent
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magnet stabilized at 37°C and a dissolution flow-through cell containing PBS pH 6.8. Live-
image capture of the SL-CT-RFP 1:1 and 3:1 tablets were obtained at 10-minute intervals over

a period of 16 hours, respectively, utilizing MARAN-i Version 1.0 software.

3.2.2.13. Ex vivo Permeability of RFP from the Lipopolysaccharide PEC Particulates
across Porcine Intestinal Tissue

Ex vivo permeability studies were performed, using static Franz Diffusion Cell Apparatus
(Logan Instruments Corp., NJ, USA), to evaluate the permeability of RFP from the formulated
PEC particulate systems (SL-CT-RFP 1:1 and SL-CT-RFP 3:1) and the free RFP across adult
porcine intestinal epithelium of the large white pig. According to standard operating procedures
and approval from the Animal Ethics Screening Committee of the University of the
Witwatersrand (Clearance No. AESC-2014/38/C and Ref.14-11-14 O), the pig was
euthanized, and the intestinal tissue was excised, cleaned and separated from the serosa then
stored in PBS pH 6.8 until further use. Within 60 min of harvesting, the intestinal tissue was
assessed for viability and integrity via potential difference measurements across the tissue
sections using a Seven Multi GmbH S40 electrical conductivity meter (Mettler-Toledo, Zurich,
Switzerland), over 8 h. Thereafter, the tissues were fixed between the donor and receptor
compartments of the diffusion cells (permeation area 1.77 cm?). The receptor chamber
solution consisted of 12 mL PBS (pH 6.8), was continuously stirred with a magnetic bar and
maintained at 37°C. The donor chamber consisted of 3 mL of the lipopolysaccharide PEC
particulate dispersion containing 1.25 mg/mL of RFP. Samples of 3 mL were withdrawn from
the receptor compartment at predetermined time intervals over 8 h and replaced with an

equal volume of fresh PBS (pH 6.8) to maintain sink conditions. The samples were measured
for the quantity of RFP using UV-Vis spectroscopy set at Amax = 475 nm. Equations (3.9) and
(3.10) were used to determine the quantity and flux of RFP, respectively, that traversed the
intestinal tissue and Equation (3.11) was used to determine permeation. Experimental data

were obtained in triplicate and all values are representative of mean + SD (n = 3).
Cumulative amount of RFP permeated :% (mg/cm?) (3.9

where A is area of exposed membrane (cm?) and Q is quantity of RFP crossing the membrane

(mg).
Q _
J= 7 (mg/cm?/min) (3.10)

where J is the flux of RFP, Q is the quantity of RFP permeated, A is the cross-sectional area

of the membrane, and T is the time of exposure expressed in minutes.

—ln(1- %0y = Z2xpxT (3.11)
Co v
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where Cr is the concentration of RFP in the receptor chamber at time T, Co is the original
concentration of RFP in the donor chamber, V is the volume of solution in the two
compartments, and A is the area of permeation.

3.3. Results and Discussion

3.3.1. Evaluation of particle size and zeta potential

The average hydrodynamic diameters of the fabricated bioactive-loaded and empty PEC
particulates as obtained from the Zetasizer® Nano-ZS were found to be in the range of 151.6
to 292.1 nm with a polydispersity index (PDI) of less than 0.3, as shown in Table 3.1. The low
PDI reveals a very narrow size distribution which is considered acceptable for an ideal
nanoparticle (Sonvico et al., 2006). Furthermore, the obtained size range may indicate
enhanced permeation of the PEC particulates across the intestinal mucosa thereby allowing
for higher systemic levels of the formulation (Norris and Sinko, 1997; Liu et al., 2014). The
average zeta potential of all the nano-suspensions ranged from +22.2 to +33.0mV revealing
the stability of the nano-suspension (Jain et al., 2018) in respect to coagulation, flocculation,
aggregation, sedimentation and creaming phenomena through strong electrostatic repulsion
between the charged particles keeping them apart.

Table 3.1. Particle size, zeta potential, conductivity and Pdl of RFP-loaded and RFP-free
nanoparticle formulations.

Formulation Particle Size  Surface charge  Conductivity Pdl
(nm) (mV) (mS/cm)

SL-CT 1.1 292.1 +25.6 0.194 0.292

SL-CT 3:1 232.8 +22.2 0.081 0.273

SL-CT-RFP 1:1 151.6 +33.0 0.102 0.247

SL-CT-RFP 3:1 274.2 +30.7 0.057 0.262

3.3.2. Determination of RFP loading capacity and encapsulation efficiency in response
to changes in SL concentrations

Determination of the drug-loading capacity (%LC) and encapsulation efficiency (%EE) of the

lipopolysaccharide system (as shown in Table II) revealed that the 3:1 SL-CT PEC particulates

achieved increased RFP drug-loading (73.21%) compared to the 1:1 system (64.25%). This

54



could be attributed to hydrophobic interactions and association of RFP with the SL lipid bilayer
architecture (Laridi et al., 2003). A similar observation was noted by Were and co-workers,
2003, who reported increased drug encapsulation with increased phosphatidylcholine
concentration (Jain et al., 2018), thereby, inferring that drug encapsulation may be tuned to

the preferred dose by adjusting SL concentration (Pattabhi, Howdary and Ao, 2004).

Table 3.2. Encapsulation efficiency (%EE) and Loading capacity (%LC) of RFP-loaded and
RFP-free nanopatrticle formulations.

Formulation %EE %LC
SL-CT 1.1 - -
SL-CT 3:1 - -
SL-CT-RFP 1:1 64.25 5.84
SL-CT-RFP 3:1 73.21 5.10

3.3.3. Determination of mucoadhesive properties in response to SL: CT and RFP
variations
Mucoadhesion is thought to be the ability of polymeric materials to adsorb onto the surface
mucous of mucosal membranes (Cevher et al., 2008), thereby lengthening the resident time
of these materials at the target site. Furthermore, mucoadhesion allows permeation of
mucoadhesive nanocarriers into the mucosal lasyer thereby potentiating an increase in
absorption and bioavailability (Pattabhi, Howdary and Ao, 2004). In this regard, the
mucoadhesive property of CT could enhance the oral delivery of RFP. Surface interactions
between mucoadhesive polymers and the mucosal membrane has been identified to be either

ionic, covalent, hydrophobic or physical in nature (Smart, 2005).

Studies on the in vitro interaction of the RFP-loaded and RFP-free PEC particulates using PM
indicated the mucoadhesion propensity of CT. As shown in Table Ill and Figure 2, all the
formulations reached equilibrium adsorption at 120 minutes following immersion in mucin
solution. Mucoadhesive studies revealed a %MBE of more than 10% (14-30%) for all the
nanoparticle formulations except SL-CT-RFP (3:1) which demonstrated a %MBE of 8.25%.

This is most likely attributed to the low amount of CT in this formulation in ratio to SL.

55



Furthermore, it was observed that RFP-loading and increase SL concentration caused a
decrease in %MBE, hence, demonstrating that only CT contributes to the mucin-binding
property of the complex system. The downregulation of CT mucin binding property imparted
by RFP-loading and increased SL amount could be attributed to a reduced CT surfaces
available for mucin interaction. This implies that increased availability of CT surfaces for mucin
interaction and subsequent adsorption produces an expected increase in the %MBE of the
nanoparticulate complex system. The mechanism of mucoadhesion is likely a result of
electrostatic interaction that exist between the polysaccharide shell (positively charged) and
Gl mucus membrane (negatively charged) (Zhang, Wardwell and Bader, 2013; Shtenberg et
al., 2018). Whilst the surface positive charge contributed by chitosan coating enhanced ionic
interaction with the negatively charged mucin layer, the hydrophilicity of the hybrid system
could have also encouraged hydrogen bonding formation, and contributing to the enhance
%MBE (Luo et al., 2015). This interaction could be of biopharmaceutical benefit to oral delivery
of therapeutics, as sufficient gastrointestinal residence is necessary for nanocarrier mucosa
penetration and gastrointestinal epithelium absorption, consequently promoting bioavailability

of the cargo.

Table 3.3. %MBE comparison of RFP-loaded and RFP-free nanoparticle formulations as a

function of time.

Time SL-CT SL-CT SL-CT-RFP SL-CT-RFP
(Min) 11 31 11 31
30 6.12 3.99 1.23 0.88
60 14.40 9.47 4.12 2.00
90 21.60 16.57 9.00 5.81
120 29.77 25.02 14.10 8.25
150 29.56 25.14 14.22 8.31
300 29.63 25.09 14.14 8.29
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Figure 3.2. Representation of %MBE of RFP-loaded and RFP-free nanopatrticle formulations
in response to SL: CT and RFP variations. All values represented as mean £+ SD (n=3).
3.3.4. Analysis of molecular vibrational transitions indicating PEC formation

FTIR spectra of the native polymers, SL-CT complex and SL-CT-RFP PEC particulates are
illustrated in Figure 3.3. FTIR for pristine CT (Figure 3.3d) showed characteristic peaks at
wave numbers 3284 cm?, 1375 cm™*and 1023 cm™ which corresponded to N-H, C-N and C-
O stretching of the amide, respectively, while the peak at 1583 cm™ indicated N-H bending.
For pristine SL (Figure 3.3e), noted peaks at 3011 cm®, 1726 cm™ and 1378 cm™ were
assigned to O-H, C=0 and P=0 vibrations, respectively (Dora et al., 2017a) . A critical
observation of the spectrum of SL-CT (Figure 3.3b) complex in comparison with the native
polymers, indicated that similar bands for C=0, C-N and P=0 exist at wave numbers 1736
cm?, 1375 cmtand 1241 cm?, respectively (Dora et al., 2017a). It is noted that the band
corresponding to the P=0 vibration of SL has shifted to a lower wavenumber, thus, indicating
electrostatic interaction and possible complexation with the amide groups of CT. The N-H
stretching vibration of the RFP-loaded complex (Figure 3.3a) shifted to a lower wavenumber
of 3253 cm™? with a P-O-C vibration peak observed at 988cm™. These shifts may further
suggest PEC formation occurring between the phospholipid (SL) and CT which originates from
the interaction between the amino groups (NH?*") of chitosan and the phosphate groups (PO*

) of the phospholipid resulting in an aminophosphate-functionalized system.

The FTIR spectrum of RFP (Figure 3.3c) shows characteristic peaks at 2938 cm™ (C-H
stretching), 1732 cm™ (-C=0 acetyl stretching), 1650 cm™ (-C=N asymmetric stretching), 1569
cm? (C=C stretching), 1373 cm™ (C-N stretching) and 1254 cm (-C-O-C- ether group) (Date,
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Samad and Devarajan, 2010). Similar bands were demonstrated by the RFP-loaded
nanoparticle spectrum: C-H stretching, —C=0 acetyl stretching and C-N stretching at 2923 cm-
11735 cm? and 1377 cm?, respectively (Bachhav et al., 2017a), hence, suggesting RFP
encapsulation. The encapsulation of RFP into the polymeric complex induced structural
changes as noted on the spectrum of RFP-loaded PEC particulates when compared to the
drug-free PEC particulates. A noticeable increase in peak intensity is evident from bands 2923
cm™®— 968 cm™ in the SL-CT-RFP spectrum when compared to the RFP-free nanoparticle
spectrum. This further confirms the successful loading of RFP into the system, however, it

may suggest that RFP could have interfered with or obscured the NH** and PO* PEC reaction
sites (Singh et al., 2014).

1736 —

- 1241
S
G) /
O
= 2923 1735 C
= e
= 1377
(¥p]
% w
© 1583 —™
— 3284 1375

1023 — d

3011
/ e

1726 —~ 1378

4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm 1)

Figure 3.3. FTIR spectra of a) SL-CT-RFP, b) SL-CT, c) RFP, d) CT and e) SL.

3.3.56. Analysis of thermal stability and degradation induced by SL-CT-RFP
polyelectrolyte complexation
DSC analysis, depicted in Figure 3.4, allowed the elucidation of transitions in melting points
and thermal degradation in response to variations of SL ratios and RFP encapsulation.
Although no significant changes were noted in the thermal properties of RFP-loaded and RFP-
free formulations, the formation of a PEC induced shifts of the degradation peaks towards
higher temperatures. It is noted that formulations SL-CT-RFP 3:1 and 1:1 (Figure 3.4a and b,
respectively) and the corresponding RFP-free SL-CT 3:1 and 1:1 (Figure 3.4c and d,
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respectively) PEC formulations exhibited the onset and endset of thermal degradation
between a range of 288°C and 325°C, respectively, whereas the pristine CT (Figure 3.4e) and
SL (Figure 3.4f) parent polymers exhibited lower thermal stability with the initiation of
degradation occurring at 275°C. The thermogram of SL (Figure 3.4f) presented with two
melting points at 146°C and 222°C. The melting point at 222°C is observed to maintain its
presence in the RFP-free and RFP-loaded formulations with a gradual shift of this peak
towards higher temperatures where a marked increase to 242°C in the SL-CT-RFP 3:1
formulation is noted. These changes further confirm the formation of a PEC resulting from
interaction of phosphate ions present in SL with the amines of CT. The melting point of pure
RFP as noted at 187°C (Figure 3.49) is undetectable in the RFP-loaded formulations which
may be attributed to the formation of a stable drug-polymer complex which necessitates higher
energy to cause disruption of any newly formed chemical bonds.
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Figure 3.4. DSC thermograms of a) SL-CT-RFP 3:1, b) SL-CT-RFP 1:1, ¢) SL-CT 3:1, d) SL-
CT 1:1,e) CT, f) SL and g) RFP

3.3.6. X-Ray Powder Diffraction (XRPD) analysis

Crystallinity transitions of polymeric materials impact the resulting physicochemical properties.
Amorphous characteristics of polymeric materials and colloid and emulsion systems are
preferred for biomedical applications, especially in pharmaceutical industry, since the
improved solubility of amorphous states enhance bioavailability (Alkhader, Billa and Roberts,

2017). XRPD analysis performed for comparison between the characteristic crystalline

59



properties of the pure RFP drug, native polymers, SL-CT complex and the RFP-loaded PEC
particulates, as shown in Figure 3.5. The XRPD pattern of pure chitosan, in a relatively
amorphous state, has been reported to show broad peaks at 26 = 10° and 26 = 20° (Kumatr,
Dutta and Koh, 2011), which corresponds to the pattern obtained for pristine CT. The X-ray
diffractogram of SL presented a semi-crystalline peak at 26 = 20.3° indicating the amorphous
regions of phosphatidylcholine (Formariz et al., 2008; Cheng, 2015). A comparison of the
characteristic peaks evident in the native polymers with that of the new complex (SL-CT)
formed revealed that the amorphous peak of pristine CT at 26 = 10° was absent in the formed
SL-CT complex. Furthermore, the semi-crystalline peak of SL at 26 = 20.3° transitioned to a
single strong and broad peak indicative of amorphous regions in the SL-CT and SL-CT-RFP
complexes. These changes in crystallinity may be attributed to the Polyelectrolyte
complexation between NH3* of CT and PO* of SL as described in FTIR spectra. RFP displayed
well-defined narrow peaks characteristic of a highly crystalline structure. However, when
encapsulated in the PEC particulates, the intense crystalline peak disappeared to form a
combined singular broad peak, as depicted by the SL-CT-RFP diffractogram in Figure 5. It
was observed that the XRPD pattern for the RFP-loaded system and the RFP-free system
showed marked similarity which may be attributed to the relatively small amount of RFP in
terms of the drug:polymer complex ratio (1:40). However, maintenance of the presented
amorphous regions in the RFP-loaded SL-CT complex may suggest an improved solubility

profile of the encapsulated drug in aqueous media.
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Figure 3.5. X-ray Powder Diffraction (XPRD) spectra of CT, SL, RFP, the SL-CT complex and
the SL-CT-RFP PEC patrticulates.

3.3.7. Evaluation of rheological properties of the synthesized lipopolysaccharide
complex and RFP-loaded PEC particulates
Viscoelasticity studies with regards to the gelation kinetics and real-time elasticity monitoring
of SL-CT 1:1, SL-CT 3:1, SL-CT-RFP 1:1 and SL-CT-RFP 3:1 was performed as shown in
Figure 3.6. The shear storage modulus (G’) was given as a function of reaction time at 37 °C.
It was observed that all four formulations had a relatively fast onset of gelation of less than 2
minutes. Gelation onset times of 57 seconds was observed for SL-CT 1:1, SL-CT 3:1 and SL-
CT-RFP 1:1, whereas SL-CT-RFP 3:1 demonstrated a gelation onset time of 117 seconds.
The delayed gelation onset observed with SL-CT-RFP 3:1 could be due to a longer time
required for the reacting PEC molecules to come into contact with each other as a result of
excess phosphate anions in the system causing electrostatic repulsion and interference by
RFP molecules. The fast onset of gelation may be attributed to a rapid Polyelectrolyte
complexation reaction between the native polymers of equal ratios with minimal interference
from RFP. A progressive increase in G’ for all formulations was noted over the 5-hour duration
with the drug-free formulations gelling at a faster rate than the drug-loaded formulations. This
may be a result of the presence of more uninterrupted reaction sites available for
Polyelectrolyte complexation in the drug-free formulations, thus, supporting the FTIR-
implication of possible RFP interference with NH3* and PO?* reaction sites. During the 5-hour
gelation period, it was noted that SL-CT 1:1 and SL-CT 3:1 reached a maximum G’ of 282Pa
(x13) and 319Pa (+11), respectively, while SL-CT-RFP 1:1 and SL-CT-RFP 3:1 peaked at
163Pa (x10) and 242Pa (x11), respectively. This may reflect the formation of a slightly
disrupted PEC matrix and gelling formation in response to RFP loading whereas the drug-free
formulations are able to maintain a more compact and continuous gelling arrangement

throughout the sample matrix.

3.3.8. Textural transitions in response to variations in SL in the RFP-loaded
lipopolysaccharide PEC nanoparticulate tablets
Textural profiling, as presented in table 3.4, revealed that increased SL ratio in the SL-CT-
RFP 3:1 formulation presented with a greater force of 12.48N and fracture energy of 0.026J
to initiate a break in the tablet matrix whereas the 1:1 formulation achieved a break in the
tablet structure at 10.48 N with a corresponding energy of 0.021 J. In addition to the PEC
formation resulting from SL-CT electrostatic interactions, the increased mechanical strength
of the 3:1 formulation could further be attributed to possible interactions arising from SL-RFP,

as noted in the FTIR spectra and XRPD diffractograms. Reduced crystallinity of the
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lipopolysaccharide nanoparticulate system in response to increased SL ratios, as observed in
XRPD analysis, suggests the formation of a less brittle tablet matrix imparted by a slight

plasticizing effect of the soy lecithin phospholipid.
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Figure 3.6. Kinetic gelation plots of a) SL-CT 1:1 and SL-CT 3:1, and b) SL-CT-RFP 1:1 and
SL-CT-RFP 3:1 presenting the shear storage modulus (G’) (Pa) observed over a 5-hour

timeframe at 37°C.

In this case, a portion of energy is dissipated throughout the matrix before reaching a break in
the system whereas a highly brittle matrix results in immediate breakage and cracking upon
application of force due to decreased deformability of the matrix system. Likewise, the
enhanced mechanical attributes obtained via increased SL in the PEC particulates correspond
to the enhanced elastic (G’) rheological properties of the 3:1 formulation (242Pa) compared to
the 1:1 formulation (163Pa).

Table 3.4. Profiling the Hardness, Compressibility and Fracture energy of SL-CT-RFP 1:1 and
SL-CT-RFP 3:1 as a function of the SL: CT ratio

Formulation Hardness Compressibility Fracture energy
(N) (N -mm) ()

SL-CT-RFP (1:1) 10.4768  20.529 0.021

SL-CT-RFP (3:1) 12.4815 25.903 0.026

3.3.9. Optical characterization and stability of the lipopolysaccharide PEC particulates
in aqueous suspension
Light scattering analysis of the synthesized drug-free (SL-CT) and drug-loaded (SL-CT-RFP)
PEC particulates was performed. This analysis is based on the principle of particle migration
and particle concentration variation within the sample. The phenomena of coalescence and
flocculation are detected through increases in particle size of the sample. This technique
measures the migration of colloidal particles toward the 1) bottom of the sample
(sedimentation), 2) top of the sample (creaming) or 3) middle portion of the sample where
particle aggregation leads to increased particle size (flocculation or coalescence). The result
of this particle migration is expressed as the intensity of delta backscattering (ABS) or
transmission (T) where an increase in ABS at the bottom of the sample with a corresponding
decrease in T at the top of the sample indicates sedimentation kinetics. The reverse is true for
the case of creaming kinetics; whereas in flocculation or coalescence kinetics, a decrease in

ABS is noted throughout all three sections of the sample (Celia et al., 2009).

The stability characteristics of RFP-loaded and RFP-free nanoparticle formulations was
evaluated as a function of ABS and it was observed that all formulations showed some level

of destabilization, as shown in Figure 3.7 below. However, formulations with a higher amount
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of SL (depicted in Figure 3.6b and d) displayed enhanced stability as these formulations
exhibited minimal changes in ABS of less than 5% as compared to formulations with a lower
amount of SL where more than 10% ABS was noted (Figure 3.7a and c). This may be related
to the emulsifying properties of SL (Gan et al., 2014) which assists in the reduction of surface
tension between the particles and the dispersion medium, thus, keeping the PEC patrticulates
homogenously suspended in the liquid phase. Furthermore, an increase in sample particulate
size at the middle and top portions of the sample indicated by increased ABS of 15% and 18%,
respectively, was observed in Figure 3.7a of the SL-CT 1:1 complex. Similarly, The SL-CT 3:1
complex, Figure 3.7c, exhibited a ABS of 18% and 22% at the top and middle portion of the
sample, respectively. This is indicative of possible coalescence and aggregation of the
suspended particles at the top and middle portions of the samples, respectively.

The particle-migration dynamics over the 5-minute analysis period revealed that the
incorporation of RFP into the lipopolysaccharide nanocomplex instigated slight changes in the
stability of the formulation, indicated by changes in ABS and T along each time interval,
compared to the RFP-free systems which maintained steady ABS levels over the test time-
frame. This is likely due to overall increased particle size and ionic charge (Table 3.1) upon
RFP-encapsulation, as particularly noted with the SL-CT 3:1 formulation demonstrating a
particle size change from 232.8 nm to 274.2 nm and surface charge of +22.2 mV to +30.7 mV.
However, it should be noted that the addition of increased SL plays an important function in
the maintenance of stability of the nanocomplex system which may be attributed to the
increased elastic response of the system as noted from the shear storage moduli of 163 Pa
(1:1) to 242 Pa (3:1) in RFP-loaded formulations and from 282 Pa to 319 Pa in RFP-free
formulations, respectively. As such, SL-CT-RFP 3:1 and SL-CT 3:1 displayed the highest level
of stability compared to SL-CT 1:1 and SL-CT-RFP 1:1.

Dispersion stability of nanoparticulate in suspension influences the therapeutic efficacy of the
formulation in terms of drug-dose obtained post-reconstitution and before oral administration.
Therefore, a solid dosage form, such as tablets, may eliminate dose-administration concerns

with regards to simple use and storage of the formulation.

64



Delta Transmission - no zoom a

= > 0.00<
0% AR P B
1 0.00:01:00
-10%

omm 10mm 20mm 30mm 40mm Somm 9000209
Delta Backscattering - no zoom 0:00.03:00
0% ‘fﬁv R,,«’\—_ 0:04:00

0:00:05:00
omm 10mm 20mm 30mm 40mm S0mm
Temperature - no zoom

Control-point
25 |

Set-point

Omin 0.5min Amin 1.5min 2min 2.5min 3min 3.5min 4min 4.5min Smin
Delta Transmission - no zoom b
5% 1! It ‘f + 1 0.00.00:00
0% Rt 0:00:01:00
L
0:00:02.00
omm 10mm 20mm 30mm 40mm Somm
Delta Backscattering - no zoom 0.00:03.00
A 3
0% . SRR RO S 3
s 0:00:05:00
omm 10mm 20mm 30mm 40mm 50mm
Temperature - no zoom
Control-point
257]
Set-point
Omin 0.5min Amin 1.5min 2min 25min 3min 3.5min 4min 4.5min Smin
Delta Transmission - no zoom
0% 4 P >0.:00,00:00< c
v 0:00:01:00
-10% ! -~
omm 10mm 20mm 30mm 40mm S0mm iy
Delta Backscattering - no zoom 0.0003.00
0% “f\v a\,,.d\_. 0:00:040
0:00:05:00
omm 10mm 20mm 30mm 40mm s0mm
Temperature - no zoom
Control-point
257
Set-point
Omin 0.5min 1min 1.5min 2min 2. 5min 3min 3.5min 4min 4.5min Smin
Delta Transmission - no zoom d
A »0.00.00:00<«
& X\\’\}\f\ 0.00.01.00
omm 10mm 20mm 30mm 40mm 50mm Opone
Delta Backscattering - no zoom 0.00:02:00
™ o
0% "*«s}‘(\ 0:00:05:00
omm 10mm 20mm 30mm 40mm Somm
Temperature - no z0om
254 Control-point
Set-point
Omin 0.5min 1min 1.5min 2min 2.5min 3min 3.5min 4min 4.5min Smin

Figure 3.7. Representation of the destabilization kinetics of a) SL-CT 1:1, b) SL-CT 3:1, ¢)
SL-CT-RFP 1:1 and d) SL-CT-RFP 3:1 suspension, indicating ABS and T measured at 25 £

0.5 °C for 5-minutes duration.

3.3.10. Evaluation and mathematical modelling of RFP release from the
lipopolysaccharide PEC particulates

The rate and quantity of drug release from a formulation plays a critical role in determining the

dose administration frequency of a medicine. Thus, a formulation providing extended release

kinetics reduces administration frequency, which is crucial in maintaining patient compliance

in an infective disease-condition such as TB. The analysis of in vitro drug release behaviour

of nanocarriers is a pertinent factor, among others (Horter and Dressman, 1997), in

determining the amount of drug available for potential absorption into the systemic circulation.

The in vitro release profile of RFP from the formulated lipopolysaccharide PEC particulates
was investigated alongside comparator formulations (SL-CT+RFP, MSL+RFP+CT,
SL+CT+RFP and Free RFP). As shown in Figure 3.8, it was observed that the in situ
complexes of SL+CT+RFP (mixing of pristine polymers and drug powder), SL-CT+RFP 1:1
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(in situ mixing of RFP with the formulated SL-CT 1:1 complex) and Free RFP released 90%,
64% and 28% of drug content, respectively, within the first 4 hours, hence, exhibiting the
fastest release profile. Free RFP formulation released 91% of drug content within the 24-hour
study period. This rapid release behaviour may be attributed to a decrease or absence of
intermolecular bonds between the parent polymers of the in situ formulation (SL+CT+RFP)
and due to RFP existing in a simple dispersed form as opposed to encapsulated within the
particles of the system (SL+CT+RFP, SL-CT+RFP 1:1 and Free RFP). Such release profiles
are considered unsuitable for sustained delivery of RFP as it potentiates frequent
administration and reduced patient compliance. It was further observed that formulations of
MSL+RFP+CT and SL-CT+RFP 3:1, which involved blending of RFP within melted SL and
the SL-CT 3:1 complex, provided a cumulative drug release of 22.8% and 20.8%, respectively.
In this case, the direct blending and increased ratio of SL in the formulation contributed to
decreased drug release.

Formulations, involving authentic RFP encapsulation during the solvent injection method, SL-
CT-RFP 1:1 and SL-CT-RFP 3:1 exhibited slower drug release rate with a cumulative drug
release of 11.4% and 6.4%, respectively, obtained over the 24-hour study period. The slower
release profiles could be attributed to RFP-phospholipid electrostatic interaction and barriers
imparted by the phospholipid matrix as deposition of the drug most likely occurred within the
lipid bilayers (Barbieri et al., 2013). In addition, this concept explains the low release rates
observed in formulations with a higher proportion of SL as mentioned earlier (SL-CT-RFP 3:1
and SL-CT+RFP 3:1). Furthermore, RFP entrapped within the PEC matrix of the phospholipid-
polysaccharide system contributes to slower release as passage of the drug molecules out of
the system is dependent on disintegration of the PEC thus, reducing release rates. PEC
particulates SL-CT-RFP 1:1 and 3:1 exhibited a significantly low cumulative drug release over
a 24-hour period and hence require longer time periods for complete release of loaded drug
to occur. In favour of a reasonable dosing frequency and drug-interaction time, it is possible
to modulate drug release rates employing enzyme-triggered drug release tactics in
conjunction with adjustments in SL ratios to assist in rupture of the internal nanopatrticle

structure, thereby, conferring faster release (Varum et al., 1997; Barbieri et al., 2013).

Mathematical modelling of the drug release data (as listed in Table 3.5) was performed to offer
insight into the underlying drug release mechanisms governing the observed release profiles
in response to variations in polymer ratios and tablet-preparation methods. It is noted that
tablets prepared by simple mixing of the pristine polymer and drug powders (SL+CT+RFP)
followed the First-order release model (R? = 0.7231) where drug release occurred via non-
Fickian anomalous transport as indicated by the n-value (> 0.45) of 0.5479 derived from the

Korsmeyer-Peppas equation. Rapid disintegration of the compacted powders resulting in
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prompt wetting and diffusional release of RFP from this formulation contributed to the fast drug
release rate of 90% within the first 4 hours with complete release occurring at the end of 24
hours. Formulations involving coating of RFP with melted SL (MSL+RFP+CT) followed the
Higuchi model with n = 0.4699 suggesting non-Fickian diffusional release where drug release
was likely dependent on the extent of hydration and dissolution of the RFP-SL complex, hence

the slower release rate of 22.81%.

Drug release from tablets prepared from the pre-formulated PEC (SL-CT+RFP (1:1): 64% and
(3:1): 20.8%) displayed a significant decrease in release rates upon increase in SL ratio. The
faster release of the 1:1 formulation (n = 0.2692) profile may be attributed to the dispersion of
RFP molecules within the SL-CT PEC system where RFP is dispersed within the spaces of
the polymer matrix but not necessarily encapsulated and complexed to the SL-CT PEC via
intermolecular interactions. This arrangement of RFP throughout the tablet matrix allows for
rapid water penetration, hydration and swelling of the system resulting in Fickian-diffusion of
RFP molecules whereas the decreased release rates imparted by increased SL in the 3:1
formulation is possibly conferred by SL-RFP interactions in addition to the SL-CT complex. It
is further noted that increased SL ratio imparts an increase in the n-value suggesting a gradual
shift from diffusion-based release towards non-Fickian anomalous transport (n = 0.6013) and
erosion-controlled release (Cheow and Hadinoto, 2012). This is particularly evident in the
tablets prepared from the lyophilized powder of the PEC particulates obtained from the
concurrent incorporation of SL, CT and RFP during the solvent injection synthesis which
yielded exceptionally low drug release rates of 11.4% and 6.4% for the SL-CT-RFP 1:1 and
3:1 formulation, respectively. The release profiles transitions from Higuchi to Zero-order
kinetics upon increased SL. The increase in n-value from 0.736 for the 1:1 PEC particulates
to 1.2605 for the 3:1 PEC particulates implies the working of a super case Il transport as the
primary drug release mechanism where dissolution of the PEC-entrapped drug is time-
dependent on polymer relaxation and erosion of the PEC particulates as opposed to only
hydration and diffusion out of the system.
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Figure 3.8. In vitro release profile of RFP from various indicated formulations at 37 °C and pH
6.8 (n=3, mean  SD).

Table 3.5. Mathematical modeling for RFP release kinetics.

Formulation  Zero- First- Higuchi  Hixson- Korsmeyer- Best-fit
order order Crowell Peppas model
R? R? R? R? R? n
SL+CT+RFP ~ 0.5259  0.7231 0.677 0.6581 1 0.5479 First-
order

MSL+RFP+CT  0.9398 0.9471 0.9879 0.9447 0.9908 0.4699 Higuchi

SL-CT+RFP 0.6942 0.7741 0.8306 0.748 0.9234 0.2692 Higuchi
SL—Cl'I;}-RFP 0.9723 0.9771 0.988 0.9755 0.9794 0.6013 Higuchi
SL—S#RFP 0.9032 0.9089 0.9678 0.907 0.89 0.736 Higuchi
SL—Cl'.F%RFP 0.9681 0.9675 0.904 0.9677 0.9811 1.2605 Zero-
31 order
3.3.11. Evaluation of hydration dynamics controlling swelling and erosion

behaviors of the RFP-loaded lipopolysaccharide PEC nanoparticulate
tablets
The characteristics of fluid ingress into and hydration of the SL-CT-RFP tablets are critical in
understanding the drug-release mechanisms observed in terms of swelling and erosion
processes which influence the drug-release kinetics. The changes in hydration and

subsequent swelling and erosion of the tablet matrix at various time points, as acquired from
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MRI capture, is depicted in Figure 3.9 and 3.10. The gradual grayscale color transitions from
dark to light areas indicate increased water penetration and hydration of the tablet as further

swelling and subsequent erosion of the matrix ensues.

The hydration sequence of the SL-CT-RFP 1:1 formulation, depicted in Figure 3.9a, shows
immediate disintegration and dissolution of the tablet matrix, into the surrounding media,
occurring from the surface towards the core of the system with little or no presence of a defined
swollen interface. This correlates to the drug-release kinetics obtained which indicated a
slightly faster release pattern (11.4% cumulative release) controlled via a combination of
diffusion and erosion processes (non-Fickian anomalous transport). In contrast, the hydration
dynamics of the SL-CT-RFP 3:1 formulation, depicted in Figure 9b, shows the formation of a
distinctive swollen zone (highlighted in red) surrounding an inner core of unhydrated matter.
This gelled interface further retards the diffusion of RFP molecules out of the matrix (where
RFP remains entrapped for a longer time in the gelled state of this layer) thereby presenting
with decreased drug-release rates of 6.4% cumulative release. In this case, the predominant
mechanism of super case Il transport encompasses time-dependent PEC matrix hydration
and subsequent swelling followed by polymer chain relaxation and erosion of the gelled region
thereby following Zero-order drug-release kinetics where the matrix system does not

disintegrate but maintains its bulk in a swollen or gelled state.

Figure 3.9. MRI acquisition illustrating the progression of fluid ingress and hydration of
nanoparticulate tablets formulated from a) SL-CT-RFP 1:1 and b) SL-CT-RFP 3:1 (formation

of a distinct swelling zone encircled in red) over a time-period of 16 hours.

69



3.3.12. Ex vivo Evaluation of RFP Permeation Across Porcine Intestinal Tissue from
the Lipopolysaccharide PEC Particulates

The rate and extent of drug permeation through the intestinal barrier is governed by several
factors, such as physiological, biological, and anatomical properties of the tissue and
physicochemical properties of the drug and dosage form (Mariappan TT, Singh S., 2006),
which ultimately influence drug solubility and bioavailability at the targeted delivery site. The
Biopharmaceutics Classification System (BCS) has categorized RFP as a Class Il drug (high
permeability, low solubility); however, several studies have queried this classification and prior
research has established RFP as a drug of low permeability and low solubility (BSC Class 1V)
(Buckley et al., 2012; Collett, Tanianis-hughes and Warhurst, 2004; Ha, 2004).

The permeability kinetics of RFP from the lipopolysaccharide PEC particulate formulations
(SL-CT-RFP 1:1 and SL-CT-RFP 3:1) were evaluated alongside capsulated free RFP, as
represented in Fig. 3.11 and Table 3.6.

(a) (b)
‘—_4

Figure 3.10. Images representing the instant hydration and swelling behaviours of (a) SL-CT-
RFP 3:1 and (b) SL-CT-RFP 1:1 nanoparticle tablet after a 5-minute contact with PBS solution
(pH6.8).

It was revealed that RFP release from SL-CT-RFP 1:1 and SL-CT-RFP 3:1 significantly
demonstrated enhanced permeability over the 8-h study period as compared to that of free
RFP, with an average flux of 1.22 x 10° mg cm?min?, 1.27 x 103 mg cm2? min?, and 0.61 x
10° mg cm2min, respectively. Furthermore, the effective permeability (P) of RFP was found
to be 21.89 x 10® cmsec?, 22.85 x 10 cmsec? and 10.53 x 10 cmsec™? in SL-CT-RFP 1:1,
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SL-CT-RFP 3:1, and free RFP, respectively. The high permeability of RFP from the
lipopolysaccharide PEC particulate formulations may be attributed to an amphiphilic property
imparted by the PEComplexation which improved its interaction with the phospholipid bilayer
of the intestinal membrane thereby contributing to a high migration of RFP molecules from the
donor to the receptor chambers (Danaei et al., 2018). The permeation of RFP from the PEC
particulate formulations may occur via molecular transport across the membrane through the
transcellular routes that often favours compounds of amphiphilic nature (Were et al., 2003).
Furthermore, as per FTIR analysis in Fig. 3.3a, the spontaneous chelation of RFP to CT and
its encapsulation within the lipopolysaccharide PEC system could confer the drug molecule
with increased solubility and hence, improved permeation upon dissolution. Compared to free
RFP, the lipopolysaccharide PEC particulates proved as efficient nanocarriers of drug. The
data obtained, showed no significant change in the permeability profile of RFP with increase
in the SL-CT mass ratio as observed with SL-CT-RFP 1:1 and SL-CT-RFP 3:1 formulation,
suggesting that CT (with constant mass in both formulation) played the major role in regards
to the solubilization property of the lipopolysaccharide hybrid system towards dissolution and

intestinal permeability of RFP.

- SL-CT-RFP (1:1)
-= SL-CT-RFP (3:1)
Free RFP

0 1 2 3 4 5 6 7 8 9
Time (hour)

Cumulative amount of RFP permeated

Figure 3.11. Cumulative RFP permeation across pig intestinal tissue from SL-CT-RFP 1:1,
SL-CT-RFP 3:1 and Free RFP formulations (37°C).
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Table 3.6. Cumulative amount of RFP permeated (M), Flux Value (J), and permeability (P) of
RFP from SL-CT-RFP 1:1, SLCTLWCT-RFP 3:1, and free RFP formulations after 8-h

exposure time.

Formulation M J P

(mg) (10 mg cm?min?) (10° cm sec?)
SL-CT 1.1 1.037 1.22 21.89
SL-CT 3:1 1.079 1.27 22.85
FREE RFP 0.518 0.61 10.53

RFP rifampicin, SL soy lecithin, CT low-molecular-weight chitosan

3.4. Conclusion

Conventional RFP delivery systems have been identified with several drawbacks, which
include but are not limited to, poor bioavailability and sustained-release properties. The
lipopolysaccharide PEC particulates synthesized by the solvent injection technique, reported
in the present study, has shown efficacy in promoting a sustained-release profile with reduced
drug release rates imparted by molecular interaction and subsequent encapsulation of RFP
within a PEC system where polymer-polymer and polymer-drug interactions are likely, as
confirmed by FTIR and DSC. MRI analysis further revealed and confirmed the drug release
mechanism which involved entrapment of RFP within a swollen gel interface. A series of
comparator formulations further demonstrated the importance of the solvent injection
technique in acquiring a successfully formulated SL-CT-RFP complex wherein drug is bound
within the PEC complex as opposed to dispersed around the PEC matrix. Increase in
amorphous regions, indicated by XRD, suggests an improved solubility profile of the
encapsulated RFP thereby, potentially improving bioavailability. The concentration-dependent
incorporation of SL provides a means for adjusting particle-suspension stability and drug
release rates while conferring enhanced viscoelasticity and deformability of the system.
Furthermore, ex vivo permeation studies revealed that RFP permeability can be improved by
incorporating it within PEC structure of SL-CT, thus favouring bioavailability. In vivo analysis
is required to evaluate the therapeutic efficacy of the lipopolysaccharide PEC particulates in

delivering adequate quantities of RFP via the oral delivery route.
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CHAPTER 4

DESIGN OF MANNOSE-FUNCTIONALIZED HYBRID LIPOPOLYSACCHARIDE
NANOPARTICLES FOR MACROPHAGE-TARGETED DELIVERY OF RIFAMPICIN
AND ISONIAZID

4.1. Introduction

Tuberculosis (TB), caused by Mycobacterium tuberculosis (Mtb), is an infectious disease
ravaging the healthcare system of the world, however it is predominantly found in Africa, Asia
and South America countries, killing more people than any other infectious disease (Kaur,
Garg and Narang, 2016). In 2018, World Health Organization (WHO) reported an estimated
10 million new cases and 1.5 million deaths from TB infection (WHO 2019). The disease
manifestation and virulent nature of the causative organism presented serious challenge to
chemotherapeutic management. Mtb-infected macrophages usually form clusters, called
granulomas, which are enclosed by several immune cells, cholesterol, and fatty acids. The
granulomas naturally function to eliminate infectious agents that invade the body system by
localizing and containing the infection, preventing it from growing and replicating. However,
these cells are unable to destroy Mtb or inhibit their energy generating ability, thus making the
macrophage cells a major haven for Mtb (Donnellan and Giardiello, 2019). The formation of
granuloma is a characteristic manifestation of Mtb infection, especially in latent TB infection,
and plays a fundamental role in immune pathogenesis, in which ten percent of cases sees
bacilli escaping from granulomas and proceeding to cause active disease (Miranda et al.,
2012). Cells internalize particulate materials via phagocytosis, endocytosis, and pinocytosis.
By taking up nanoparticles, especially when it involves macrophages where Mtb colonize, the

particulate may be co-colonized with the pathogen allowing for very specific targeting.

The exploitation of nanoparticles in drug delivery formulations is versatile due to the
outstanding properties provided by their nanometric size range, which includes bioactive
protection, controlled release of drug content, biocompatibility, and biodegradability to a non-
toxic end-product (Saraogi et al., 2011). Nanocarriers have been employed to target TB, in
which the design strategies mostly involve the use of polymeric or liposomal nanosystem
loaded with the first-line anti-TB drugs, rifampicin (RFP) or isoniazid (ISN) (Pandey et al.,
2003; Pandey and Khuller, 2005; Ohashi et al., 2009a; Hirota et al., 2010; Aboutaleb et al.,
2012; Nanoparticles et al., 2012; Chuan et al., 2013; Dube et al., 2014; Kaur, Garg and
Narang, 2016; Vieira et al., 2017; Hakkimane et al., 2018). Studies have shown that infected

macrophages can be specifically targeted using nanocarriers with surface modification to
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deliver encapsulated anti-TB drugs, thus producing therapeutic drug concentration at this site
(Vieira et al., 2018; Costa, Sarmento and Seabra, 2018b). This could help reduce the dose
required to achieve therapeutic concentration at infection site and consequently minimizing
dose-dependent side effect and drug toxicity. Macrophages have several surface receptors
(e.g. mannosyl, galactosyl, lectin, and Fc) which is used to recognise and take up particulate
nanocarriers. Owing to this fact, nanocarriers containing ligands to the respective receptors
are better internalized by the macrophages when compared with nanocarriers without such
ligands (Kaur, Jain and Tiwary, 2008). Among all nanocarrier system (e.g. liposomes,
dendrimers, polymeric and solid lipid nanoparticles) that have been used for macrophage
targeting, engineered nanoparticles have been recognized to possess better accumulation in
organs that are rich in macrophage such as liver, lungs, and spleen because of their
preferential uptake (Kumar et al., 2006; Jain et al., 2008; Kaur, Jain and Tiwary, 2008; Nimje
et al., 2009). They are better oriented to target and deliver the loaded drug selectively to the
alveolar macrophages.

The nanoparticulate of lipopolysaccharide origin is renowned for their outstanding
biocompatibility, biodegradability, adaptability, drug loading capacity and encapsulation
efficiency, safety and cost-effectiveness (Patidar et al., 2010; Salomon, Goycoolea and
Moerschbacher, 2017). Furthermore, due to their inherent polyelectrolyte complex structure
as well as the cationic surface provided by the nanostructure, they may provide several
modification opportunities for conjugating with, for example, specific ligand for cell targeting
purpose, cross-linkers, and coating substances. Considering the above, this study aimed to
synthesize and characterize mannose-functionalized hybrid lipopolysaccharide nanoparticles
(Mn-CT-SL) loaded with RFP and ISN, and to study the concurrent release of the loaded
bioactive in simulated physiological environment. Furthermore, we also evaluated the
cytocompatibility as well as the impact of nanoparticle mannosylation on cellular uptake and

intracellular drug accumulation.
4.2. Materials and Methods

4.2.1. Materials

Low molecular weight chitosan (CT) (75-85% deacetylated), L-a-Lecithin soybean (a
concentrate of soybean lecithin with 94% phosphatidylcholine and < 2% triglycerides),
ethylenediaminetetraacetic acid (EDTA), fluorescein isothiocyanate (FITC) probe, rifampicin
(RFP), isoniazid (ISN), phosphate-buffered saline (PBS) and dimethyl sulfoxide (DMSO) were
purchased from Sigma-Aldrich (St. Louise, MO, USA). Ethanol (ETOH), concentrated
sulphuric acid, phenol and glacial acetic acid were procured from Merck Pty Ltd., South Africa.

Murine macrophage RAW 264.7 cell line was purchased from ATCC, Virginia USA. Dulbecco's
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Modified Eagle's medium (DMEM), fetal bovine serum (FBS), Penicillin-streptomycin
antibiotic, Trypsin-EDTA, and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) were from Life Bioscience (Oakleigh, VIC, Australia). All chemicals were of analytical
reagent grade and used without prior modification. Double deionized water (DDW) was used

for all the preparations.
4.2.2. Methods
4.2.2.1. Preparation of the Lipopolysaccharide Formulations

4.2.2.1.1. Preparation of Hybrid Chitosan-Lecithin RFP-ISN-loaded (CT-SL-RFP-ISN)
Nanoparticles
CT-SL-RFP-ISN nanoparticles were prepared using a modified solvent injection technique as
previously described in our lab (Sumaila et al., 2019). Briefly, a 10 mL of 30 mg/mL ethanolic
solution of L-a-Lecithin soybean (SL) was prepared followed by an addition of 30 mg of RFP
which was thoroughly dissolved to obtain a homogenous SL-RFP solution. Similarly, CT-ISN
solution was prepared by dissolving 100 mg of the polymer in 70 mL of acetic acid (1% "/\)
followed by an addition of 20 mL of 1.5 mg/mL DDW solution of ISN. The CT-SL-RFP-ISN
nanoparticle suspension was obtained by injecting 10 mL of the previously prepared SL-RFP
solution into 90 mL of CT-ISN solution via a syringe (inner diameter 0.75 mm, flow rate 40
mL/min) with subsequent mechanical stirring. The resulting nanoparticle suspension was
centrifuged at 5000 rpm for 30 minutes, the clear supernatant discarded, and sediment
lyophilized over 24 hours to obtain a dried nanoparticle powder. Placebo nanoparticles and
FITC-loaded CT-SL were prepared following the same procedure but without the drug and

with FITC probe, respectively.

4.2.2.1.2. Preparation of mannosylated Nanoparticles

Coating of the nanoparticles (CT-SL-RFP-ISN and CT-SL) with mannose was adapted from
previously established methods (Pinheiro et al., 2016; Vieira et al., 2017; Costa, Sarmento
and Seabra, 2018b) with slight modifications. In details, a 50 mM mannose solution was
prepared in acetate buffer (pH 4.0) and added to the nanoparticle suspension. The mixture
was left under constant and gentle stirring at room temperature for 48 hours to reach optimal
conjugation. The reaction condition encouraged ring opening of the mannose molecule, and
subsequent reaction of the aldehyde group with free amine functionality present at the surface
of the nanoparticles resulted in the formation of a Schiff's base (—-N=CH-) as shown in (Figure
4.1). The mannosylated formulation was dialyzed (dialysis bag; MWCO 12-14 kDa) against
DDW for a period of 1 hour to remove the unreacted mannose and other impurities. It was

further lyophilized without cryoprotectant so as to assess the attachment of the mannose to
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the surface of nanopatrticles by FT-IR.

{CHO
HO-E-H
HO—S—H
H—r—OH +
H—S—OH
CH,0OH
6
Mannose
Schiff’'s base

Mn-CT-SL-RFP-ISN

Figure 4.1: Reaction scheme for the mannosylation of CT-SL RFP-ISN-loaded nanopatrticles.
A = Acetate buffer at pH 4.0, B = Constant stirring for 48 hours, CT-SL-RFP-ISN =
unmannosylated  Rifampicin/lsoniazid-loaded  nanoparticle, Mn-CT-SL-RFP-ISN =
mannosylated Rifampicin/lsoniazid-loaded nanoparticle. Mannose isomerized, in the
presence of acetate buffer at pH 4.0, and formed an open ring molecule, which then interacted
with the positively charged suface of the CT-SL-RFP-ISN nanoparticles to produce the

mannose-functionalized nanostructure, Mn-CT-SL-RFP-ISN.
4.2.2.2. Characterization of the Lipopolysaccharide Formulations

4.2.2.2.1. Evaluation of Particle Size, polydispersity index, Zeta Potential,
Conductivity, and Structural Morphology

The hydrodynamic diameter, polydispersity index (Pdl), surface charge, and conductivity of
the nanoparticles were measured using the Malvern Zetasizer Nano ZS (Malvern Instruments,
Worcestershire, UK). Briefly, 100 mg of all samples (placebo and RFP-ISN-loaded
nanoparticles, and mannosylated nanoparticles) were dispersed in DDW and sonicated for 30
seconds. A 2 mL sample of the nanoparticle suspension was placed in disposable cuvettes
and analyzed at 25 °C for average patrticle size, Pdl, zeta potential, and conductivity.

The morphological characteristic of the nanoparticles was observed using Scanning Electron

Microscopy (SEM). 100 uL of the synthesized nanoparticle suspension was dropped on an
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aluminium specimen stub and dried overnight followed by sputter-coating with gold for four
minutes at 20 kilovolts. Images of the nanopatrticles were obtained from a Phenom™ scanning

electron microscope (FEI Company, Hillsboro, OR, USA).

4.2.2.2.2. Quantification of mannose linkage on the surface of functionalized
lipopolysaccharide nanoparticles
The density of mannose on Mn-CT-SL nanoparticles was evaluated using the previously
reported phenol-sulfuric acid mannose detection assay (Carrillo-Conde et al., 2011) with slight
modification. Briefly, 50 puL of Mn-CT-SL nanoparticle solutions (5mg/mL) were dispensed into
a 96-well plate and diluted with 50 yL DDW. Concentrated sulfuric acid (150 pL) was ejected
quickly and the plate gently shaken to allow homogenous mixing of the solution. A freshly
prepared 5% (w/v) solution of phenol (30 pyL) was added and the reaction allowed to proceed
for 30 minutes permitting adequate reduction of mannose and CT with corresponding change
in colour of the solution. Unmannosylated CT-SL nanoparticles were used as controls to
account for polymer interference with the assay. Absorbance of standards and unknown
samples were measured at a wavelength of 490 nm using a microplate reader (Perkin Elmer
VICTOR X 3 2030 MultiLabel Plate Reader). The surface coverage of mannose molecules on
the functionalized nanoparticles, expressed in microgram per milligram of nanoparticle, was
computed relative to standard curve. The amount of mannose attached to Mn-CT-SL
nanoparticle at various mannose-CT-SL reaction time (24-, 48- and 72-hour) was calculated

to evaluate the effect of mannosylation reaction time on the degree of mannose-conjugation.

4.2.2.2.3. Determination of RFP-ISN-Loading Capacity and Encapsulation
Efficiency of the Nanoparticles
The loading capacity (LC) and encapsulation efficiency (EE) of RFP and ISN within the
mannosylated and unmannosylated nanoparticles (Mn-CT-SL-RFP-ISN and CT-SL-RFP-ISN)
were determined by the indirect method as previously reported (Pinheiro et al., 2016; Vieira et
al., 2018). Briefly, a known amount of the drug-loaded nanoparticles (3 mg) was dispersed in
5 mL DDW, shaken vigorously, and subjected to centrifugation for one hour at 5000 rpm. An
aliquot of the clear supernatant was analyzed for RFP and ISN content using an Implen
Nanophotometer (IMPLEN Nanophotometer™, Implen GmbH, Munchen Germany) set at Amax
= 475 nm and 264 nm, respectively. Triplicate measurements were carried out to determine

the LC and EE of the nanoparticles using equations (4.1) and (4.2), respectively:

DWt — DCsVs
EE = 225 x100 (4.2)
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Where DWt indicated total amount of drug, DCs was the concentration of drug in the
supernatant, Vs was the volume of supernatant, DCsVs was the total amount of unloaded
drug in the supernatant, Mdp was the mass of drug-loaded nanoparticles (total mass of drug

and nanocarriers), and Td was the total initial drug amount.

4.2.2.2.4. Analysis of molecular vibrational transitions using Fourier Transform
Infrared (FTIR) Spectroscopy

Powdered samples of the lyophilized placebo, CT-SL-RFP-ISN and Mn-CT-SL-RFP-ISN
nanoparticles, and native polymers were evaluated for interactions resultant of polyelectrolyte
complex and Schiff’'s base formation. Samples were analyzed at a resolution of 4 cm™ over a
wavelength range of 4000 cm™ to 650 cm™ using the FTIR Spectrophotometer (PerkinElmer;
Beaconsfield, BUCKS, UK) equipped with a horizontal attenuated total reflectance (ATR)
sampling accessory with a diamond crystal.

4.2.2.2.5. Analysis of the Thermodynamic Properties of the Synthesized
Nanoparticles
The thermal stability and decomposition temperature of the mannosylated nanopatrticles (Mn-
CT-SL-RFP-ISN and Mn-SL-CT), unmannosylated nanoparticles (CT-SL-RFP-ISN and CT-
SL), and the constituent pristine polymers were evaluated using a Thermo gravimetric
analyzer (TGA) (PerkinElmer, TGA 4000, Llantrisant, Wales, UK). Samples of 2 — 7 mg were
placed in the TGA furnace and the measurements were done under nitrogen atmosphere with
a heating rate of 20 °C per minute from 30 °C to 900 °C. The changes in sample weight, as

well as the thermal stability, were recorded and evaluated as a function of temperature.

4.2.2.2.6. Stability profiling and optical characterization of Mn-CT-SL-RFP-ISN and
CT-SL-RFP-ISN nanoparticles in suspension
Evaluation of the nanoparticulate stability and optical interactions of Mn-SL-CT-RFP-ISN and
SL-CT-RFP-ISN nanopatrticle suspensions were done using the Turbiscan™ LAB
(Formulaction, L'Union, France). An aliquot (20 mL) of the RFP-ISN-loaded mannosylated and
unmannosylated nanopatrticle suspensions were introduced into specialized sample holders
and analyzed at pre-determined intervals over a 60-minute duration at 25 °C. The instrument
was fixed with a pulsed near infra-red-light source moving vertically along the sample
collecting data at 40 um-intervals. In addition, this instrument was equipped with two detectors,
the transmission and backscattering detectors, positioned at 180° and 45°, respectively. The
transmission detector detected the light that was transmitted through the suspended
nanoparticles, while backscattering detector detected the light that was rebounded by the
suspended nanoparticles. The changes in backscatter (ABS) measurements, as obtained from

Turbiscan™ LAB, were used to delineate nanoformulation stability.
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42.22.7. In vitro evaluation of RFP and ISN release from the Mn-CT-SL-RFP-ISN
and CT-SL-RFP-ISN nanoparticles
The release profiles of RFP-ISN-loaded mannosylated and unmannosylated nanoparticles
were investigated using a dissolution tester (ERWEKA, USP Apparatus Il, DT 126, UK)
operated at a paddle revolution of 50 rpm over a 48-hour period. 10 mL aliquots of the
prepared formulations were transferred into dialysis tubes (molecular weight cut-off of 12,000-
14,000 Da; Sigma-Aldrich), which were previously hydrated in DDW for three hours before
use to make it glycerol- and sulphide-free. The tubes were fastened at both ends and
separately suspended in 900 mL of PBS at three different pH values (4.8, 6.8, and 7.4) to
simulate phagolysosome, phagosome and physiological conditions, respectively (Pinheiro et
al., 2016). Stainless-ring mesh assemblies were placed above the tubes within the apparatus
vessel to keep the samples in place and to prevent floating due to the unstable hydrodynamics
created by the paddles. At regular intervals (1, 2, 4, 6, 8, 12, 24, and 48 h), 1 mL of dissolution
medium were collected and replaced with equal volume of pre-warmed fresh PBS to maintain
sink conditions. The RFP and ISN contents in each sample were quantified using an Implen
Nanophotometer (IMPLEN Nanophotometer™, Implen GmbH, Munchen Germany) set at Anax
= 475 nm and 264 nm, for RFP and ISN analysis, respectively. Experimental data were

obtained in triplicate and all values are representative of mean + SD (n=3).
4.2.2.3. Cellular studies

4.2.2.3.1. Culturing and expansion of the macrophage RAW 264.7 cell line

Murine macrophage RAW 264.7 cells were cultured in Dulbecco's Modified Eagle's medium
(DMEM) supplemented with 10%(V/y) fetal bovine serum (FBS) and 1.0%(V/\v) penicillin-
streptomycin antibiotic. Cells were incubated at 37°C in a humidified incubator (RS Biotech
Galaxy, Irvine, UK) with 95% oxygen and 5% carbon dioxide, and cellular growth was checked
daily via microscopic observation. After attaining 70% — 80% confluence, the cells were split
under sterile condition with proper use of aseptic technique throughout the culturing and
analytical procedures. Briefly, cell culture medium was removed from the culture flask and
cells were thoroughly rinsed with PBS (pH 7.4; 37°C; 3-5 mL) to remove the leftover of serum
in the flask. About 3 mL of Trypsin-EDTA was added to the cell culture flask and cells were
incubated for three minutes in the humidified incubator to enable the cells to detach. The cells
were further re-suspended with fresh culture medium (approximately 3 mL) and then
transferred to a sterile test tube, which was subsequently centrifuged at 800rpm for 3 minutes
to obtain the pellet of cells. This pellet was immediately re-suspended in a fresh cell culture
medium and then sub-cultured into three cell culture flasks, which was subsequently

transferred to the humidified incubator. Cells were allowed to attach and proliferate. After
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adequate expansion of the cell line, cells were suspended in a combination of cell culture

medium and cryoprotectant medium (1:1) and frozen at - 70°C until further analysis.

4.2.2.3.2. Determination of cell density and viability

Cells, previously frozen, were thawed and pipetted into sterile test tubes containing cell culture
medium, and this was centrifuged at 800rpm for three minutes and the supernatant discarded.
The cell pellet was re-suspended in 3 - 5 mL of fresh cell culture medium and incubated for
three minutes in the humidified incubator prior to use. The trypan blue exclusion assay was
used to determine the concentration of viable cells based on the manufacturer’s specifications.
Briefly, an aliquot of cell suspension was pipetted into an Eppendorf’s tube and mixed with
0.4% Vlv trypan blue solution in PBS in a 1:1 ratio. The cell-dye mixture was then loaded into
both sides of a clean/dry Neubauer haemocytometer and viewed under a light microscope.
The trypan blue exclusion assay is based on the principle that living cells exclude the blue dye
and appears bright under the light microscope, whereas dead cells take up the dye and
appears blue. The concentration of viable and dead cells was calculated using equations (4.3)
and (4.4), respectively. Percentage viability (% V¢), an indication of the cells’ health, was also

determined by equation (4.5).

Number of viable cells counted x Dilution factor
Ve = x10,000 (4.3)

Number of large corner squares counted

Number of dead cells counted * Dilution factor
NVc = x10,000 (4.4)

Number of large corner squares counted

Where, V¢ = Viable count, which is the number of live cells per millilitre, and NVc = Non-viable

count, which is the number of dead cells per millilitre.

Number of viable cells
%Vc = x100 (4.5)

Total number of cells

For each experiment, triplicate analysis was done, and cells of the same passage number with

% Vc 2 95 after freezing were used.

4.2.2.3.3. In vitro cytotoxicity assay of the formulated nanoparticles

The influence of Mn-CT-SL-RFP-ISN, Mn-CT-SL, CT-SL-RFP-ISN, CT-SL, and free RFP+ISN
(physical mixture of equivalent amount of RFP and ISN as contained in the nanoformulations)
on the metabolic activity of murine macrophage RAW 264.7 cells as well as their cytotoxicity
were assessed by MTT assay. Briefly, RAW 264.7 cells were seeded in 96-well plates at a
density of 2.5 x 10 cells/mL with DMEM supplemented with 10%(V/v) FBS and 1.0%(V/\)
penicillin-streptomycin antibiotic and incubated for 24 hours prior to cell proliferation
evaluation. Cells were then treated with varying concentrations (30 ug/mL, 60 ug/mL, 120

Mag/mL, 250 pg/mL and 500 ug/mL) of the free RFP+ISN and nanoformulations, prepared with
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a serum-free culture medium, and incubated for 24 hours. This assay also included positive
and negative controls, which are cells treated with culture medium and cells treated with
DMSO (4% VIv), respectively. After 24 hours of incubation, the culture medium was removed
and replaced with 200 pyL of 0.5 mg/mL of MTT reagent and incubated for 4 hours without
light. MTT solution was discarded and 200 pL per well of DMSO was added to dissolve the
formazan crystals. Adequate formazan crystals dissolution was aided by shaking the plate for
30 minutes at ambient temperature, and the absorbance was measured at 570 nm (690 nm
for background deduction) using a microplate reader (Perkin Elmer VICTOR X 3 2030
MultiLabel Plate Reader).

4.2.2.3.4. Evaluation of nanoparticle internalization and drug accumulation in
cultured macrophage RAW 264.7 cells

The effect of nanoparticle surface functionalization on cellular nanocarrier uptake and
corresponding drug accumulation was evaluated using the macrophage RAW 264.7 cells.
Cells (density, 2.5 x 10° cells/mL) were seeded in 12-well culture plates with DMEM
supplemented with 10%(Y/v) FBS and 1.0%(Y/v) penicillin-streptomycin antibiotic and
incubated for 12 hours at 37°C and 5% CO.. Thereafter, the cells were treated with free drugs
solution (RFP+ISN), SL-CT-RFP-ISN and Mn-CT-SL-RFP-ISN nanoparticle suspensions at
an equal dose level (120 pg/mL) (Tiwari et al., 2011) and incubated for 24 hours. In a parallel
study, 0.05 M mannose was added to assess the impact of mannose receptor inhibition on
cellular uptake behaviour of Mn-CT-SL-RFP-ISN nanoparticles. After 24-hour incubation
period, the cells were removed from the wells and subjected to 3 rounds of washing and
centrifugation (5,000 rpm, 3 minutes) with ice-cold PBS containing 0.02M EDTA to remove
the surface bound nanoparticles (Wijagkanalan et al., 2008). Supernatants were pooled
together to quantify the extracellular drug concentration. To estimate the intracellular drug
concentration, cell pellets previously stored at —80°C, were homogenized by resuspension in
100 uL of DDW and sonicated on ice (3 cycles, 1 minute) (Zhou et al., 2005). Intracellular
and extracellular concentrations of both RFP and ISN were estimated using Implen
Nanophotometer (IMPLEN Nanophotometer™ Implen GmbH, Munchen Germany) set at Amax
=475 nm and 264 nm, for RFP and ISN analysis, respectively.

The cellular uptake of FITC-labelled CT-SL and Mn-CT-SL nanoparticles (CT-SL-FITC, Mn-
CT-SL-FITC) were also evaluated using a Leica MSV269 fluorescence stereomicroscope and
images were obtained using a Leica DFC425C digital camera and Leica application suite
software (Leica microscopy, Wetzlar, Germany). RAW 264.7 cells (1 x 10° cells/mL) were
cultured on coverslips in a 6-well culture plate using 2 mL DMEM supplemented with 10%(V/v)
FBS and 1.0%(V/v) penicillin-streptomycin antibiotic and incubated at 37°C and 5% CO for 24

hours. Cells were washed three times with PBS solution and medium replaced with 2 mL
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serum-free fresh medium containing 100 pg/mL FITC-labelled nanoparticles (CT-SL-FITC or
MN-CT-SL-FITC) and cells were subsequently incubated for 24 hours at 37°C. Upon 24 hours
of treatment, cells were washed twice with PBS solution followed by staining with 0.5 uM pre-
warmed CellTracker™ Deep Red solution (Thermo Fisher Scientific, Waltham, MA, USA)
under incubation for 30 minutes as per the product protocol. Stained cells on the coverslips
were washed three times with PBS and fixed with 4% paraformaldehyde in PBS for thirty
minutes at room temperature. Then, coverslips were rinsed three times with PBS solution and
mounted on glass slides with 80%"/v cooled glycerol and viewed under the fluorescence
microscope. Control experiments were undertaken in parallel by omission of the FITC-labelled

nanoparticles.
4.3. Results and Discussion

4.3.1. Nanoparticle synthesis and evaluation of particle size, surface charge,
morphology, drug association efficiency and degree of mannose-
functionalization

As illustrated in the reaction schemes in Figures 1.1, the solvent injection technigue

encouraged the hybridization of the polycationic CT and the polyanionic SL via polyelectrolyte

interaction, which subsequently yielded a hybrid CT-SL nanostructure. Mannosylation of the

CT-SL nanoparticles involved the grafting of mannose molecules to the surface of the

nanoparticles through Schiff’'s base reaction (Figure 4.1). This surface-functionalization may

enhance the performance of the nanosystem as regards the delivery of RFP and ISN to the

alveolar macrophage cells.

The physical-chemical properties of the fabricated CT-SL-RFP-ISN and Mn-CT-SL-RFP-ISN
nanoparticles, such as the average hydrodynamic diameters, zeta potential (ZP), conductivity
and polydispersity index (Pdl) are presented in Table 4.1. The nanoparticles displayed
average hydrodynamic diameters within the range of 87.16 nm to 118.49 nm with a very
narrow size distribution (Pdl less than 0.30), and a positive average zeta potential of
approximately +20 to +30 mV as shown in Figure 4.3. Mannosylated nanoparticles showed a
minimal reduction in average particulate size compared with the unmannosylated
nanoparticles. This could be attributed to the effect of the 48-hour dispersion stirring (Huang,
Li and Zhong, 2014), necessary to drive the mannosylation reaction that gave rise to the
functionalized nanoparticles. As supported by several studies (Hirota et al., 2007; Champion,
Walker and Mitragotri, 2008; Geiser and Ph, 2010; Yacobi et al., 2010; Patel, Gupta and
Ahsan, 2015), the size and surface charge of nanoparticles play an important role in
macrophage uptake and internalization. To this note, the synthesized nanopatrticle size range

may favor cellular uptake via pinocytosis mechanisms, which could be clathrin-mediated,
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caveolae-mediated, or clathrin/caveolae-independent endocytosis, or a combination
mechanisms of endocytosis (Lee et al.,, 2015). Epstein-Barash and co-workers (2010)
reported an 85 + 20 nm as the optimum size for enhanced nanoparticle uptake (Epstein-
Barash et al., 2010), supporting the hypothesis that Mn-CT-SL-RFP-ISN, with an average
hydrodynamic diameter of 87.16 nm, has the potential to improve the delivery of RFP-ISN
payload to the alveolar macrophage cells. The average nanoparticle surface charge (as seen
in Figure 4.2 B and D) explained the stability profile of the nano-suspensions as regards
flocculation, coagulation, aggregation, sedimentation and creaming phenomena, because the
charged particles are kept apart due to the electrostatic repulsion that existed between them
(Jain et al., 2018). Furthermore, since macrophage cells display a negatively charged surface
sialic acid (Pricer and Ashwell, 1971), the positive surface charge of the synthesized
nanoparticles may encourage macrophage-particulate interaction, thus enhancing

nanoparticle internalization.

Table 4.1. Physicochemical characteristics of the synthesized nanoparticles, indicating the

various average hydrodynamic diameters, zeta potentials, conductivities and polydispersity

indexes.
Nanoformulation Diameter (nm) ZP (mV) Conductivity (mS/cm) Pdl
CT-SL 117.80 +21.10 0.30 0.25
CT-SL-RFP-ISN 118.47 +20.23 0.38 0.23
Mn-CT-SL 107.83 +21.77 2.37 0.16
Mn-CT-SL-RFP-ISN 87.16 +27.57 3.41 0.14

CT-SL: unmannosylated chitosan-lecithin nanoparticles; CT-SL-RFP-ISN: unmannosylated
rifampicin-isoniazid-loaded chitosan-lecithin nanoparticles; Mn-CT-SL: mannosylated
chitosan-lecithin nanoparticles; Mn-CT-SL-RFP-ISN: mannosylated rifampicin-isoniazid-
loaded chitosan-lecithin nanoparticles; CT: Chitosan; SL: L-a-Lecithin soybean; RFP:

rifampicin; ISN: isoniazid.

89



Intensity (%)
Total Counts

e [

ua‘.1 1 10 100 1000 10000 -0 v 10 0
Size (d.nm) Apparent Zeta Potential (mV)

C) : D) O0p - - - - e - - e e e e e e e e

Intensity (%)
Total Counts

0 1 ) 10 100 10000 -0 0
Size (d.nm) Apparent Zeta Potential (mV)

Figure 4.2. Graphical illustration of the Size distribution by intensity of CT-SL-RFP-ISN (A)
and Mn-CT-SL-RFP-ISN (C) Nanoparticles, using Dynamic Light Scattering, and their
Apparent zeta potentials (B and D, respectively). The nanopatrticles expressed a positive
surface charge, which prevents flocculation/coalescence of the nanoparticles in suspension,
and this may contribute to their stability. In both formulations n=3 and SD < 0.3.

SEM imaging of the CT-SL-RFP-ISN and Mn-CT-SL-RFP-ISN nanoparticles are presented in
Figure 4.3. The drug-loaded CT-SL nanoformulation was red and the lyophilized dried product
was characterized with a soft and squashy appearance, as shown in Figure 4.4. Analysis of
the photomicrographs, as obtained from the Phenom™ scanning electron microscope (FEI
Company, Hillsboro, OR, USA), offer an in-depth understanding of the physical appearance
and behavior of the nanoformulations. The nanoparticles in both formulations appeared
uniformly sized and spherical with uneven surfaces. Both CT-SL-RFP-ISN and Mn-CT-SL-
RFP-ISN nanoparticles presented as fairly unaggregated and well distributed throughout the
nanosystem, however, while the photomicrograph of Mn-CT-SL-RFP-ISN particulate revealed
a spongy matrix of polyelectrolyte complex network with the particles fairly evenly scattered
all over the spongy environment (illustrated in Figure 4.3B), the micrograph of CT-SL-RFP-
ISN showed distinct nanoparticles with the absence of significant matrix, as seen in Figure
4.3A. This observation could be attributed to the presence of a grafted mannose molecule on
the Mn-CT-SL-RFP-ISN nanoparticle surface. The average size of the nanoparticles in both
formulations, as derived from SEM images, was significantly larger than the average diameter
gotten via dynamic light scattering (DLS) experiment. This could be due to a permeable gel

layer formed on the surface of the dried nanoparticles arising from the drying process
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undertaken during sample preparation (Tuoriniemi et al., 2014). Moreover, the hydrogen
bonding interactions that exist between chitosan-based nanopatrticles, which is dominant
during the drying process, encourages particulate aggregation (Fan et al., 2012), as seen in
some sections of the SEM photomicrograph. Quantification of surface mannose linkage on
Mn-CT-SL nanopatrticles were determined at various mannose-CT-SL reaction time via
colorimetric analysis using the phenol-sulfuric acid assay method. As shown in figure 4.5, a
24-, 48-, and 72-hours stirring time produced 37.85, 50.37, and 53.15 ug surface sugar
coverage per milligram of nanoparticle, respectively. These findings showed that extending
the stirring time beyond two days yielded no significant increase in the degree of
mannosylation. This could be attributed to saturation of nanoparticulate reacting surfaces.

A)

B)

Figure 4.3. Gold sputtered scanning electron micrographs of (A) CT-SL-RFP-ISN (scale bar:
70um; magnification: 1580x) and (B) Mn-CT-SL-RFP-ISN (scale bar: 20 ym; magnification:
4550x) nanopatrticles. Particles in both formulations exhibited spherical shape morphology

with uneven surfaces.
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Figure 4.4. Digital images of drug-loaded mannosylated CT-SL nanoformulation (Mn-CT-SL-
RFP-ISN). (A) Synthesized Mn-CT-SL-RFP-ISN nanopatrticle suspension, (B) Sedimented
Mn-CT-SL-RFP-ISN nanoparticles post-centrifugation, (C) Lyophilized Mn-CT-SL-RFP-ISN
nanoparticles with a soft spongy appearance.

Determination of RFP-ISN loading capacity and entrapment efficiency of the synthesized
nanoparticles were undertaken and result presented in Table 4.2. The findings showed no
significant variation between CT-SL-RFP-ISN and Mn-CT-SL-RFP-ISN as regards the % LC
and % EE. However, the slight decrease in %LC and %EE observed in the Mn-CT-SL-RFP-
ISN nanoparticles could be due to drug leaching effect imparted by mannosylation reaction,
which involved a 48-hour incubation period under sodium acetate buffer (pH 4) reaction
medium. Similar findings had been independently reported by Jain and colleagues (2008) and
Saraogi and co-workers (2011) for Didanosine-loaded Mn-GNPs and Isoniazid-entrapped Mn-
G-NPs, respectively (Jain et al., 2008; Saraogi et al., 2011). Overall, the fabricated
nanoparticles showed suitability for the encapsulation of RFP and ISN.
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Table 4.2. Percentage Encapsulation Efficiency and Loading Capacity of RFP-ISN-loaded

nanoformulations and corresponding placebos.

Nanoformulation Entrapment efficiency (%) Loading capacity (%)
RFP ISN RFP ISN
CT-SL - - - R
CT-SL-RFP-ISN 67.37 75.01 4.39 4.89
Mn-CT-SL - - - -
Mn-CT-SL-RFP-ISN 53.52 69.80 3.03 4.55

Mn = mannose; CT = chitosan; SL = L-a-Lecithin soybean; RFP = rifampicin, ISN = isoniazid
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Figure 4.5. lllustration of the degree of mannose functionalization (expressed in yg/mg of
nanoparticle) versus stirring time in hour. Experimental data showed an optimal surface sugar
coverage of nanoparticles achieved within a 48-hour mannose-CT-SL reaction time. Further
increase in stirring time produced no significant increase in surface sugar density. (n = 3, bars

represent mean + SD).

4.3.2. Evaluation of molecular vibrational transitions induced by RFP-ISN
incorporation and Schiff’s base formation.
FTIR spectroscopy of the pure drugs, native polymers, CT-SL-RFP-ISN, Mn-CT-SL-RFP-ISN,

and placebo nanopatrticles (shown in Figure 4.6) were obtained and analyzed to determine
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the molecular vibrational transitions that occurred due to drug incorporation and Schiff's Base
formation (confirmatory product of mannosylation reaction). Characteristic peaks of pure RFP
were identified at wavenumbers 2972 cm?, 1734 cm™, and 1374 cm for -N-CHs, acetyl -C=0,
and -C-N stretching, respectively, while the vibrational peaks at 1665 cm?, 1562 cm?, and
1218 cm?, in ISN spectrum corresponded to the carbonyl -C=0 stretching, N-H bending, and
N-N single bond stretching, respectively (Figure 4.6A) (Abdulla, Tan and Darwis, 2010;
Sevukarajan et al., 2011; Saifullah et al., 2016). Analysis of CT-SL-RFP-ISN nanoparticle
spectrum (Figure 4.7A) revealed similar bands: —C=0 acetyl stretching, N-H bending, -C-N
stretching, and N-N single bond stretching at 1733 cm™, 1552 cm™, 1377 cm™, and 1235
cm™, respectively, hence, suggesting RFP and ISN encapsulation (Saifullah et al., 2016;
Bachhav et al., 2017b). The incorporation of RFP-ISN into the lipopolysaccharide
nanostructure induced a visible increase in peak intensity from bands 1644 cm™ to 1556 cm™
when compared with the placebo counterpart (Figure 4.7(A)a'), indicating a decrease in
nanoparticle crystallinity with a corresponding increase in solubility and gastrointestinal
epithelial cell permeability (Tambosi et al., 2018). Moreover, broadening of the vibrational peak
from bands 1052 cm™ to 991 cm™, as illustrated in Figures 4.7(A)a" and 4.7(B)b', further
confirms the successful loading of RFP-ISN into the nanosystems; however, it may imply that
the loaded drugs could have interfered with CT-SL polyelectrolyte complexation (Sumaila et
al., 2019).

Figure 4.6B presented the molecular vibrational transitions that accompanied nanoparticle
mannosylation. The process of particulate mannose-functionalization was undertaken by
mannose ring opening and followed by reaction of its —-CHO group with the free amine
functionalities present over the surface of CT-SL-RFP-ISN nanoparticles. The FTIR spectra of
Mn-CT-SL-RFP-ISN nanoparticles showed high intensity bands between 1663 cm™ and 1408
cm™ wavelength when compared with the spectra of CT-SL-RFP-ISN nanoparticles. This
observation could be attributed to the C=N stretching vibration produced by the formation of
Schiff's base (-N=CH-) during the mannosylation reaction process (Jain et al., 2010; Amato
et al., 2011; Xavier and Srividhya, 2014; Costa, Sarmento and Seabra, 2018c), and

presumably indicating a successful surface mannose-grafting of the nanosystem.
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Figure 4.6. FTIR spectra of pure drugs, pristine polymers, mannosylated and unmannosylated
nanoparticles showing the various molecular compositions and transitions upon polymer
hybridization, drug incorporation and mannose-functionalization. (A) Mn, CT, SL, ISN, and
RFP; (B) Mn-CT-SL-RFP-ISN, CT-SL-RFP-ISN, Mn-CT-SL, and CT-SL. CT-SL =
unmannosylated chitosan-lecithin nanoparticles; CT-SL-RFP-ISN = unmannosylated
rifampicin-isoniazid-loaded chitosan-lecithin nanoparticles; Mn-CT-SL = mannosylated
chitosan-lecithin nanoparticles; Mn-CT-SL-RFP-ISN = mannosylated rifampicin-isoniazid-
loaded chitosan-lecithin nanopatrticles; CT = Chitosan; SL = L-a-Lecithin soybean; RFP =

rifampicin; ISN = isoniazid.
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Figure 4.7. lllustrating the side-by-side comparison of the vibrational peaks of mannosylated
and unmannosylated nanoparticles in order to delineate the molecular transitions of the
nanosystems upon RFP-ISN incorporation. (A) CT-SL-RFP-ISN and CT-SL; (B) Mn-CT-SL-
RFP-ISN and Mn-CT-SL. CT-SL = unmannosylated chitosan-lecithin nanoparticles; CT-SL-
RFP-ISN = unmannosylated rifampicin-isoniazid-loaded chitosan-lecithin nanoparticles; Mn-
CT-SL = mannosylated chitosan-lecithin nanoparticles; Mn-CT-SL-RFP-ISN = mannosylated

rifampicin-isoniazid-loaded chitosan-lecithin nanopatrticles.

4.3.3. Analysis of thermodynamic behaviour of the synthesized nanoparticles and the
effect of mannosylation on nanoparticle thermal stability
Thermal stability and the decomposition temperature (D) of the component pristine polymers,
mannosylated/unmannosylated  placebo nanoparticles and the corresponding
mannosylated/unmannosylated RFP-ISN-loaded nanoparticles were analyzed by TGA
technique, in which the percentage mass degradation of the samples were measured as a
function of temperature (shown in Figure 4.8). Mass degradation of all the analyzed samples
occurred at varying stages of thermal events. The first stage in all samples, observed at
temperature range 35.82 to 159.77 °C, is attributed to the loss of absorbed water (Glnciim et
al., 2018), and this gave rise to a minimal sample weight loss (2 — 15%). As illustrated in Figure
4.8A, the TGA thermogram of pristine CT and SL both showed a major mass degradation (CT:
45.16%, SL: 88.02%) at Dt range 250 — 480 °C in the second stage of thermal event and
demonstrated a 50% weight loss at Dt 354.67 °C and 366.9 °C, respectively. This may be
related to the decomposition of the polymer main chain. Conversely, the curve of CT-SL

nanopatrticles displayed a major degradation (66.23%) at a wider temperature range, 225.30
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—518.22 °C, presumably because of the hybridization of CT and SL polymers. Furthermore,
loading of the nanoparticles with RFP-ISN decreases the Dt for 50% mass degradation from
350.25 °C to 339.68 °C, indicating a decrease in thermal stability of the drug-loaded
nanoparticles. This may be due to the decrease in crystallinity of the drug-loaded nanopatrticles
(Ramburrun et al., 2019), as observed in the FTIR analysis. Similarly, mannosylation of the
nanoparticles imparted a reduced thermal stability on the nanoformulations, as it shifts the
major decomposition peak from 350.25% to 290.55% and from 339.68% to 297.73% for
placebo and RFP-ISN-loaded nanoparticles, respectively (Figure 4.8B), suggesting a
nanosystem with less crystallinity (Ramburrun et al., 2019). This analysis further confirmed
the successful surface-grafting of mannose to the lipopolysaccharide nanosystem

corroborating the findings from FTIR.

4.3.4. Evaluating the stability and optical characterization of Mn-CT-SL-RFP-ISN and
CT-SL-RFP-ISN nanoparticles in suspension
Optical scattering analysis of Mn-CT-SL-RFP-ISN and CT-SL-RFP-ISN Nanoparticles were
undertaken to access the stability profile of the synthesized nanoparticles in suspension by
monitoring the sample to detect any change that may occur due to particle size variation
(coalescence, flocculation) or a local variation in particle concentration (migration phenomena:
sedimentation, creaming) within the sample. Figure 4.9 presented the destabilization kinetics
of the experimental nanoparticulate suspensions, indicating the various transmission (T) and
backscattering (BS) levels as a function of the volume fraction of the sample. Obtained results
revealed that both the mannosylated and unmannosylated nanoparticle suspensions
displayed a similar stability characteristic, indicating that mannosylation reaction may not have

significantly impacted the destabilization kinetics of the nanosystem.
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Figure 4.8. Percentage weight versus temperature thermograms depicting the transitions in
thermal degradation properties of (A) CT, SL, CT-SL and CT-SL-RFP-ISN, and (B) CT-SL,
Mn-CT-SL, CT-SL-RFP-ISN, and Mn-CT-SL-RFP-ISN.

The particle-migration dynamics over the 60-minutes analysis period showed no significant
delta backscattering signal (ABS) throughout the length of the sample, suggesting good
stability profile. This may be related to the electrostatic repulsion, from the ZP, that existed
between the nanoparticles, thus improving stability against coagulation (Samimi et al., 2019).

Some amount of particle migration (< 50%) was observed around the top portion of the
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samples, with CT-SL-RFP-ISN nanopatrticle suspension displaying a clarified layer of relative
higher thickness (~ 0.6 mm) (Figure 4.9A) when compared with the mannosylated formulation
(~ 0.3 mm) (Figure 4.9B). Although, not significant, this could depict that mannosylation
improved the dispersion stability of the suspended nanoparticles and minimized particle
aggregation. A better steric repulsion imparted by the longer polymer chains inherent in Mn-
CT-SL-RFP-ISN nanoparticles compared with the unmannosylated nanoparticles may explain
this marginal variation in stability behaviour (Lee et al., 2007). The BS signal observed at the
top portion of the samples (Figure 4.9A and B) was overlooked because it occurred at the
same portion with the transmission signal, suggesting the influence of a secondary reflections
on the glass.

The stability of nanoparticle dispersion in a colloidal system impart the therapeutic efficacy of
the formulation as regards dosage withdrawal post-reconstitution and prior to oral
administration. To this note, a stable nanoformulation may eliminate dose-administration

concerns with regard to simple use and storage of the formulation.

( A) Delta Transmission - predefined z00m
. . #0:00:00:00<
Clarification 0:00:06:00
] 0:00:1200
0% W/ A L 0080
0:00:24:00 i
Omm 10mm 20mm 30mm 40mm 50mm K BS signal

Delta Backscattering - predefined zoom , influenced by

e the glass
WY R secondar
R @A —— 001000 "eﬂEC“O"y
Omm 10mm 20mm 30mm 40mm 50mm
(B) 50% Delta Transmission - no zoom
. . >0:00:00:00<
Clarification 0);010105;00
0:00:12:00
B M g UG | BS signal
Omm 10mm 20mm 30mm 40mm 50mm iy influenced by
Delta Backscattering - no zoom 0 * the glass
B secondary
0% - . M \a  reflection
Al A 7 A

Omm 10mm 20mm 30mm 40mm 50mm

Figure 4.9. Delta transmission (top) and delta backscattering (bottom) for CT-SL-RFP-ISN
nanoformulation (A) and Mn-CT-SL-RFP-ISN nanoformulation (B) measured at 25°C for 60-

minutes duration. BS = Backscattering.
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4.3.5. In vitro release of RFP and ISN from CT-SL-RFP-ISN and Mn-CT-SL-RFP-ISN
nanoformulations
The in vitro release profile of RFP and ISN from the mannosylated and unmannosylated

nanoformulations was investigated in phosphate buffer solution at different pH conditions (4.8,
6.8, and 7.4). Analysis of the drug release kinetics, as shown in Figure 4.10, revealed a similar
pattern for both CT-SL-RFP-ISN (Figure 4.10A) and Mn-CT-SL-RFP-ISN (Figure 4.10B)
nanoparticles. In both formulations, initial burst release of less than 12% was observed for
RFP and ISN during the first hour in all experimental pH conditions. This may correspond to
the amount of surface-bound RFP-ISN on the nanoparticles. The initial burst release was
proceeded by a prolonged sustained release kinetics over the next 48-hour period, releasing
less than half of the total payload (CT-SL-RFP-ISN: ~ 27% ISN, ~ 42% RFP at pH 4.8; ~ 24%
ISN, ~ 34% RFP at pH 6.8; ~ 26% ISN, ~ 40% RFP at pH 7.4. Mn-CT-SL-RFP-ISN: ~ 24%
ISN, ~ 45% RFP at pH 4.8; ~ 15% ISN, ~ 23% RFP at pH 6.8; ~ 18% ISN, ~ 27% RFP at pH
7.4). The slower release profile may be attributed to the barriers imparted by the phospholipid
matrix as the drugs are most likely deposited within the phospholipid bilayers of the
lipopolysaccharide nanostructure (Barbieri et al., 2013). Moreover, RFP-ISN entrapped within
the polyelectrolyte complex matrix of the CT-SL nanosystem contributes to prolong release as
passage of the drug molecules out of the system is dependent on disintegration of the
polyelectrolyte complex thus, reducing release rates. Further observation showed that the
drug release behaviour of both CT-SL-RFP-ISN and Mn-CT-SL-RFP-ISN is pH-dependent,
and this allowed the nanosystems to release more of the RFP-ISN content at acidic pH than
at physiological pH. These findings suggest that majority of the loaded RFP-ISN (> 80%) may
remain entrapped within the CT-SL-RFP-ISN and Mn-CT-SL-RFP-ISN architecture after
administration until the nanopatrticles get into the infected cells, where the acidic environment
favours drug release (Vieira et al., 2018; Hakkimane et al., 2018) . This further support the
hypothesis that CT-SL-RFP-ISN and particularly Mn-CT-SL-RFP-ISN are suitable cargo
system for the delivery of RFP-ISN to the alveolar macrophages.
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Figure 4.10. In vitro RFP and ISN release profile from CT-SL-RFP-ISN (A) and Mn-CT-SL-
RFP-ISN (B) nanoparticles in pH 4.8, 6.8 and 7.4, and at 37°C (n = 3, mean = SD).

4.3.6. Assessment of the cytotoxicity effect of the formulated nanoparticles

The effect of placebo and RFP-ISN-loaded CT-SL and Mn-CT-SL towards the proliferation of
the murine macrophage RAW 264.7 cell line was evaluated for 24-hour period using the MTT
(3-(4,5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide) assay. This assay method was
employed to measure the effect of the experimental nanoformulations on cellular metabolic

activity, providing information on the cytocompatibility of the synthesized nanosystem. The
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reduction of MTT to purple-coloured formazan crystals, mainly by the mitochondrial
dehydrogenases (an indicator of cell viability), explains the basic principle of the MTT assay
(Patravale, Dandekar and Jain, 2012).

As shown in Figure 4.11, treatment with Mn-CT-SL-RFP-ISN and CT-SL-RFP-ISN at the
tested concentrations (30 to 500 ug/mL), did not significantly affect the metabolic activity of
RAW 264.7 cells, displaying more than 80 percent viability for the study conditions. Therefore,
RFP-ISN-loaded Mn-CT-SL and CT-SL nanoparticles could be safely employed as an
effective delivery cargo for RFP and ISN up to this concentration. Placebo nanoformulations
and free RFP+ISN solution showed more cytotoxic effect in comparison with RFP-ISN-loaded
CT-SL nanopatrticles at concentrations 2250 pg/mL. These experimental results also revealed
that encapsulation of RFP-ISN into a lipopolysaccharide architecture could help to reduce the
in vitro cytotoxicity of the drugs. This advantage may be exploited in formulation science to
design a delivery system that can safely hold a high concentration of RFP-ISN, releasing the
drug content over a sustained period while maintaining optimum therapeutic concentrations

and reducing dosing frequency.
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Figure 4.11. Effect of RFP-ISN-loaded nanoformulations, corresponding placebos and Free
RFP+ISN solution on the viability of murine macrophage RAW 264.7 cells assessed by MTT
after 24-hour period. The positive control group consisted of cells without any treatment and
the negative control group consisted of cells treated with 4% DMSO. RFP+ISN was a physical
mixture of RFP and ISN in equivalent concentrations as contained in the nanoformulations. (n

= 3, mean = SD).
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4.3.7. Assessing the influence of CT-SL-RFP-ISN surface functionalization on
nanoparticle uptake via fluorescence microscopy and drug accumulation study
in cultured macrophage RAW 264.7 cells

The therapeutic efficacy of nanocarriers can be correlated with their ability to vectorize
encapsulated drug(s) into the target cells. Likewise, the cellular internalization efficiency of
nanocarriers strongly depend on their physicochemical characteristics; such as particle shape,
size, surface charge, surface hydrophobicity/hydrophilicity and surface functionalization
(Behzadi et al., 2017; Foroozandeh and Aziz, 2018). In addition, these above-mentioned
characteristics have been reported to also influence the route of nanoparticle endocytosis and
the degree of nanocarrier cytotoxicity (Qiu et al., 2010; Wu et al., 2011). Though, this study
was employed to evaluate the internalization efficiency of the ligand-directed CT-SL
nanocarrier as compared with the unmodified nanopatrticles, it is worthy to note the influence
of other physicochemical factors mentioned above on particle internalization.

To assess if the CT-SL and Mn-CT-SL nanoparticles were internalized by RAW 264.7 cells,
cellular uptake of the nanoformulations was investigated by fluorescence microscopy (Figure
4.12). Images obtained confirmed that both mannosylated and unmannosylated nanoparticles
(shown as green fluorescence) were efficiently taken up by the macrophage RAW 264.7 cells
(shown as red fluorescence) during the 24-hour treatment period (figure 4.12E and F),
indicating that the lipopolysaccharide nanoformulations can effectively be applied in
intracellular trafficking of anti-TB therapeutics. The cationic surfaces of the lipopolysaccharide
nanoparticles could have provided a favourable interaction with the negatively charged RAW
264.7 cell surfaces (Liu et al., 2013; Usman et al., 2020). Additionally, RAW 264.7 cells treated
with Mn-CT-SL nanoformulations exhibited a higher density of green fluorescence staining
(figure 4.12E) in comparison with CT-SL nanoformulations (figure 4.12F). These findings
indicate that Mn-CT-SL are more efficiently internalized than CT-SL nanoparticles as
previously reported with other mannose functionalized nanosystems (Vieira et al., 2017,
Phanse et al., 2017).

Quantitative analysis of the amount of RFP and ISN accumulated in cultured macrophage
RAW 264.7 cells was undertaken and the result obtained after 24-hour incubation period is
presented in Figure 4.13. Emanating results revealed that the unmannosylated CT-SL
nanoformulation displayed statistically substantial nanoparticle uptake with a 7-fold and 6-fold
increase in intracellular RFP (Figure 4.13A) and ISN (Figure 4.13B) contents, respectively,
when compared with the free RFP+ISN solution. These findings are expected due to the
improved lipophilicity and cell membrane permeability conferred by the lipopolysaccharide
nanostructure (Sumaila et al., 2019). Furthermore, the positively charged CT-SL nanopatrticle

surface could have influenced cellular uptake of the nanocarrier through electrostatic

103



interaction with the negatively charged surface of the cell membrane, hence, the higher RFP-
ISN accumulation observed with CT-SL-RFP-ISN nanoformulation (Foroozandeh and Aziz,
2018). Moreover, spherical shaped nanoparticulates have been reported to possess a higher
cellular binding effect and internalization efficacy when compared with other shapes of
nanoparticle design (Verma and Stellacci, 2010; Favi et al., 2015). This could also have
influenced the observed CT-SL-RFP-ISN particle internalization characteristics. Surface
modification of CT-SL nanoparticles, as seen with Mn-CT-SL-RFP-ISN nanoformulation,
further increased the cellular uptake efficiency of the experimental system, demonstrating
more than 80% each of RFP and ISN intracellular accumulation, a 13-fold and 9-fold increase
in intracellular RFP and ISN concentration, respectively, in comparison with the free RFP+ISN
solution. This overwhelming increase in intracellular drug content imparted by the surface-
functionalized CT-SL nanoparticles could be attributed to the mannose residue, a ligand to
mannose-specific membrane receptors of the macrophage cells, which actively drive the
cellular uptake of the nanoparticle resulting in the higher intracellular drug accumulation
(Chono et al., 2008; Jain et al., 2008; Tiwari et al., 2011). Furthermore, a significantly low
intracellular concentration of RFP and ISN was observed when cells were co-incubated with
mannose prior to treatment with the Mn-CT-SL-RFP-ISN nanoformulation. This may be due
to mannose receptor inhibition leading to a reduction in Mn-CT-SL-RFP-ISN particle
internalization and, thus, indicating that the uptake mechanism is by mannose receptor-
mediated endocytosis. Overall, these findings clearly demonstrated that Mn-CT-SL reach
intracellular environment more efficiently than the unmannosylated CT-SL nanoparticles. In
addition, obtained data supported the utilization of this active targeting strategy in
pharmaceutical formulation design to develop a nano-delivery system for dual delivery of RFP

and ISN to macrophage cells, the reservoir of Mycobacterium tuberculosis.
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Figure 4.12. Fluorescent images illustrating the cellular uptake and internalization of FITC-
labelled lipopolysaccharide nanoparticles in macrophage RAW 264.7 cells after 24-hour
treatment period; (A) the fluorescence image of FITC-labelled Mn-CT-SL (green). (B) the
fluorescence image of FITC-labelled CT-SL (green). (C & D) the fluorescence field of RAW
264.7 cells stained with CellTracker Deep Red dye. (E) the superimposed image of (A) and
(©). (F) overlaid image of (B) and (D). (E) showed a higher density of Mn-CT-SL-FITC green
fluorescence overlaid on RAW 264.7 red fluorescence indicating a greater degree of
intracellular nanoparticle trafficking in comparison with CT-SL-FITC nanoparticle (overlaid red

fluorescence in F). Scale bar: 20pm; magnification: 40x.

105



A) ® % Amount of Extracellular RFP u % Amount of Intracellular RFP

100 -
80 A
60 -
40 A
20 -
o
<
3 s @
g
&S &
~
O
B) ® % Amount of Extracellular ISN u 9% Amount of Intracellular ISN
100 -
80 A
60 A
40 -
20 A
0 A
= =
LS 2
&3 &
&9 T
a
~
o

Figure 4.13. In vitro uptake characteristics of lipopolysaccharide nanoformulations by cultured
RAW 264.7 cells incubated at 37 °C over a 24-hour period. (A) represent the percentage
extracellular versus intracellular concentration of RFP, and (B) indicate the percentage
extracellular versus intracellular concentration of ISN. (n = 3, bars represent mean + SD).
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4.4. Conclusion

In this study, we have successfully designed a novel delivery strategy that can be employed
to improve anti-TB therapeutics based on mannose-functionalized lipopolysaccharide
nanoparticles containing RFP and ISN, the two frontline anti-TB drugs. The lipopolysaccharide
nanocarrier was developed to enhance drug uptake by the macrophages after oral
administration with the aim to remedy the drawbacks, such as poor bioavailability, drug
toxicity, and low patient compliance, associated with conventional TB therapeutics. The
fabricated mannosylated CT-SL nanoparticle, with diameter of approximately 90 nm,
possessed a positive ZP of about +27 mV, suggesting a good stability, as confirmed by
Turbiscan™ analysis. Also, the positive surface charge of the nanoparticles indicated a higher
propensity towards macrophage cell surface adsorption, which consequently improved
particle internalization. Surface-functionalization of CT-SL nanoparticles with mannose was
confirmed by the ZP variations between the unmannosylated and the mannosylated CT-SL
nanopatrticles as well as the TGA and FTIR spectra analysis, which allowed the detection of
the Schiff's base (-N=CH-). Phenol-sulphuric acid assay revealed that optimal degree of
mannose functionalization could be achieved in 48-hour mannose-nanoparticle reaction time.
The %EE of more than 50% showed suitability for the encapsulation of RFP and ISN. Result
from SEM revealed that all the synthesized CT-SL nanopatrticles are spherical in shape. Futher
physicochemical analysis showed that the incorporation of RFP-ISN and mannosylation
induced a reduction in thermal stability of the nanosystem, suggesting a decrease in

crystallinity of the drug-loaded nanopatrticles.

In vitro release study demonstrated a sustained release profile of CT-SL nanopatrticles in
various simulated physiological fluids, with less than half of the nanoparticle drugs content
released over 48 hours. Furthermore, cellular studies displayed a good RAW 264.7
macrophage cell cytocompartibility profile for both CT-SL-RFP-ISN and Mn-CT-SL-RFP-ISN
nanoparticles, as well as their respective unloaded formulations, implying that the nanocarriers
can be safely used to deliver RFP and ISN. Moreover, the higher degree of intracellular drug
accumulation observed with Mn-CT-SL-RFP-ISN nanoformulation indicated a successful
targeting of surface mannose receptors. Further analysis revealed that the mechanism
underlying RAW 264.7 cell membrane trafficking of the mannosylated CT-SL nanoparticles

was by mannose receptor-mediated endocytosis.

In summary, all the experimental results suggest that mannose-functionalized CT-SL
nanoparticles represent a suitable cargo system that can be therapeutically used for disease
site-specific targeting of Mycobacterium tuberculosis via oral administration. Thus, the
fabricated MHLP nanostructure constitute a cost-effective technology that is promising for a

future clinical application in TB treatment. However, further in vivo studies are required to
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substantiate the therapeutic efficacy of the MHLP nanosystem as regards biodistribution of
RFP and ISN, as well as mycobacterium clearance efficacy of the nanocarrier in an infected

experimental animal model, after oral administration.
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CHAPTER 5
CONCLUSIONS, LIMITATIONS AND FUTURE RECOMMENDATIONS

5.1. Conclusions

Tuberculosis remains a chronic pathology of the pulmonary and extra pulmonary systems
affecting several millions of people globally. Efforts to make the world a TB-free planet is
hampered by the ineffective anti-TB therapeutics, development of resistant strains (as in
Multidrug resistant TB and Extensively drug resistant TB), and the existence of human
immunodeficiency virus (HIV) comorbidity. In addition, the inconsistent bioavailability, dose-
related side effects, non-specific targeting and systemic toxicity associated with conventional
anti-TB drugs have made TB treatment even more challenging. These multivariate challenges
associated with successful TB chemotherapeutics severely compromise treatment outcome
and patient quality of life. Winning the ‘war’ against this superbug (Mtb) should encompass an
effective targeted delivery of the chemotherapeutically potent anti-TB drugs to the disease site
using a smart and intelligent cargo system. The emergence of nanotechnological application
in medicine has paved the way for an insight into the use of biomaterials for therapeutic
purposes. Several nanomaterials, engineered for oral drug delivery of active pharmaceutical
ingredient(s), take the benefit of their nanometric size to maneuver through the harsh Gl
environment whilst protecting the bioactive from acidic degradation, P-gp efflux, and
enzymatic inactivation. In addition, the nanocarriers could protect normal healthy cells from
drug toxicity, thus providing efficient and safe drug delivery to diseased site while improving
drug bioavailability. Based on this concept, the aim of this study was to design a novel
mannose functionalized hybrid lipopolysaccharide-based (MHLP) nanosystem that would
demonstrate precised targeting to the alveolar macrophages habouring Mtb. This study
explicitly demonstrated the anti-TB delivery potential of the MHLP strategy, suggesting that
anti-TB therapeutics could be optimized to provide targeted drug delivery and improving

therapeutic outcomes.

After reviewing the several cutting edge nanotechnological designs employing
lipopolysaccharide-based polymers, a novel MHLP nanoconstruct was fabricated using the
solvent injection technique. In this study, CT and SL hybrid constituted the lipopolysaccharide
architecture providing a system with naturally derived and readily available polymers with
affordable cost. RFP and ISN, the two most potent anti-TB drugs, were selected as the model
drugs due to their inherent broad spectrum anti-mycobacterial activity as well as the
formulation and therapeutic drawbacks hindering the clinical use of these compounds. More
also, these drugs have poor solubility, low bioavailability and minimal cellular penetration

profile obstructing the achievement of therapeutic concentration at the target site.
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The synthesized MHLP nanosystem demonstrated optimal physicochemical properties
suitable for formulation stability and macrophage targeting. Positive surface charge of the
nanoparticles encouraged passive cell targeting due to the negatively charged macrophage
surfaces. This obviously permited enhanced cellular uptake with subsequent intracellular
RFP-ISN accumulation as observed from the macrophage uptake and intracellular drug
accumulation studies. Additionally, an optimal degree of mannose-functionalization, achieved
within a 48-hour reaction time, conferred active targeting ability on the nanosystem and further
enhanced its drug delivery efficacy. A decrease in the crystallinity and hydrophilicity of RFP-
ISN-loaded nanosystem, as shown with the XRPD and TGA analysis, was suggested to further
enhanced cellular drug penetration. Furthermore, current research clearly demonstrated the
sustained drug release property of MHLP nanosystem, and this could benefit patients as
regards dose spacing and pill burden, permiting improved patients’ compliance.

To validate the drug delivery efficacy MHLP nanosystem, detailed in vitro cellular experiments
were also done using RAW 264.7 macrophages. The RFP-ISN-loaded MHLP nanoparticles
showed a higher intracellular accumulation of the payload in RAW 264.7 macrophages when
compared with the unmodified nanoparticles and the free drug solution. Cytotoxicity studies
revealed that CT-SL-RFP-ISN and Mn-CT-SL-RFP-ISN nanoparticles, and the corresponding
placebo counterpart are cytocompartible and non-toxic to healthy RAW 264.7 macrophages,
implying that the synthesized nanosystem can be successfully used as a delivery system
without causing any harm to healthy cells. Ex vivo permeability studies was done using large
pig intestinal tissue to investigate the gastrointestinal permeability profile of the synthesized
CT-SL drug-loaded nanoparticles in relation to the free drug solution. Experimental findings
showed that the lipopolysaccharide nanosystem demonstrated an improved permeation
across the gastrointestinal epithelial cells when compared with the free drug solution. This
again support the hypothesis that MHLP nanosystem has the potential to improve the
bioavailability of RFP and ISN.

In summary, the formulated Mn-CT-SL-RFP-ISN nanoconstruct demonstrated remarkable
stability profile to validate feasibility of the formulation with regards to manufacturing, storage
and clinical application. Polymeric materials used were naturally derived and generally easy
to obtain and cost-effective. The nanoformulation demonstrated high target-oriented
intracellular accummulation of RFP and ISN in RAW 264.7 cell line. Showed considerable
safety and cytocompatibility profile towards the RAW 264.7 cell line. Thus, the MHLP

nanosystem demonstrated statistically significant potential for clinical application.
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5.2.  Limitations of the research

Due to the unavailability of NR8383 or RAW 264.7 cell lines required for cellular studies, the
research could not achieve the proposed timelines for completion as too much time was lost
to application approval for cell line importation from the South Africa’s department of
agriculture, forestry and fishery. Additional time was lost to the importation of the cell line from
LCG limited in the United Kingdom. Furthermore, the challenges related to reviving the
imported cells and subsequent sub-culturing impacted the research timeline, as we lost the
imported NR8383, hence using RAW 264.7 for our cell studies.

Uptake studies was significantly challenged by the inaccessibility of adequate fluorescent
microscope within the WADDP labs to assess the internalization characteristics of the various
nanoparticle formulations into the cells. We had to negotiate and seek approval from
neighbouring departments in order to use a fluorescent microscope. This significantly
impacted the research in regards to movement of samples between some distance in order to
access a fluorescent microscope and the delay associated with equipment booking. Also,
other cellular assay such as sub-cellular localization of nanoparticles could not be done due

to inaccessible confocal laser scanning microscope.

5.3. Future recommendations

Interesting revelations about MHLP nanosystem has been made as regards the potential in
affording effective anti-TB therapeutics, however, further in vivo pharmacokinetic and
pharmacodynamic studies is recommended to substantiate this findings. In addition, in vitro
and in vivo antimycobacterium assay can also be undertaken to determine the

antimycobacterial impact of the RFP-ISN-loaded MHLP nanosystem.

The applicability of this nanosystem in the delivery of all the first-line, as well as the second-
lines, anti-TB therapeutics can also be investigated, as precised targeting of these drugs to
disease sites, particullarly in cases of MDR-TB and XDR-TB, could improve the clinical
outcomes of TB treatment. Furthermore, the potential for the nanosystem to encapsulate all
four first-line drugs; rifampicin, isoniazid, pyrazinamide and ethambuthol, in one system for a
concurrent delivery to the disease site can also be investigated. Cellular studies for
macrophage uptake should be extended to other macrophage cell lines and findings compared
to that from RAW 264.7 cell line.

An outstanding characteristic of lipopolysaccharide-based nanosystem is the presence of
postively charged surfaces which encourage the attachment of several negatively charged
targeting moieties. Moreover, the alveolar macrophages express surface receptors, other than
mannosyl, which can be explored in the design of a surface-functionalized nanosystem. To

this note, itis recommended that future research delves into the feasibility of surface-modifying
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CT-SL nanosystem with ligands such as galactosyl or lectin and experimental findings be
compared with that of mannose-functionalized system as regards targeted delivery of anti-TB
therapeutics. These alternative functionalization designs of CT-SL nanoformulation could

provide even better precised delivery of anti-TB therapeutics to the diseases site.

Finally, the MHLP nanosystem can also be investigated for application in TB
immunotherapeutics or chemoimmunotherapeutics. In this line of thought, MHLP could be
engineered to provide a simultaneous targeted delivery of immunotherepareutic and anti-TB
chemotherapeutic agents. This approach could provide a more effective therapeutic strategy
for both latent and active TB infection, particularly for the MDR-TB and XDR-TB as well as for
TB-HIV coinfection. Since Mtb resides mainly in macrophages, cellular immune responses
become essential for inhibiting intracellular growth and limiting disease propagation. Immune
response can significantly modify the proportions and absolute numbers of actively replicating
Mtb within the infected macrophage cells. To this note, the incorporation of
immunotheraputics, like interleukin (IL-2, IL-12), interferon (IFN-y) or anti-tumor necrosis
factor alpha (anti-TNF-a), alongside anti-TB drugs into MHLP nanosystem may be considered.
Moreover, co-encapsulation of immunomodulatory agent, such as gallium, and ant-TB drugs
can be explored. The co-delivery of these bioactives to macrophages could produce dual
effects — regulation of cytokines release and anti-mycobacterial activity. These strategies
could be a more effective approach to revolutionize TB treatment and winning the fight against

the disease.
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Purpose:

Lipopolysaccharide Nanoparticles (NPs) was evaluated as effective ‘cargo’ system for the dual delivery of Rifampicin (Rf) and
Isoniazid (INH). Being of natural origin with a good safety profile and a sustained drug release property could be a better
alternative to conventional therapeutics. Furthermore, in contrary to the conventional therapeutics, the nanoparticulate system
could improve drug bioavailability, cell-drug penetration and drug protection against premature degradation while significantly
reducing length of treatment.

Methods:

Preparation of Rf-INH-loaded Lipopolysaccharide Nanoparticles: Ethanolic solution of Soy Lecithin (SL) and Rf was prepared
by dissolving 600mg of SL and 150mg of Rf in 20mL ethanol. 200mg of Low molecular weight chitosan (CS) and 150mg of
INH were dissolved in 40mL of 1% acetic acid and 40mL double deionized water producing 80mL of CS-INH solution. Rf-
INH-loaded lipopolysaccharide NPs suspension was obtained by injecting 20mL of SL-Rf solution into CS-INH solution through
a syringe with subsequent mechanical stirring. NPs suspension was centrifuged (5000 rpm, 30 min) and the supernatant
decanted, and sediment lyophilized to obtain a dried NP powder. SL-CS-Rf-INH NPs Characterization: The synthesized NPs
were characterized for size, surface charge, chemical and functional transformation. In Vitro Drug Release Studies: This was
performed in a dissolution tester ERWEKA, USP Apparatus Il, DT 126, UK (900mL Phosphate-buffered saline solution, pH
4.8, pH 6.8 and pH 7.4 at 37°C and 50 rpm over a 48-h period, n=3).

Results:

The formulated nanoparticles were spherical as evidenced by SEM with average size of 120.4 nm and nearly uniform size
distribution (Pdl < 0.3). Surface charge of +37.7 mV suggested possible stability of the nanoparticulate suspension with no
serious particle agglomeration. Encapsulation of the drugs favoured INH more than Rf with 75% and 67% entrapment
efficiency, respectively. This could be attributed to the smaller molecular size and higher aqueous solubility of INH. FTIR
spectra suggested successful encapsulation of Rf and INH within the polyelectrolyte structure of the NPs as evidenced by the
structural changes observed in the drug-loaded NPs when compared with drug-free NPs. However, it may suggest that Rf
and INH could have interfered with or covered the NH3+ and PO3- Polyelectrolyte Complex (PEC) reaction sites. Extended
drug release was seen in all simulated physiological medium tested with less than half of both Rf and INH released within 48
h. This may be due to the nanoparticulate polyelectrolyte structure encapsulating the drugs.

Conclusion:

Conventional TB therapeutics have proved to be inefficient due to a multitude of drawbacks Lipopolysaccharide nanoparticles
loaded with Rf and INH could be developed using SIT to overcome these drawbacks. Sustained drug release could be
achieved, and this could be explored in product formulation to reduce dosage frequency with subsequent drug adherence
benefit. Drug release was driven by diffusion and thus was a function of solubility, loading capacity and nanoparticulate PEC
structure. This structure provides potential benefits in enhanced drug dissolution, bioavailability, and dosing.
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