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Abstract

Purpose: Tuberculosis (TB), caused by Mycobacterium tuberculosis (M. tuberculosis),

remains a fatal infectious disease and one of the top ten leading causes of mortality,

particularly in developing countries. Current drug therapy for TB is challenged by the poor

physiochemical properties of the antibiotics used. These properties impact their

bioavailability, toxicity, and treatment duration, thereby negatively impacting patient

adherence. These factors also contribute to the emergence of the difficult to treat multi-drug

resistant strains of M. tuberculosis. Recently, immunotherapy has emerged as a promising

alternative treatment modality for TB. The primary host cells (macrophages) of M.

tuberculosis could be activated to eradicate the intracellular resident bacterium. This could be

enhanced by incorporating a biomimetic feature that mimics structural and/or functional

aspects of the pathogen. In this study, nanoparticles (NPs) incorporating lipids and polymers

were synthesized, i.e. lipid-polymer hybrid nanoparticles (LPHNPs), incorporating two

immunomodulatory agents, namely mycolic acid (MA) from M. tuberculosis and curdlan

from Alcaligenes faecalis. NPs were characterized and investigated for their capability to

activate macrophages in vitro. This work lays the foundation for further studies into

developing an immunostimulatory nanomedicine for the treatment of TB.

Methods: A polycaprolactone-curdlan copolymer (PCL-curdlan) was synthesized using

carbodiimide chemical conjugation and characterized physiochemically by nuclear magnetic

resonance (NMR), Fourier transform infrared spectroscopy (FTIR), thermogravimetric

analysis (TGA), and hot stage microscopy (HSM) to confirm the conjugation. A panel of NPs

(with varying curdlan from PCL-curdlan copolymer and MA) were then synthesized using a

nanoprecipitation method. The LPHNPs were characterized physiochemically for size,

polydispersity index, and zeta potential. Scanning electron microscopy (SEM) and

transmission electron microscope (TEM) were used to characterize their morphology. The

cytotoxicity of the NPs was assessed in RAW 264.7 macrophages using an MTT assay. The

immunostimulatory effect of the NPs was determined in RAW 264.7 macrophages by

quantifying TNF-α and IL-10 using an enzyme-linked immunosorbent assay (ELISA).

Results: Physiochemical characterizations indicated successful syntheses of the PCL-curdlan

copolymer and the NPs. NPs synthesized from various ratios of lecithin/PCL ranged from

120 - 170 nm. 15 % w/w lecithin/PCL mass ratio was selected as the best ratio and used to

synthesize NPs with various MA (0 – 8 % w/w) and curdlan (0 – 10 % w/w) densities.
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Toxicity assays over 72 h indicated that 250 µg/mL of lecithin/PCL NPs (with a 94 ± 15.2 %

viability), 50 µg/mL of 2 % w/w curdlan (84 ± 4.7 %) and 2 % w/w MA (85.8 ± 1.4 %)

loaded NPs, and 25 µg/mL of 2 % w/w MA and 2 % w/w curdlan loaded NPs (100.1 ± 3.2 %)

were the highest safe concentrations. ELISA assays indicated that the MA-curdlan loaded

NPs stimulated the production of the highest levels of TNF-α (51.16 ± 6.60 pg/mL) which

was statistically significant from the rest of NPs (lecithin/PCL produced 22.56 ± 1.65 pg/mL,

lecithin/PCL-MA produced 25.76 ± 24.61 pg/mL, lecithin/PCL-curdlan did not stimulate

TNF-α production. The positive control (Lipopolysaccharide) produced 68.10 ± 8.97 pg/mL,

while the negative control (untreated cells) produced 17.00 ± 6.27 pg/mL), suggesting a

synergistic effect when both MA and curdlan were loaded onto the LPHNPs. None of the

NPs stimulated the production of IL-10.

Conclusion: A panel of biomimetic NPs having varying amounts of curdlan and MA were

synthesized and characterized. The MA-curdlan loaded NPs exhibited an additive cellular

toxicity when both MA and curdlan were loaded onto the LPHNPs. On the other hand,

immunomodulatory studies indicated a synergistic effect on TNF-α production. This study

demonstrates the possibility to synthesize biomimetic, immunostimulatory NPs of MA-

curdlan. These NPs can be investigated for eradication ofM. tuberculosis in future studies.
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CHAPTER 1: Introduction

Tuberculosis (TB) is one of the world’s deadliest infectious diseases. In 2020, TB claimed

approximately 1.5 million lives, including 214 000 deaths among human immunodeficiency

virus (HIV) positive people (1). South Africa is one of eight countries whose TB infections

account for two-thirds of all TB infections worldwide. In 2020 there were 301 000 new

infections, of which 177 000 were co-infected with HIV (1). Advances made in reducing the

global TB burden in recent years has been significantly impacted by the coronavirus disease-

19 (COVID-19) pandemic, affecting diagnosis, access to treatment and consequently increase

the TB mortality (1). The primary causative agent of TB in humans is Mycobacterium

tuberculosis (M. tuberculosis) (2). There are two types of TB, namely pulmonary (TB affects

the lungs) and extrapulmonary TB (TB affects organs other than the lungs such as bones and

meninges), with pulmonary TB being the most prevalent type of TB (3)(4).

TB is an airborne disease transmitted by inhaling droplets containing M. tuberculosis (5).

About a quarter of the world’s population is infected with M. tuberculosis, however, only 5-

10 % of those infected display symptoms of active TB (6)(7). Following the inhalation of M.

tuberculosis, the bacteria are deposited in the lungs, where they are taken up by phagocytes,

particularly alveolar macrophages, after being recognized as pathogens (8)(9). The uptake of

M. tuberculosis by macrophages usually results in (i) complete destruction of M. tuberculosis,

(ii) arrested growth of M. tuberculosis by host defence leading to latent infection, or (iii)

severe suppression of the host defence by M. tuberculosis followed by active TB

(10)(11)(12)(9).

TB is considered a curable disease with a therapeutic regimen consisting of a six-month

combination therapy of four drugs, namely rifampicin, isoniazid, ethambutol and

pyrazinamide, taken daily for the first two months of an intensive treatment phase, followed

by a four-month continuation phase, in which rifampicin and isoniazid are taken daily (13).

Side effects, frequent drug administration, and long treatment durations challenge the

currently available therapeutic regimen and severely impact patients adherence, leading to

treatment failure and treatment resistance (14). Aside from adherence issues, other factors

such as pharmacokinetic properties and degradation of drugs such as rifampicin in acidic

environments, can significantly reduce the quantity of drug reaching the targeted site of

action following oral administration, thereby predisposing them to resistance
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(15)(16)(17)(18). The emergence of drug resistant strains of M. tuberculosis has necessitated

new approaches to treating TB (19).

M. tuberculosis is an intracellular organism that resides primarily in macrophages. One

strategy proposed to eradicate M. tuberculosis is to stimulate macrophages to self-eradicate

this pathogen. This approach, also known as immunotherapy or host-directed therapy,

involves the use of immunomodulatory agents to alter the host’s response to the pathogen

(20)(21)(22). Nanoparticles have shown great potential to deliver a variety of therapeutic

materials to cells, including immunomodulatory agents (23)(24). Through their effective

delivery of various therapeutic materials, nanoparticle drug delivery systems are a promising

approach to address drug resistance, toxicity, and to improve the physiochemical properties

of existing drugs.

It was hypothesized that two immunostimulatory compounds, namely curdlan (from the

bacterium Alcaligenes faecalis) and mycolic acid (from the M. tuberculosis cell wall), could

be loaded onto lipid-polymer hybrid nanoparticles (LPHNPs). It was further hypothesized

that these LPHNPs would be non-toxic and possess macrophage stimulating capacity

dependent on functionalization with MA and curdlan. Therefore, the aim of this study was to

synthesize and characterize LPHNPs incorporating both immunostimulatory compounds and

to investigate them for their cytotoxicity and their ability to stimulate RAW264.7

macrophages in vitro. Further studies can explore the biomimetic and immunotherapeutic

effects of these LPHNPs in in vivo and in vitro models of M. tuberculosis infection.



http://etd.uwc.ac.za/

3

Chapter 2: Literature review

2.1. The epidemiology and treatment of TB

In 2020 alone, TB claimed 1.5 million lives globally, i.e. approximately 4148 deaths every

day, and of those 1.5 million deaths, nearly 15 % of deaths occurred in persons co-infected

with HIV (1). TB is among the top 10 leading causes of death globally and since 2007 until

the outbreak of the COVID-19 pandemic, TB was ranked as the number one leading cause of

death from a single infectious agent, ranking above HIV/AIDS (1). The emergence of

COVID-19 has significantly impacted and reversed years of progress made in reducing the

global TB burden by affecting TB diagnosis, treatment, and prevention. This is due to the

severe disruption of services including access to diagnosis, medicines and preventative

therapies. This is evidenced by an approximately 18 % drop in TB diagnoses between 2019

and 2020, with an increase in TB mortality, highlighting the impact of COVID-19 on TB.

The WHO reported an estimated 9.9 million new TB cases worldwide in 2020, a relatively

constant figure in recent years, and of the newly reported cases, people living with HIV

accounted for 8 % (1). Although the incidence in 2020 was approximately 1.9 % lower than

in 2019, it is expected to worsen in 2021 and 2022 as a result of COVID-19 related impacts.

TB mortality and morbidity usually accelerated by HIV co-infection, the emergence of drug

resistant TB strains, chronic diseases such diabetes and immunosuppressive diseases or

chemicals, have been significantly increased by COVID-19 (1)(25).

TB is an airborne communicable disease transmitted by inhaling aerosols containing M.

tuberculosis (5). There are two types of TB, the most prevalent being pulmonary TB, which

occurs when TB infects the lungs, and extra-pulmonary TB, which occurs when TB infects

other sites (3)(26). The intensity of exposure and the immune status of the infected person

determine the severity of the infection. M. tuberculosis replication is often forestalled by a

strong immune response, however, viableM. tuberculosis cells can persist for a long time in a

dormant state leading to latent TB infection (5).

About a quarter of the world’s population is infected with latent TB (27)(28). Latent TB

infection is asymptomatic and non-infectious. However, upon exposure to a new infection or

reactivation, latent TB can progress to active TB (5). Approximately 5 -10 % of latently
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infected individuals develop active TB and show symptoms of TB with the remaining

individuals being reservoirs for potential future active TB infections (25)(29). As previously

mentioned, a six-month combination therapy of rifampicin, isoniazid, ethambutol, and

pyrazinamide taken orally daily in two phases, namely intensive and continuation phase. In

the first two months (intensive phase) all four drugs are taken as a combination, while in the

continuation phase two drugs (rifampicin and isoniazid) are taken for four months (13).

However, frequent administration and duration of treatment severely impact the adherence to

this therapy resulting in treatment failure and resistance (14). In addition to adherence issues,

other factors such as degradation and pharmacokinetic properties including poor and variable

solubility, drug degradation in gastrointestinal tract, drug instability when administered in a

combination, and variable half-lives of these drugs contribute to M. tuberculosis resistance to

treatment (15)(16)(31)(32). All of the listed factors can significantly reduce the quantity of

drug reaching the target site of action, thus predisposing them to resistance (16)(17)(31)(32).

In addition to multidrug-resistant (MDR), the emergence of extensive drug-resistant (XDR),

totally drug-resistant TB, the endemic spread of AIDS, and the recent emergence of the

COVID-19 pandemic has made the situation even more alarming (5)(1). This scenario calls

for new approaches to enhance the effectiveness of the currently available treatments and the

development of new treatment regimens to address this situation (33).

2.2. The bacteriology ofM. tuberculosis

2.2.1.M. tuberculosis cell wall

M. tuberculosis is a slow-growing intracellular Gram-variable acid-fast bacterium of the

Mycobacterium species with a slow generation time of 15-20 hours, a physiological trait that

can contribute to its virulence. Successfully identified and isolated as the etiological agent of

TB by Robert Koch in 1882, M. tuberculosis is an aerobic to facultative anaerobe that is a

highly adaptable pathogen that can switch from a carbohydrate-based to a fat-based diet

depending on the conditional requirements (34)(35)(36)(37). M. tuberculosis is rod-shaped

with a length and width of 2-4 μm and 0.2-0.5 μm respectively (37). M. tuberculosis

possesses a thick waxy cell envelope composed of interconnected polymers of mycolic acids

(MAs), arabinogalactan (AG), and peptidoglycan (PG) (38). The envelope is responsible for

the drug resistance of M. tuberculosis as it acts as a barrier to both hydrophobic and

hydrophilic materials, making M. tuberculosis poorly permeable to many antimicrobial

agents and thus inherently resistant to most antibiotics (39). This envelope is also responsible
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for the interaction of M. tuberculosis with the host immune system, resulting in facilitated

uptake of M. tuberculosis by macrophages (40). Some components of the M. tuberculosis

envelope are responsible for suppressing immune responses, while others are instrumental in

activating them (5).

Fig. 2.1. Mycobacterial cell envelope and trehalose mycolate structures. (A) Mycobacterial cell

envelope constituents and mycolylation of arabinogalactan from the TMM (trehalose monomycolate)

donor mediated by Antigen 85, in which two TMM molecules are used to create TDM (trehalose

dimycolate), releasing one molecule of trehalose. (B) shows chemical structures of MA constituents

and lists the number of carbons (n1, n2) in linear mycolate chains for M. smegmatis and M.

tuberculosis. Image obtained from (38).

M. tuberculosis requires both activation and suppression of immune cells for its survival, as

activation increases uptake into macrophages, while suppression allows survival within

macrophages (5)(41). For instance, lipoarabinomannan may play a role in preventing



http://etd.uwc.ac.za/

6

phagosome maturation but also in secretion of pro-inflammatory cytokines, and MAs can

induce secretion of inflammatory cytokines (41).

2.3. Host defence and intracellular survival ofM. tuberculosis

2.3.1. Cellular uptake ofM. tuberculosis

Upon deposition of M. tuberculosis in the lung following inhalation, bacilli are recognized by

the resident immune cells such as alveolar macrophages, dendritic cells (DCs) and

neutrophils (42)(43)(44). An innate immune response is triggered by the interaction of

pathogen associated molecular patterns (PAMP) and pattern recognition receptors (PRR)

such as toll-like receptors (TLRs), C-type lectin receptors, and Nod-like receptors (NLRs)

(45)(46)(47)(48). PAMPs are highly conserved smaller molecular products with

polysaccharide-like structures that are recognized by PRR (49)(50). Through their selective

binding, PAMPs on M. tuberculosis, specifically mannosylated-lipoarabinomannan (MAN-

LAM), lipomannan, and phosphatidylinositol mannoside (PIM) interact with PRRs and

initiate immune response, which in turn triggers the uptake of M. tuberculosis. The fate of M.

tuberculosis within the macrophage is (i) complete eradication of M. tuberculosis cells, (ii)

arrested growth of M. tuberculosis leading to latent TB infection, or (iii) severe suppression

of the immune system (host-defence) by M. tuberculosis followed by active TB (10)(11)(12).

2.3.2. Phagosome maturation and phagolysosome formation

Phagocytosis is a crucial mechanism of innate immunity by which antigens are detected,

engulfed, degraded, and subsequently presented to T cells, resulting in adaptive immune

activation (51). Phagocytosis is initiated by the interaction between PAMP and PRRs

resulting in phagocytic uptake of antigens by macrophages (52). The engulfed M.

tuberculosis is confined into a phagosome, an intracellular vesicle (51)(53). Phagosomes

mature by interacting with various endosomes and lysosomes that modify their enzymatic

activities, resulting in a mature phagolysosome with desired antimicrobial activities (51).

However, M. tuberculosis has evolved numerous strategies to suppress immune responses,

including arresting phagosome maturation and phagolysosome formation, allowing them to

persist in macrophages and establish infection (54).

M. tuberculosis can arrest phagosomal maturation by interfering with Rab molecules. Rab

molecules are members of the RAS protein superfamily and are located in the intracellular
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membrane (55)(56). Rab molecules are functionally related to membrane fusion, a

fundamental process in eukaryotic cells, and vesicular transport in humans (56). Generally,

Rab molecules have a guanosine triphosphate (GTP) hydrolase (GTPase) fold, low molecular

weight, and are considered markers of phagosomal maturation. Under normal conditions,

Rab5 is found in early phagosomes, which is replaced by Rab7 in late phagosomes hence

Rab7 marks late phagosomes (55)(57)(58)(59). The active form of Rab7 (aRbab7) reportedly

binds to Rab7 interacting lysosomal protein (RILP), an intra-phagosomal membrane, and

form aRAb7/RILP complex that promotes phagosomal maturation and Rab5 dissociation

(56)(58)(60). Matured phagosomes fuse with lysosomal vesicles to form phagolysosomes

(56). However, M. tuberculosis containing phagosomes, can obviate this process by amassing

Rab22, a late endosomal regulator, and consequently preventing the involvement of Rab7

(61). Additionally, M. tuberculosis can release a factor that catalyzes the Rab7 GTP/GDP

conversion, resulting in a mutant aRab7 isoform that is unable to bind to RILP (57)(56).

Following phagocytic uptake of M. tuberculosis by macrophages, vacuolar ATPase (V-

APTase) is rapidly recruited to the phagosomal membrane. V-ATPase pumps protons (H+)

into the phagosome, gradually acidifying the intra-phagosomal compartment (51). Although

the mechanism by which M. tuberculosis excludes V-ATPase is a subject of ongoing debate,

it is known that M. tuberculosis arrests the internal acidification process by selectively

excluding of V-ATPase from the phagosomal membrane (62)(63). Consequently, the internal

acidification process is arrested at a pH of approximately 6.4 which is much higher than the

desired pH (≤5), thereby suppressing phagosomal proteases and lysosomal enzyme activities

that require low pH for optimal functioning (63).

Calcium (Ca2+) mobilization is associated with pathogen uptake, membrane fusion and

phagosome maturation (64)(65). Sphingosine kinase (SPK) induces Ca2+ mobilization

through phosphorylation of sphingosine to sphingosine-1-phosphate which stimulates the

release of Ca2+ from endoplasmic reticulum stores (64). Ca2+ increase in the cytosol leads to

the binding of Ca2+ with calmodulin (CaM), which activates CaMKII (64)(65). This pathway

leads to increased production of PI3P upon activation of hVPS34 which catalyzes PI3P (65).

Binding of early endosomal antigen 1 to PI3P promotes membrane fusion and phagosome

maturation (65). However, viable M. tuberculosis can suppress Ca2+ mobilization and

signalling by inhibiting of SPK. Interestingly, the uptake of inactivated M. tuberculosis

activates SPK (64). Viable M. tuberculosis can also release SapM, a lipid phosphatase that
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hydrolyses PI3P and promotes the continuous removal of PI3P in M. tuberculosis containing

phagosomes (66).

It has also been reported that M. tuberculosis exploits the increase in Ca2+ promoted by the

retention of tryptophan aspartate-containing coat (TACO) protein, resulting in Ca2+

dependent activation of calcineurin, a calcium-dependent phosphate directly involved in

preventing phagolysosomal fusion (67). The TACO protein, also known as Coronin 1,

COROA1A or P57, is involved in various F-actin dependent cellular processes and keeps

extra-cellular signals integrated with F-actin remodelling (67)(68). TACO protein is normally

present on the phagosome surface, however, detachment of this protein from phagosomes

leads to phagosome maturation and delivery of phagosomes to lysosomes (67)(69). It has

been reported that incubation of viable M. tuberculosis with macrophages resulted in TACO

retention in 90 % of phagosomes, while incubation with dead bacilli resulted in TACO

release within 2 h (69). Jayachandran et al. (2007) reported that TACO promotes high

intracellular Ca2+ influx, resulting in SPK independent Ca2+ mobilization that activates

calcineurin which in turn prevents phagolysosomal fusion (67). On the other hand, Vergne et

al. (2003) reported that M. tuberculosis releases LAM, which inhibits the increase in

intracellular Ca2+ influx and thus inhibits calmodulin-dependant PI3P production and thereby

affects Ca2+ dependent phagosome maturation (70).

The formation of phagolysosome marks a final and critical stage in microbial eradication, and

this stage is accompanied by acquisition of various enzymes and the production of ROS

(reactive oxygen species) or NOS (nitrogen oxide synthase),which further enhance the

antimicrobial activity of the phagolysosome (51)(71). Various soluble N-ethylmaleimide

sensitive factor (NSF) NSF attachment protein receptors (SNAREs) mediate the fusion of

phagosomes and lysosomes into phagolysosomes (51). In addition to acidifying the formed

phagolysosomes to a lower pH (4.5), the acquisition of various hydrolytic enzymes such as

cathepsins potentiates the degradative capacity of the formed phagolysosomes (51)(71).

Furthermore, the antimicrobial effect is further enhanced by an increased production of

ROS/NOS by the NADPH oxidase (NOX) complex and the inducible nitric oxide synthase

(iNOS) (72). NOX-mediated electron transfer from NADPH to intra-phagosomal oxygen

yields superoxide anions, which dismutate and produce hydrogen superoxide and other

degradative ROS (72). In addition, iNOS generates nitrate and nitrite, which react with

nitrous acid at low pH to produce nitric oxide and nitrogen dioxide. The nitric oxides

produced react with superoxide to form peroxynitrite, an extremely toxic substance that is
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crucial for eradicating pathogens (72). However, to obviate toxicity, M. tuberculosis can

produce proteins involved in detoxification and damage repair (72). M. tuberculosis secretes

a catalase-peroxidase KatG that catabolises hydrogen peroxide into oxygen and water

(72)(73). In addition, M. tuberculosis LAM can scavenge free oxygen radicals and thus

further suppress oxidative stress (72). M. tuberculosis can also secrete PknG, a eukaryotic-

like serine/threonine kinase protein, into the cytosol of macrophages. PknG plays an essential

role in repressing phagosome-lysosome fusion by phosphorylation of a currently unknown

host factor involved in membrane fusion. Thereby suppressing the lysosomal delivery of the

phagosome by the host factor (73).

2.3.3. Cytokine mobilization and granuloma formation

Macrophage uptake of M. tuberculosis triggers the release of various cytokines and

chemokines, which act jointly to increase vascular permeability, increase local inflammatory

cell recruitment, and mediate systematic effects such as fever (74). The macrophage cytokine

profile consists of pro-inflammatory cytokines such as IFN-γ, TNF-α, IL-2, IL-6, IL-12, IL-

18, IL-23, and anti-inflammatory cytokines such as IL-27, IL-4, IL-10, IL-13, and TGF-β

(74)(75). Pro-inflammatory cytokines activate macrophages for effective bactericidal effects.

However, to avoid host cytotoxicity, these cytokines must be produced in appropriate amount

and this should be taken into account when designing immunotherapies (76)(77)(78)(79). M.

tuberculosis inhibits macrophage activation by inhibiting pro-inflammatory cytokine

production or by inducing anti-inflammatory cytokines (80)(81)(82)(83)(84)(85). For

instance, M. tuberculosis LAM inhibits IFN-γ secretion, a key macrophage activating

cytokine, while the uptake of M. tuberculosis stimulates the release of IL-10, an anti-

inflammatory cytokine whose increased secretion is associated with reduced secretion of

IFN-γ as well as reduced recruitment of other pro-inflammatory cytokines (79)(86). O’Leary

et al. (2011) reported about twice as much IL-10 in live M. tuberculosis infected

macrophages compared to inactivated M. tuberculosis-infected macrophages, and the authors

reported enhanced phagosome maturation following the addition of anti-IL-10 antibodies,

highlighting an important role IL-10 plays in M. tuberculosis pathogenesis and survival (86).

On the other hand, MA has been shown to induce pro-inflammatory cytokines such as IFN-γ

which plays a crucial role in protective immunity against M. tuberculosis, while also

inhibiting the production of IL-10, an anti-inflammatory cytokine crucial for M. tuberculosis

survival (41).
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2.3.3.1. Granuloma formation

The granuloma is the hallmark of M. tuberculosis infection and creates an environment that

allows the host defence to control M. tuberculosis replication (87). Phagocyte/macrophage

PRR and M. tuberculosis antigen interactions result in the secretion of various cytokines and

chemokines that recruit other innate and adaptive immune cells including epithelioid cells,

Langerhans giant cells, mononuclear phagocytes, fibroblasts, and T and B lymphocytes (72)

(87). The accumulation of these immune-regulating cells in response to secreted cytokines

and chemokines forms a highly organized structure known as a granuloma, a hallmark of M.

tuberculosis infection (87)(88)(89). The granuloma is an acidic, hypoxic environment that is

less conducive to M. tuberculosis replication, allowing the host to control the infection

(87)(90). A delicate balance of pro- and anti-inflammatory cytokines is required to maintain

granuloma structure and functionality. TNF-α and IFN-γ are highly involved in granuloma

formation and function, while IL-10 is one of the major anti-inflammatory cytokines (87).

About 90-95 % of infected individuals develop latent TB i.e., immune cells effectively

contain M. tuberculosis by forming a granuloma. At this stage, M. tuberculosis enters a non-

replicating persistent (NRP) state, resulting in latent infection. However, when the balance

between pro- and anti-inflammatory cytokines is tampered, which is more likely in

immunocompromised patients such as HIV patients, this facilitates the reactivation of bacilli

and forms caseous lesions that can cause the granuloma to cavitate and its subsequent

collapse releasing M. tuberculosis into the lungs and eventually causing active TB

(72)(87)(90).

2.4. Stimulation of macrophages as a strategy to eradicate intracellularM. tuberculosis

The process of infection development involves an interaction between invading pathogens

and the host defence system. Following the pathogen invasion, the host’s immune system is

activated, and various mediators are released in response to the invading pathogen. This

initial response aims to eliminate the invading pathogen and prevent subsequent infections.

Inadequate immune response fails to eliminate the pathogen, resulting in an infection, while

over-exuberant immune response results in detrimental effects to the host such as cytokine

storm (76)(77)(78)(91). A delicate balance is therefore required and this should be an

important consideration when designing immunotherapies (76)(77)(79).

Once infection is established, treatment usually consists of antimicrobial chemotherapy,

which kills the invading pathogen. However, the rise in antimicrobial resistant pathogens

such multi-drug resistant (MDR-) and totally drug resistant (XDR-) M. tuberculosis, as well
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as the increasing prevalence of immunocompromised patients, have led to an increased

interest in modulating the innate immune response to achieve desirable health and treatment

outcomes (20)(21)(22).

Immunotherapy is the use of small molecules or biologics that modulate the immune

response to a particular pathogen to control the disease and eradicate the pathogen. For

infectious diseases, immunotherapy can be used with or without antibiotics to achieve better

control of the infection (92). As previously mentioned, latent TB infections is the most

common outcome (90-95 %) of M. tuberculosis infections and these infections progress to

active TB infection when M. tuberculosis, a pathogen that typically reside within

macrophages, severely suppresses or evades the immune system (93). This highlights the

crucial role of the immune system in M. tuberculosis infection control, as well as the inherent

ability of host defence to control M. tuberculosis replication and prevent active TB

development (94).

Immunotherapy provides antimicrobial effects by (i) interfering with host mechanisms that

the pathogen uses to persist or replicate in host tissues, (ii) potentiating the host immune

defences against the invading pathogen, (iii) targeting pathways that may contribute to

disease progression such as classically hyperinflammation and finally (iv) modulating host

factors at local level that are involved in pathogenic responses (90). Antibiotic resistance to

current treatment is a major global health problem. In fact, it is estimated that approximately

10 million people will succumb to antimicrobial resistance annually by the year 2050

(95)(96). However, unlike antibiotics, which target pathogen functions, immunotherapy

targets host functions, making it unlikely that pathogens will develop resistance to this form

of therapy. Therefore, with fewer new anti-TB drugs in the pipeline in the near future,

immunotherapy offers a promising alternative treatment strategy for TB (90). One of the

strategies that could be used is to stimulate macrophages to self-eradicate M. tuberculosis

(20)(21)(22)(97). Biological functions of activated microphages such as ROS/RNS secretion

and autophagy, supported by the subsequent adaptive immune response, lead to

phagolysosome formation and potentially enhance the antimicrobial response (71)(90). As

previously mentioned, M. tuberculosis survives by suppressing some macrophage responses,

therefore, by stimulating the microphage, self-eradication of M. tuberculosis could be

achieved by immune response of the stimulated pathways.
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2.5. Mycolic acid (MA)

MA is a major lipid component of the M. tuberculosis cell wall and is a long-chain(α-alkyl-β-

hydroxyl) fatty acid lipophilic compound with a carbon range of 60 to 90 and constitutes

about 40-60 % of the total dry weight of theM. tuberculosis envelope (41)(98)(99)(100)(101).

In M. tuberculosis, MA is present either covalently bound to the cell wall or non-covalently

bound to sugar esters in the form of the glycosylated derivative such as TMM, TDM, glucose

monomycolate or as secreted free MAs (41). MAs can vary by composition and source; thus,

it is important to indicate the type used. MA can act as a PAMP and is therefore associated

with triggering immune responses (41)(102).

Fig. 2.2. The chemical structure of MAs ofM. tuberculosis (103).

MA is one of lipids of M. tuberculosis whose interaction with macrophages leads to

macrophage activation (104). MA is also one of the M. tuberculosis lipids presented to T

cells by CD1 molecules (particularly CD1b). CD1 molecules, membrane proteins, are antigen

presenting molecules on professional APCs and functionally present microbial lipids to T

cells. CD1-restricted T cells have been shown to provide antimycobacterial immunity. CD1-

restricted T cells from both infected and uninfected individuals have been shown to be

cytotoxic and produce TNF-α and IFN-γ and these T cells have been found to be more

abundant in individuals exposed to M. tuberculosis than in non-exposed individuals,
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suggesting macrophage activation following M. tuberculosis infection (104). Zhao et al.

(2015) reported that human mycolic acid-specified CD1b-restricted T cells were

polyfunctional in a transgenic mouse; they were cytotoxic, implicated in granulomas and in

reducing the bacterial load of M. tuberculosis in the lungs, spleen and liver, and provided

protection against M. tuberculosis infection (104). Korf et al. (2005) using liposomes as

carriers of MA, reported that MA induced some of the key features of M. tuberculosis

infection to some extent. The author reported that MA induced formation of foamy

macrophages (which are involved in granuloma formation), production of myeloperoxidase,

an enzyme involved in the generation of reactive oxidants and production of local

inflammatory responses, followed by the production of IL-12, IL-6 and IFN-γ. Compared to

TDM, MA was effective in inducing IL-6 and IL-12 production, however, only TDM could

induce TNF-α. It was also interesting to note that upon secondary exposure to inflammatory

triggers such as LPS, the cells (ex vivo) showed a reduced production of IL-10 and an

increase in IFN-γ production. The authors also reported that MA colocalized in acidic

phagosomes, indicating that MA is not involved in disrupting phagosome maturation (41).

Lemmer et al. (2015) formulated isoniazid-loaded PLGA (isoniazid-PLGA) NPs with MA as

a targeting ligand. The authors reported that these NPs showed increased phagocytic uptake

compared to isoniazid-PLGA NPs without MA. Phagosomes containing isoniazid-PLGA NPs

with or without MA were localized into murine microphage phagolysosomes and remained

there for approximately nine days (105).

2.6. Natural polysaccharides and curdlan

Natural polysaccharides are among the most abundant biomaterials in the world (106).

Polysaccharides are made by animals and plants to serve various functions such as energy

storage and structural support (106)(107)(108). Natural polysaccharides, like all other

polymers, are made up of long chains of monomers of the same or different types. Owing to

their biocompatibility, biodegradability, and versatility, natural polysaccharides are used in

various industries such as packaging, biomedical, food and pharmaceutical industries

(107)(109)(110)(111). Natural polysaccharides have recently found increased application in

biomaterial science due to their ability to be handled at the nanoscale, with uses in biomedical

delivery, tissue repair and immunotherapy (109)(112). Natural polysaccharides have been

found to possess immunomodulatory responses (113)(114)(115). While some

polysaccharides such as cellulose and curdlan enhance and stimulate immune responses,
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others have been found to reduce or inhibit immune response, which is also helpful in

controlling and regulating the immune response, which in excess can cause diseases such as

allergies and cytokine storm in extreme cases (114)(115)(116)(117).

In disease control, the ability of the innate immune system to identify and respond to

pathogens is paramount (118). Curdlan, a 1,3-β -glucan, is a glucose polysaccharide known

to possess immunomodulatory effects that stimulate innate immune responses and activate

complement (119)(120). Curdlan, a major component of fungal cell wall, is also found in

bacteria such as Alcaligenes faecalis, yeast and some foods such as cereal oats, mushrooms

and seaweed (121)(122). Curdlan exerts its immunomodulatory effect on macrophages

mainly through interacting with Dectin-1 receptors (123)(124)(125)(126).

Fig. 2.3. The chemical structure of β-glucan linked through 1,3-linkage (β-1,3-glucan otherwise

known as curdlan)(127)(128).

Dectin-1 is a type 2 transmembrane protein receptor that can activate and regulate the innate

immune response, and this protein interacts with β-1,3-glucan (122). Interaction of curdlan

with Dectin-1 receptors, which are widely expressed by immune cells, particularly

macrophages, results in increased phagocytosis, which in turn increases uptake of the

curdlan-containing cargo into the macrophages (126). This interaction also results in the

stimulation and initiation of the immune response (121), induction of reactive oxygen species

(ROS) or reactive nitrogen species (RNS), enhanced TNF-α and lysosomal enzymes

production as well as pro-inflammatory cytokines, chemokines such as IL-12 and

inflammatory lipid mediators that recruit other immune cells and control their activation
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(119)(122)(126). It is also know that dectin-1 activation enhances intracellular calcium,

which is suppressed by M. tuberculosis (129)(130). Intracellular calcium has been associated

with microbial ingestion, phagosomal maturation, and autophagy (130)(131). Since Dectin-1

is expressed on other innate immune response cells such as neutrophils and dendritic cells

(118), its activation also leads to immune responses from other cells such as dendritic cells

and neutrophils. An examples of these responses is neutrophil degranulation (122). Besides

dectin-1, curdlan can also activate macrophages by interacting with complement receptor 3

CR3 (CD11b/CD18) which is also expressed on polymorphonuclear leukocytes, mononuclear

phagocytes and natural killer cells (119). Hetland et al. (2002) reported the interaction of

glucan with the lectin-binding site in the complementary receptor 3 CR3 (CD11b/CD18),

which is also one of the entry routes of M. tuberculosis inside the macrophage. Entry of M.

tuberculosis through CR3 avoids a toxic oxidative burst due to the lack of this response when

CR3 is engaged. Their results suggest that β-1,3-D-glucan can competitively inhibit M.

tuberculosis entry via this route (119). Mansour et al. (2013) reported that 1,3-β-glucan

activation of dectin-1 facilitated phagosomal phagocytosis of polystyrene-1,3-β-glucan beads.

The authors also reported that dectin-1 activation promoted dectin-1-dependent spleen

tyrosine kinase (Sky) activation which is critical for 1,3-β-containing phagosome

acidification and Sky-dependant phagosomal maturation (132).

Tukulula et al. (2015) successfully formulated a 1,3-β-glucan conjugated PLGA (poly (lactic-

co-glycolic acid) (C-PLGA) NPs that were also loaded with rifampicin. C-PLGA and PLGA

NPs possessed a characteristic biphasic drug release with an initial burst phase that released

up to 30 % of rifampicin within 1 h, followed by a sustained release phase of the payload

until 6 h when tracking drug release was terminated. The authors reported that C-PLGA NPs

released less drug at both 1 h and 6 h, suggesting that curdlan incorporation enhanced the

sustained release properties of PLGA NPs. It was also reported that both C-PLGA and PLGA

NPs exhibit lower flux across intestinal model of Caco-2 cells (Rif had 3.2 and 2.3-fold

greater flux than C-PLGA and PLGA respectively (120). Compared to PLGA, C-PLGA NPs

showed increased production of ERK, an upstream mediator of ROS, which was as much as

curdlan-only treated cells, indicating immunostimulatory activity of curdlan and C-PLGA

NPs. The MTT assay indicated that C-PLGA (0.13-200 μg/mL) was non-toxic over the 72 h

period evaluated. Although their impedance data did not correlate with their MTT results,

their impedance data suggested a calcium signalling associated with NPs uptake (120). Soto

et al. (2010) successfully formulated rifampicin-loaded alginate-sealed glucan particles.
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Alginate-sealed glucan particles exhibited a slow-release kinetics of rifampicin over 24-72 h,

assessed. Although rifampicin-loaded alginate-sealed glucan particles (10 % w/w

rifampicin/glucan) released a sub-minimum inhibitory concentration of rifampicin, that these

particles were shown to significantly enhance the reduction in M. tuberculosis burden in

infected bone marrow-derived macrophages compared to free rifampicin at the same

concentration and empty glucan particles, demonstrating the role of glucan in macrophage

targeted drug delivery and in optimizing the current therapy while potentially reducing side

effects (133).

2.7. Nanoparticles and nanomedicine

NPs have recently emerged as excellent carriers of various therapeutic agents, including

immunomodulatory agents (21)(22). A nanomaterial is a material that contains at least 50 %

of particles with one or more external size dimension in the nanoscale range (1 - 100

nm)(134). Due to their smaller particle size and larger surface area to volume ratio, NPs may

exhibit pronounced differences compared to the same material at a larger scale. These

differences include changes in biochemical, magnetic, optical, and electronic properties

(135)(136). These new and unique properties associated with NPs have recently gained the

interest of the scientific community, and there are currently over 50 nanomedicines registered

by the United States Food and Drug Administration (FDA) for disease therapy (137)(138).

The unique properties noted above enable these drugs or drug carriers to provide controlled

drug release and targeted drug delivery with improved drug absorption, safety and

effectiveness. (139)(140). NPs have also proven to be good carriers for various therapeutics,

including small molecules, genes, and proteins (141)(142)(143). Therefore, NPs represent a

valuable delivery system for various therapeutic compounds to treat a plethora of diseases,

including TB (139). NPs that have been widely utilised in drug delivery include lipid NPs,

polymeric NPs, carbon nanotubes, quantum dots, dendrimers, metal and metal oxide NPs,

graphene derivatives, and nanoporous materials (144).

Of all the nanocarriers, lipid and polymeric polymers have been the most frequently used.

This is proven by a large body of research, reports, clinical trials and approved medicines

containing these particles (137)(145). In fact, the majority of the FDA-approved

nanomedicines are lipidic and polymeric nanomedicines (137)(139)(146)(147)(148)(149).

Some of the lipid-based nanomedicines currently on the market include Doxil®, a liposomal

doxorubicin for Karposi’s sarcoma, ovarian cancer and multiple myeloma; Abelcet® and

AmBisome®, liposomal amphotericin B for fungal infections; and Vyxeos®, a synergistic
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combination of daunorubicin and cytarabine, the first approved cancer drug that

synergistically delivers two drugs, for acute myeloid leukaemia; and Patisiran/ONPATTRO,

the first RNAi approved therapeutic is a siRNA for gene silencing of a specific gene that

express transthyretin that is responsible for hereditary transthyretin amyloidosis (148)(150).

From 2016 to late 2019, 12 of the 18 new nanoparticle-based drugs that entered clinical trials

were lipid-based and 17 of these were for cancer therapy (148)(150). In 2013, two of the top

10 bestselling drugs in the United States were polymer based nanomedicines Copaxone® (a

glatiramer acetate for treatment of multiple sclerosis) and Neulasta® (a PEGylated

recombinant granulocyte colony-stimulating factor for minimizing chemotherapy-induced

neutropenia for cancer patients) (151). Other polymer based medicines include Adynovate®,

an antihemophilic factor VIII used to treat haemophilia; Adagen®, a PEGylated adenosine

deaminase enzyme for severe combined immunodeficiency disease; Mircera®, a chemically

synthesized erythropoiesis-stimulating agent for anaemia associated with chronic kidney

disease (148)(150). However, to advance the clinical translation of lipid and polymeric NPs, a

new generation of a combination of both lipidic and polymeric NPs, known as lipid-polymer

hybrid nanoparticles (LPHNPs), has emerged as an effective delivery system that combines

both the advantages of both lipidic and polymeric NPs while minimizing their shortcomings

(see section 2.7.5).

2.7.1. Lipid NPs

Lipids are used in a variety of drug delivery systems such as lipids, solid lipid NPs, lipid drug

conjugates and others (137)(145)(147). Lipid NPs have been used extensively to deliver

therapeutic materials. Liposomes are of one the types of NPs that have been heavily used

(137)(145). Liposomes are spherical lipid vesicles consisting of single or multiple lipid layers

that encapsulate drugs and act as carriers of a variety of pharmaceutical products (152).

Liposomes are drug carriers made from phospholipids, which are analogues of biological

membranes and can fuse with cell membranes, enhancing internalization of liposomes

(153)(154). Liposomes are prepared from both natural and synthetic amphiphilic lipids. They

are generally biocompatible, biodegradable with little or no toxicity, flexible and non-

immunogenic for systematic and non-systematic use (147)(155)(156). Due to the similarities

between liposomes and mononuclear phagocytes, liposomes are readily taken up by

mononuclear phagocytes, particularly macrophages, which is a positive attribute when

macrophages are the target of interest (157). However, liposomes suffer from several
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limitations such as relative poor bioavailability due to higher clearance, lack of structural

integrity leading to leakage of contents (156)(158). Liposomes also exhibit fast release, issues

related to physical and chemical instability during storage and higher cost, and scale up issues

(152).

Solid lipid NPs (SLNs), on the other hand, are NPs developed as an alternative to liposomes.

SLNs are a class of colloidal particles composed of solid lipids at room and physiological

temperatures, incorporating therapeutic molecules (144). Solid lipids provide a better

controlled drug released compared to liquid oils due to a considerable reduction in mobility

of the embedded drug in the solid lipid matrix (159)(160). SLNs are submicron in size and

consist of physiologically tolerable solid lipids dispersed in an aqueous surfactant phase (144).

SLN production involves the use of lipids and surfactants that are either FDA approved or

generally recognized as safe (GRAS) (144)(161). SLNs exhibit desirable attributes such as

surface modification, increased permeation through biological barriers, resistance to chemical

degradation, ability to simultaneously deliver various therapeutic agents, and stimuli-

responsiveness. All of these attributes help SLNs to overcome various biological barriers,

provide increased bioavailability, provide enhanced drug protection, and allow SLNs to

provide targeted drug delivery while minimizing their acute or chronic toxicity (144)(161).

SLNs have found applications in diverse areas such as cosmetics, biologically active food

components and particularly in drug delivery. SLNs can be administered via different routes

such as intravenous, oral, intranasal, ocular, dermal, rectal, subcutaneous and intramuscular

administration (144)(161). Nooli et al. (2017) successfully formulated an Olmesartan

medoxomil (OLM) loaded SLN consisting of soy phosphatidylcholine, glyceryl monostearate,

and Tween 80. The average particle size of SLN was about 80 nm with a loading efficiency

of about 78 %. OLM-SLN showed improved pharmacokinetic properties such as a 2.32-fold

increase in bioavailability following oral administration of free OLM suspension and OLM-

SLN in male Sprague Dawley rats. The OLM-SLN suspension also showed a 1.95-fold

increase in the maximum concentration (Cmax). However, upon storage, OLM-SLN was only

stable for 10 days at room temperature, turning creamy within 30 days. Storage at refrigerated

temperatures showed a significant increase in stability as the formulation remained stable for

30 days without significant change in particle size (162). Neves et al. (2016) developed a

resveratrol-loaded SLN functionalized with apolipoprotein E (ApoE) which can be

recognized by the low-density lipoprotein receptors overexpressed on the blood-brain barrier

(BBB). MTT and lactate dehydrogenase (LDH) assay results revealed no statistically
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significant toxicity, indicating the safety of the ApoE-functionalized resveratrol SLN. A 1.8

fold increase in permeability in the hCMEC/D3 monolayer, mimicking in vivo BBB

permeability, was observed in ApoE-functionalized resveratrol SLN compared to non-

functionalized resveratrol SLN (163). Sandri et al. (2017) successfully prepared chitosan

associated SLN (CS-SLN) for ocular drug delivery. The authors aimed at exploiting the

mucoadhesive nature of chitosan to address retention time issue of most ophthalmic

formulations. The authors reported a significant increase in mucoadhesion of CS-SLN (161).

The above studies indicate the flexibility and diversity of SLN. However, in addition to their

sensitivity to temperature and light that adversely affect their stability, SLNs still suffer from

major drawbacks such as polymorphic transition during storage that result in drug expulsion,

low loading efficiency, relatively low circulation time, agglomeration polydispersity, high

operative temperatures, initial burst release effect the of embedded drug and refrigerated

storage conditions (144). Therefore, LPHNPs, a delivery system that overcomes the

limitations of lipid NPs while retaining their advantages, have been proposed (see section

2.7.5).

2.7.2. Polymeric NPs

Polymeric NPs are another class of NPs that are widely used (137)(145). These particles have

gained attention due to their structural integrity, storage stability, controlled drug release

ability and their facile synthesis and functionalization (164). These NPs are prepared from

natural, pseudosynthetic or synthetic, biodegradable and biocompatible polymers (148)(156).

Polymeric NPs are generally classified as nanocapsule or nanosphere and they differ in their

morphological structure. Nanocapsules are polymeric NPs with an oily inner layer to

encapsulate drugs and a polymeric outer layer to control drug release. These NPs are

typically used for lipophilic drugs (165)(166). On the other hand, the nanosphere lack the oil

layer, they are a continuous polymeric matrix in which the drug can be encapsulated or

adsorbed. Nanospheres are typically used for hydrophilic drugs (166)(167). However, poor

encapsulation for hydrophilic drugs, use of toxic organic solvents during preparation, drug

leakage, polymer degradation, scale up challenges and safety issues are some of the

drawbacks associated with polymeric NPs (168)(169). To overcome the limitations of each

(lipid and polymer NPs) while combining their advantages, LPHNPs have been developed

(see section 2.7.5).

2.7.3 Biomimetic NPs
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Drawing from the knowledge of cellular and viral biology; NPs can be designed to mimic

important cellular or viral aspects such as surface features that can replicate the natural and

biological properties of cells and viruses such as surface protein presentation, chemical

composition, and membrane fluidity (170)(171). The term biomimetic originated from two

Greek words bios, meaning life, and mimesis, meaning to imitate (172). In biomedicine,

biomimetic NPs are NPs rationally designed to mimic biological properties and/or functions

of various cells for therapeutic purposes of different diseases (170)(173). Due to the nature of

biomimetic NPs, they can be used to provide enhanced targeted drug delivery, to promote

tissue generation and to modulate cellular functions, among others (174)(175)(176). Cell-

based interactions are crucial for information exchange that often triggers different pathways.

Cell-based interactions could take the form of interaction between cell and endogenous

biomolecules, between cell and surrounding extracellular matrix, or between cell and cell

(170)(174). Tipped to be the next generation particle-based therapeutics, biomimetic NPs

intend to recreate features of biological systems and surfaces they are designed from, in a

way that naturally resembles those features to induce the desired outcome and thus

potentiating therapeutic effect of these NPs (170). Because these NPs can possess features of

bacteria or viruses, they can adopt the same mechanism and elicit some of the responses

elicited by bacteria such as increased intracellular uptake. These NPs can also elicit immune

responses depending on the component of the cells they carry hence they have been studied

not only as potential immunotherapies but also as potential vaccine candidates or vaccine

carriers (177)(178)(179). Additional benefits of this design include increasing the stealth

property of these NPs, physiological tolerance and physiological barrier permeability, provide

targeted delivery (177)(178)(179).

In designing biomimetic NPs, size, shape, and surface properties are of utmost importance.

This is because biomimetic NPs are designed to interact with biological membranes, which

are highly selective and require a high degree of specificity. For instance, when designing a

biomimetic NP for cellular mimicry, its size and shape should match cellular size and shape

as possible for more potent therapeutic outcomes (170)(174). Besides mimicking the physical

properties of the cells, other strategies are used to achieve biomimicry such as the use of

soluble mediators which mimic secretory functions of cells and the mimicry of surface

chemistry that mimics cell-to-cell interactions through surface-bound ligand to surface-bound

receptors (180)(181)(182).
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Bottom-up and top-bottom approaches are used to achieve surface chemistry mimicry.

Bottom-up approaches involve the use cellular components such as lipids or surface proteins

to functionalize the NP. These components are presented to various cells, including immune

cells, to trigger an immune response to the presented components. On the other hand, top-

bottom involves using the macromolecule such as an entire cell membrane that encapsulates

the particle core (183)(184). Wang et al. (2016) formulated red blood cell (RBC) membrane-

coated PLGA biomimetic NPs that were later conjugated with toxoid α-hemolysin (Hla), a

major methicillin-resistant staphylococcus aureus (MRSA) virulence factor. A 95 % retention

of Hla on the NPs was reported. The efficacy of these Hla biomimetic NPs as a (MRSA)

antivirulence vaccines was investigated in murine studies. Normally, MRSA bacteria engage

Hla to help colonize the site of challenge, resulting in significant skin lesion formation and

systematic invasiveness. The authors reported the formation of germinal centers, which are

critical for potentiating the humoral immune response, and following the administration of

the Hla biomimetic NPs in mice at day 0 and a booster dose on day 14, a significant amount

of anti-Hla titers was detected in serum at day 14 and a further increase in anti-Hla titers was

noted at day 35. Over the course of the study, administration of toxoid-negative biomimetic

NPs and PBS showed no detectable anti-Hla titers. The authors’ findings have also shown a

significant reduction in skin lesion formation in mice within the treatment group compared to

the control group (Hla negative particles and PBS), following subcutaneous challenge of

mice with live MRSA on day 35, on day 6 post-challenge, mice in the treatment group

showed a fivefold reduction in dermonecrotic area compared to the control group and upon

the conclusion of the study, mice in treatment group showed a 11.3-14.7 fold reduction in

serum bacterial burden compared to mice in the control groups. In most analyzed organs, a

reduction in bacterial burden in the treatment group compared to the control group and an

approximately a two-fold reduction in bacterial burden in spleen and kidney were also

observed on day 6 post challenge (185). In another study, Thamphiwatana et al. (2017)

evaluated the use of macrophage-coated NPs in sepsis treatment. under normal conditions,

endotoxins play an important role in Gram-negative bacterial sepsis. Bacteria release

lipopolysaccharides (LPS) endotoxins. LPS form a complex that acts like PAMP and triggers

dose-dependent nitric oxide (NO) production of potent pro-inflammatory cytokines, both of

which are deleterious to the host at high levels. The authors synthesized biomimetic NPs

consisting of a PLGA core coated with a cell membrane derived from macrophages (Mϕ-

NPs). The authors reported that Mϕ-NPs bind and neutralize LPS and inhibit its induction of

cytokine production, effects not observed in control groups using RBC-coated PLGA (RBC-
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NPs) and PEGylated PLGA (PEG-NPs). In mice studies, following the injection of LPS, Mϕ-

NPs were administered in the treatment group and RBC-NPs and PEG-NPs were immediately

administered in the control group. The results showed no increased cytokine production in the

treatment group, while cytokine levels in the control group followed the same kinetics as in

the LPS-only group. Upon the administration of a lethal dose of LPS, followed by

administration of Mϕ-NPs and RBC-NPs and PEG-NPs, there was a 60 % survival rate in the

treatment group, while there was no significant improvement in survival rate in the control

group. Finally, the efficacy of Mϕ-NPs was tested in a live infection model of gram-negative

bacterial sepsis in which mice were challenged with lethal dose of E. coli. In the treatment

group ,4 out of 10 mice survived for 60 h, while all mice in the control group were killed

(186). The above studies show the role of biomimetic NP in the treatment and prevention of

disease.

2.7.4. Lipid-polymer hybrid nanoparticles (LPHNPs)

LPHNPs are a novel drug delivery system that combines the advantages of lipid and

polymeric NPs while overcoming the limitations of each. LPHNPs are polymeric NPs coated

by a lipid layer (155)(187)(188). They possess the potential to be a robust drug delivery

system as LPHNPs exhibit positive attributes of both lipid and polymeric NPs such as

structural integrity, controlled drug release, high encapsulation efficiency, targeted drug

delivery among other advantages of these NPs while overcoming their limitations

(187)(188)(187). LPHNPs consist of three structural components: (i) the inner polymer core,

which is used to encapsulate therapeutic substances, (ii) the middle lipid layer that envelopes

the polymer core. The middle layer controls water permeation into the polymer core, which in

turn controls polymer degradation and thereby controls drug release kinetics. Drug release

depends on polymer erosion or hydrolytic polymer degradation, therefore, by controlling

water permeation, the middle layer controls the drug release kinetics of the loaded drug. The

middle layer also prevents drug leakage by acting as a molecular barrier that holds the

encapsulated material interiorly. Lastly, the functionalization layer/ligand, which is the

outermost layer, is either a polymer or a lipid whose role is to functionalize the NPs.

Functionalization of NPs results in many advantages such as biomimicry, increased

circulation period, target specificity and immune modulation (152)(190).
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Fig. 2.4. Structure of lipid–polymer hybrid nanoparticles (LPHNPs), which comprise a polymeric

core and a lipid layer, a functionalizing ligand, and the encapsulated drug. Adapted from (156).

The lipid to polymer ratio has a profound effect on the properties of LPHNPs such as particle

size, colloidal stability, release kinetics, encapsulation efficiency (156). Therefore, the L/P

ratio must be carefully monitored. Higher lipid concentrations lead to the formation of empty

lipid vesicles that affect the consistency of the formulation, while insufficient lipid quantity

results in inadequate coating of the polymer, leading to particle agglomeration (146)(149).

Guo et al. (2020) formulated linezolid loaded LPHNPs of PLGA (polymer) and lecithin,

cholesterol and DSPE-mPGE (lipids) of approximately 110 nm. Compared to linezolid

solution, the authors reported that LPHNPs were significantly superior. The intracellular

activities of linezolid solution and LPHNPs at three different concentrations, namely 2, 4 and

8 μg/mL, were compared against a highly virulent intracellular MRSA (methicillin-resistant

Staphylococcus aureus). The results showed significant differences in CFU/mL between

linezolid solution and the LPHNPs. At 2 μg/mL, the result showed an 87.0-fold difference in

CFU/mL between linezolid solution and LPHNPs. A12.3-fold and 12.6-fold differences in

CFU/mL were also observed with 4 and 8 μg/mL of linezolid solution and LPHNPs. The

LPHNPs also suppressed the biofilm at lower drug concentrations (35 – 60 %) than required

for free linezolid. Furthermore, the LPHNPs were reported to increase linezolid bone levels

by more than four-fold compared to the free linezolid group. The authors also reported a

controlled drug release profile with about 25 % release within initial 4 h followed by a
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gradual release of the remaining payload over 120 h, compared to 70 % of the drug release of

PLGA only NPs within initial 12 h and 90 % release of linezolid from free drug solution. The

LPHNPs were generally stable in environments that stimulated blood plasma with minimal

toxicity as indicated by the MTT assay after 16h incubation with osteoblast cells (191).

2.7.4.1. LPHNP constituents

2.7.4.1.1 Lecithin

Lipids have been used extensively in drug delivery systems (137)(145). This is because of

their biological properties, stability, biodegradability, and biocompatibility (192). They are

diverse and versatile in nature, which enables them to provide drug release via different

routes of administration, such as oral, pulmonary and topical drug delivery, and to provide

different release kinetics (193)(194). According to their components, lipids used in drug

delivery can be classified into three types, namely homolipids, heterolipids and complex

lipids. Homolipids, also known as simple lipids, are made up of only carbon, hydrogen, and

oxygen. Examples of simple homolipids are wax and triacylglycerols (195). In addition to

Carbon, Hydrogen and Oxygen, heterolipids are made up of nitrogen and phosphorus.

Example of heterolipids include phospholipids and sphingolipids (195). Finally, complex

lipids, which are lipids closely associated with proteins, examples of which include

lipoproteins and chylomicrons (196). The choice of lipid used is highly dependent on the

desired properties of the drug delivery system. This is because drug release from lipids is

highly dependent on properties such as polymorphism, crystallinity of lipids and melting

point (M.P) of lipids (197)(198). These properties affect the stability of the lipids on storage,

and they affect their loading capacity as well as the release kinetics of encapsulated drugs

(199)(200). For instance, amorphous lipids tend to provide high loading capacity compared to

crystalline lipids, but lipids with a crystalline structure have been found to provide good

sustained release due to low drug diffusion in the crystal structure (201). It has also been

shown that β-polymorphs of lipids provide better stability of the lipids upon drug storage

(202)(203). The melting point (M.P) of lipids is also of paramount importance, particularly

depending on the route of administration. This is because M.P affects the plasticity and drug

release properties of lipids. For instance, lipids with a M.P higher than that of the body

temperature provide a better controlled drug release (196). Emulsifiers can be used in lipidic

drug delivery systems to impart stability and prevent their aggregation, and sometimes they

can provide a synergistic effect (196)(204).
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Lecithin is a mixture of phospholipids; the main component of which is phosphatidylcholine

(205). Phospholipids are amphiphilic lipids that contain phosphorus, a polar portion and a

non-polar portion in their structure. Phospholipids consist of a hydrophobic head and a

hydrophilic tail, linked together by alcohol. Depending on the alcohol they contain, they are

classified as glycerophospholipids or sphingomyelins (206). Glycerophospholipids contain a

glycerol backbone and naturally possess L-configuration and α-structure. Lecithin, a

glycerophospholipid, is the main phospholipid in eukaryotic cell membranes (206)(207). On

the other hand, sphingomyelins contain a sphingosine backbone and are an important

component of the animal cell membrane (206)(208)(209). Phospholipids are derived from

natural and synthetic sources. Phospholipids from natural sources, including lecithin, are

widely distributed in plants, particularly in vegetable oils such as soybean, cottonseeds,

sunflower, and they are also distributed in animal tissues such as egg yolk and bovine brain

(206)(209)(210). The two main sources of natural phospholipids in drug delivery are egg yolk

and soybean (210). Phospholipids from soybean and egg yolk differ in content, such as high

phosphatidylcholine content in egg yolk compared to soybean and high degree of saturation

in egg yolk than soybean, which makes soybean more susceptible to oxidative reactions, thus

egg yolk possesses a superior oxidative stability than soybean lecithin (206). Furthermore, it

is more challenging to obtain a quality controlled liposome product using soybean lecithin

compared to egg yolk due to the higher content of unsaturated fatty acids in soybean

(211).The encapsulation efficacy of egg yolk lecithin liposomes was also shown to be lower

while their leakage rate was higher compared to egg yolk lecithin (206). The amphiphilic

nature of phospholipids makes them excellent emulsifiers, wetting agents with self-assembly

characteristics (212)(213). Lecithin-containing formulations such as Myocet®, a doxorubicin

coated with egg yolk lecithin, are currently available on the market (206). Yanasarn et al.

(2010) prepared a docetaxel PEGylated NPs encapsulated with soy lecithin. The authors

reported that the NPs were approximately 270 nm in size with almost 100 % docetaxel

loading efficiency. In tumour cell culture, docetaxel NPs exhibited a significantly higher

tumour cell killing efficiency than free docetaxel. In mice studies, compared to free docetaxel,

docetaxel NPs did not cause any significant red blood cell lysis, platelet aggregation, or

significant liver injury and these NPs showed higher (4.5-fold) accumulation in a model

tumour in mice (214).
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2.7.4.1.2. Polycaprolactone (PCL)

PCL is a hydrophobic semi-crystalline synthetic polymer composed of caprolactone units

linked together through ring-opening polymerization of ɛ-caprolactone preparation method

(215)(216). This aliphatic linear polyester possesses several desirable features such as

biocompatibility, biodegradability, high permeability, good stability under ambient

conditions that make it suitable for NP formulations (217)(218). In addition, PCL is a

bioresorbable, non-toxic, Food and Drug Administration (FDA) approved polymer for

biomedical applications (217)(219). PCL is enzymatically degraded by lipases and esterases

of microorganisms such as bacteria and fungi, but not those of humans (217). PCL undergo

hydrolysis in vivo due to the hydrolyzable ester linkage of its backbone, yielding 6-

hydroxycaproic acid (6-HCA) (220). An intermediate of 6-HCA and acetyl coenzyme is

formed and enters the citric acid cycle and is ultimately eliminated from the body (221).

However, the rate of hydrolysis is very slow, lasting about 3-4 years (219). This slow

degradation in humans makes PCL a good candidate for prolonged drug delivery and it is

widely utilized in biomedicine for drug delivery and tissue engineering (219).

Fig. 2.5. The chemical structure of polycaprolactone (PCL), an aliphatic linear polyester produced via

ring-opening polymerization of ɛ-caprolactone.

The molecular weight and degree of crystallinity of PCL determine its physical, thermal and

mechanical properties (217). At room temperature, PCL is soluble in a number of solvents

such as dichloromethane (DCM), cyclohexane, tetrahydrofuran (THF), carbon tetrachloride,

benzene, toluene, chloroform. PCL is partially soluble in acetone, ethyl acetate,

dimethylformamide (DMF), 2-butanone, and acetonitrile and it is insoluble in water, alcohols,

diethyl ether and petroleum ether (217). This thermoplastic polymer attains a rubbery state at
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physiological temperatures, resulting in higher toughness and superior mechanical properties

(217)(222). In addition, PCL has desirable rheological properties with a glass transition

temperature of 60 °C as well as a relatively low M.P temperature (-60 °C) (217)(219). PCL is

also miscible with lipids and other polymers, forming mechanically compatible composites

(217). Owing to its solubility and facile processability due to its low M.P and blend

compatibility, PCL has attracted interest for various applications (217)(219). Like other

biodegradable polymers, PCL has few drawbacks such as low encapsulation efficiency, burst

release, and poor mechanical properties (218)(219). The combination of PCL with lipids

and/or other polymers can prove to be an important strategy to overcome these drawbacks

and to adjust their properties (mechanical and degradation kinetics) to achieve the desired

release profile of therapeutic agents (219).

2.7.4.2. LPHNPs Synthesis

2.7.4.2.1. Two-step method of synthesis of LPHNPs

In the early days of development, the two-step method was frequently used in the preparation

of LPHNPs (156). Conventional two-step method and the non-conventional two-step method

are two subtypes of two-step method. In the conventional two-step method, preformed lipid

vesicles are mixed with preformed polymer NPs. Electrostatic forces are responsible for the

adsorption of lipid vesicles onto the preformed polymeric NPs (152)(156). Polymeric NPs are

usually prepared by nanoprecipitation, emulsification-solvent evaporation (ESE), or high-

pressure homogenization, and these formed polymeric NPs are then added either directly to

dried lipid or to preformed vesicles obtained by hydration of a thin lipid film. Either way,

LPHNPs are formed by the application of external energy through vortexing or ultra-

sonication at a temperature higher than the phase transition temperature of the lipid

component of LPHNP. The LPHNPs are then separated from free lipid vesicles by

differential centrifugation (156)(223).
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Fig. 2.6. Schematic representation of a two-way version of the LPHNP preparation via the two-step

method. (A) The aqueous polymeric NP suspension is directly added to the dried lipid film. (B) The

aqueous solvent is firstly used to hydrate the thin lipid film to allow facile formation of lipid vesicles,

followed by the addition of polymeric NP suspension (223).

2.7.4.2.2. One-step method of synthesis of LPHNPs

Shortcomings of the two-step method such as time and energy consumption, batch-to-batch

inconsistency, as well as low encapsulation efficiency (a result of drug leakage from the inner

core during the second step) have led to the search for a more efficient method that would

overcome the stated shortcomings such as reproducibility and content uniformity (152).

The one-step method is the alternative method to the two-step method that minimizes its

shortcomings. Instead of having preformed polymeric NPs and preformed vesicles, this

method involves mixing together the solution containing polymer and lipid. The lipids and

polymer will self-assemble to form LPHNPs, either by nanoprecipitation or emulsification-

solvent evaporation (152)(156). One-step preparation is generally achieved by

nanoprecipitation, emulsification-solvent evaporation, which are further discussed in this

section (152).

2.7.4.2.2.1. Nanoprecipitation method of synthesis of LPHNPs

Nanoprecipitation, also known as salting out, is a well-known method for the formulating of

NPs of less than 100 nm in size (152). In this method, two miscible solvents with different
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solubilizing powers for the polymer are used. The one with higher solubility (good solvent)

for the polymer is usually an organic solvent, while the one with lower solubility (poor

solvent) for the polymer is usually water (152). The polymer and drug (if there is one to be

encapsulated) are firstly dissolved in the good (organic) solvent (such as acetone, acetronitrile,

or ethanol) which is miscible with water. At the same time, the lipids (membrane-forming

and functionalizing lipid, in our case lecithin and MA respectively) are dispersed in water.

Usually, the dispersion of the lipids in water is carried out at 65-70 °C so as to form a

homogeneous dispersion. The mixture containing the polymer is then added dropwise to the

aqueous lipid dispersion under constant stirring, leading to the precipitation of the polymer

into NPs. Simultaneously with the precipitation of the polymer, the lipids self-assemble

around the polymer core and NPs are formed as a result of hydrophobic interactions. The tail

of the lipids is attached to the polymer core while the hydrophilic head points outwards

towards the aqueous phase. This leads to the formation of LPHNPs, which are stabilized by

the lipids. Following solvent evaporation, the resulting LPHNPs are then recovered by

centrifugation (223)(156).

Fig. 2.7. The nanoprecipitation method for preparing LPHNPs. Polymer phase is added dropwise to

the aqueous phase at 65-70 °C under constant stirring, resulting in the precipitation of the polymer

into NPs. Simultaneously the lipids self-assemble around the polymer core and form LPHNPs (223).

2.7.4.2.2.2. Emulsification-solvent evaporation method of synthesis of LPHNPs

The emulsification-solvent evaporation (ESE) method is the most commonly used one-step

method to synthesis LPHNPs (152). This method is divided into two types, namely a single
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and a double emulsification solvent evaporation method. Each method is used depending on

the lipophilicity of drug to be loaded into the NPs. The single ESE method is used when the

drug to be loaded is a hydrophobic drug, while the double emulsification solvent evaporation

(DESE) method is used for hydrophilic drugs (223). In the single ESE method, an oil in water

(O/W) emulsion is formed. The oil phase is formed when the polymer and drug (if present)

are mixed with a water immiscible solvent, while the aqueous phase is formed when the lipid

is dissolved in water with constant stirring. (223). Subsequent to the emulsion formation, is

the removal of the oil phase by evaporation which leads to formation of the polymer core and

simultaneous, the self-assembly of the lipid around the polymer core (the same as in

nanoprecipitation), resulting in the formation of LPHNPs with the tail of the lipids bonded to

the polymer core while the hydrophilic head points outward towards the aqueous phase

(152)(156).

In the DESE method, the aqueous phase is prepared by dissolving the drug (hydrophilic drug),

while the oil phase is formed by the lipid and polymer dissolved in an organic solvent. After

emulsifying the aqueous phase in the oil phase, the water in oil in water emulsion is formed

by adding the formed emulsion to an aqueous solution containing lipids. Then LPHNPs are

formed by removing the organic solvent (152). However, this method tend to result in larger

sized NPs compared to other methods due to the formation of a multilayered shell around the

polymer core following solvent evaporation (152).
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Fig. 2.8. LPHNP preparation method by emulsion solvent evaporation. A: Emulsification Solvent

Evaporation preparation method. B: Double Emulsification Solvent Evaporation technique

preparation method (223).

2.7.4.2.3. Non-conventional methods

Besides the conventional two-step method described above, two-steps non-conventional

methods such as spray drying and soft lithography particle molding have been used to

formulate LPHNPs (224)(225)(226)(227). Two-step non-conventional methods are usually

used for large scale production of LPHNPs (228). Hitzman et al. (2006) used spray drying to

formulate core-shell LPHNPs. Spray drying was used to prepare a polymeric core, which was

thereafter mixed with a lipidic solution and spray dried to yield LPHNPs of 900-1200 nm

(224). The large size of the NPs was associated with a spray dryer that was unsuitable for

NPs synthesis, and the use of a suitable spray dryer has yielded NPs with a smaller,

controlled size (224)(229). Hasan et al. (2012) used a soft lithography particle molding

method to prepare lipid coated PLGA LPHNPs for gene delivery. The method yielded

LPHNPs of about 200 nm. The size and shape of the NPs obtained depends on the mold used,

hence this technique offers the possibility to control the size and shape of the LPHNPs

obtained (225). Limitations such as technical complications due to mechanical problems and

relatively low processing efficiency limit the widespread use of these methods (228).

2.8. Characterisation of polymers and NPs

2.8.1. Polymer characterization

Nuclear magnetic resonance (NMR) spectroscopy is an analytical technique that can be used

for structure elucidation and quantification of polymers (230)(231). Proton (H1) nuclear

magnetic resonance (1H NMR) spectroscopy was used to evaluate the formation of carboxyl-

terminated PCL and to characterize and quantify the PCL-curdlan conjugate/copolymer.

Thermogravimetric analysis (TGA) is a thermal analysis technique that uses weight change

and the rate of weight change as a function of temperature, time, and atmosphere to

determine thermal stability and other physical processes such as desorption and adsorption,

and also chemical processes such as solid-gas reaction and oxidation (232).

Hot stage microscopy (HSM) is another thermal analysis technique that was used. HSM

combines thermal analysis and microscopy to study changes in physicochemical properties as

a function of time and temperature. HSM allows the user to visualize physiochemical
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transitions in real time during a thermal experiment (233). HSM analysis/results are coupled

with TGA or differential scanning calorimetry (DSC) results and could potentially detect

small changes TGA or DSC could miss (233).

2.8.2. Physiochemical characterisation of NPs

Dynamic light scattering (DLS) was used to characterize NPs for hydrodynamic size and PDI.

Since small particles in a suspension are always undergoing Brownian motion, an instrument

is used to measure Brownian motion at a certain temperature and scattering angle of 90 °C

and correlates it with particle size (234)(235). This is achieved using the Stokes-Einstein

equation, where the instrument calculates the intensity of the scattered light as a function of

particle size (235). Using the same instrument, the zeta potential is characterized by laser

dropper micro-electrophoresis to measure the surface charge of the NPs (235)(236). This

technique applies an electric field to NPs in a suspension. The charged NPs move as a result

of the applied electric field. The resultant velocity, which is a function of particle charge,

suspending medium and electric field strength, is measured by a laser and used to determine

the electrophoresis, which is then used to determine zeta potential (237). zeta potential, which

represents the degree of repulsion between like-charged particles, is used to predict the

stability of NPs on storage (238).

Although DLS provides size and PDI of NPs, advanced microscopic techniques such as

scanning electron microscopy (SEM) and transmission electron microscopy (TEM) are used

to specifically determine surface morphology and shape properties (239)(240). This is

because of their high resolution, which generates clear images of the NP surface which can be

used to determine size, surface morphology, and shape properties. For the SEM analysis, a

suspension sample is mounted on a sample holder and allowed to dry completely. After

drying, the sample is coated with a conductive metal such as gold using a sputter coater to

make it electrically conductive. The sample is then scanned by a fine-focus beam of

accelerated electrons, which interact with the sample surface to generate signals that are

detected and used to create high-resolution SEM images (239)(241). For TEM, the images

are obtained when a beam of accelerated electrons is transmitted through a layer of an ultra-

thin sample placed on a metal grid, and the electrons interact with the sample as they pass

through it (240) . To withstand vacuum and facilitate sample handling of NPs such as

polymeric NPs, samples can be fixed with negative staining materials such as uranyl acetate
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(240). The aim of performing these tests was to examine and analyze the size and

morphology of NPs in the solid state.

2.8.3. Cytotoxicity and immune modulation characterization

2.8.3.1. Cytotoxicity assessment

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) tetrazolium assay

has long been used to assess metabolic activity in living cells and toxicity of NPs in the

cellular environment (242)(243). Among all tetrazolium salts, MTT is the most used for

cytotoxicity assessment and is considered the gold standard as it can be used as a unique

method or in combination with other methods to assess toxicity (243)(244)(245). The assay is

based on the enzymatic reduction of coloured MTT to its purple formazan salt crystals by

viable cells (246). The water-insoluble formazan, which is spectrophotometrically

quantifiable, is dissolved in DMSO and its absorbance is used to determine the percentage

viability of treated cells compared to untreated cells, giving the ratio of viable cells

(246)(247). choice of growth media, MTT concentration, pH, spectroscopic absorption

wavelength as well as NP properties or the presence of other chemicals such as reducing

agents or enzyme inhibitors can affect MTT results, therefore their consideration is of great

importance to ensure optimal results when performing MTT assays

(248)(249)(250)(251)(252).

2.8.3.2. Immune modulation assessment

2.8.3.2.1. Cytokine production

Cytokines are messengers that play an important role in regulating both the innate and

acquired immune systems (78). Over 130 cytokines have been discovered. They play a role

not only in the development, maturation and localization of cellular components of the

immune system, but also in the initiation, execution, and suppression of both innate and

acquired immunity against invading pathogens (80)(81)(253). Different cytokines perform

various functions ranging from immunosuppression to immune stimulation i.e., while some

cytokines are heavily involved in the elimination of invading pathogens or other triggering

stimuli, others are responsible for preventing damage and restoring homeostasis after the

elimination of the triggering stimulus (77)(254)(255). However, in some cases, the triggering

stimulus cannot be effectively removed, leading to chronic cytokine secretion or excessive

production of cytokines, resulting in tissue damage (78). Therefore, a fine balance should be

struck when administering immunomodulators to avoid excessive cytokine production, as this
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can lead to a cytokine storm or, as in the case of anti-inflammatory cytokine, immune

suppression (76)(77)(78).

In response to a pathogen/stimulus, macrophages secrete tumor necrosis factor (TNF-α),

followed by a release of potent pro-inflammatory cytokines (interleukin-1β (IL-1β), IL-6, IL-

8, IL-17A, IL-18 and interferon-γ (IFN-γ)). This release of pro-inflammatory cytokines is

then followed by the production of anti-inflammatory IlL-10 (77). Two cytokines, namely

TNF-α and IL-10, were evaluated in this study.

2.8.3.2.1.1. Cellular effect of TNF-α

Activated macrophages are known to produce TNF-α, in fact most TNF-α is produced by

activated macrophages, T-lymphocytes and natural killer cells (256). TNF-α produced by

macrophages plays a role in orchestrating pro-inflammatory cytokines and mediating

cytotoxic activities of macrophages. In addition, TNF-α regulates proliferation,

differentiation and viability, apoptosis, as well as activation of macrophages (80)(81)(253).

TNF-α exerts its activity by binding to two transmembrane receptors namely TNFR1 and

TNFR2. While TNFR1 is expressed on the surfaces of numerous cells throughout the body,

TNFR2 is mainly found in immune cells (256)(257). Due to the presence of death domain in

TNFR1, binding to it may lead to apoptosis, while binding to TNFR2, which is mainly

present in immune cells, orchestrates the release of pro-inflammatory responses (256)(257).

TNF-α also plays a crucial role in the pathogenesis of TB (258). This is because TNF-α is

critically involved in granuloma formation and maintenance, and its suppression by IL-10 or

other inhibitors has been shown to either disrupt granuloma formation or cause granuloma

dissolution and TB dissemination (80)(259). TNF-α also plays a critical role in apoptosis of

M. tuberculosis infected macrophages, which is essential for M. tuberculosis elimination,

and its suppression by IL-10 reduces apoptosis, thereby increasing susceptibility to M.

tuberculosis infection (80)(81).

2.8.3.2.1.2. Cellular effect of IL-10

IL-10 family is heavily involved in the immune response to diseases. The IL-10 family

consists of IL-10, IL-20 subfamily IL-19, IL-20, IL-22, IL-24 and IL-26; and the distantly

related cytokines IL-28A, IL-28B, and IL-29, more commonly classified as type III

interferons (IFNs) and termed IFN-l2, IFN-l3, and IFN-11, respectively (260). The IL-10

family has a diverse biological function ranging from immunosuppression to immune
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activation (261). IL-10 is one of cytokines from the IL-10 family involved in immune

suppression (261). This cytokine is heavily involved in immune tolerance and dampening the

immune response following the release of pro-inflammatory cytokines against a triggering

stimulus (260)(262). IL-10 helps protect the host from the deleterious effects of pro-

inflammatory cytokines, aids in tissue repair and healing or regeneration, and helps maintain

homeostasis (260). As with any other cytokine, controlled release of this cytokine is required.

Too little IL-10 can lead to cytokine storm and tissue damage, while excessive IL-10 levels

lead to immunosuppression and chronic infection or inflammation as well as autoimmune

diseases (76)(77)(78)(254)(255).

As mentioned in the literature review (see Section 2.2.1), M. tuberculosis uses a combination

of immune stimulation and immunosuppression to invade the host, hence M. tuberculosis

exploits IL-10 immunosuppression (85). M. tuberculosis upregulates the synthesis of IL-10,

which in turn contributes to its survival, persistence and evasion of the immune system

(82)(83)(84)(85). This is because IL-10 arrests phagosomal maturation, disrupts pathogen

presentation and has been shown to reduce Th1-type responses and block other cytokines

such as TNF-α, IL-12 and IFN-γ which are heavily involved in the immune response to TB

(80)(81) (84)(263)(264)(265)(266)(267). In fact, a study by Redford et al. (2010) indicated

that IL-10 knockout mice showed a significant reduction in M. tuberculosis bacterial load in

the lungs and spleen and showed better control of M. tuberculosis infection compared to the

control group (85). In another study, IL-10 transgenic mice failed to clear M. tuberculosis and

suffered severe infections, resulting in death, compared to the control group (268). Elevated

serum levels of IL-10 have also been observed in individuals infected with active TB (269).

Therefore, the role of IL-10 in TB pathogenesis cannot be overemphasized, which is why it

was evaluated in this study because of its ability to suppress both innate and acquired

immune responses to M. tuberculosis.
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CHAPTER 3: Rationale, hypothesis, aims and objectives

3.1. Study rationale

TB remains one the world’s deadliest infectious diseases from a single infectious agent,

ranking above HIV, claiming approximately 1.4 million people every year. This disease is the

leading cause of morbidity and mortality globally particularly in poor countries. TB is usually

treated with a four-drug cocktail taken daily for a period of six months in two phases, namely

a 2-month intensive phase of taking four drugs (isoniazid, rifampicin, ethambutol and

pyrazinamide) followed by a four-month continuation phase of taking two drugs (isoniazid

and rifampicin) daily. The prevalence of immunocompromised patients, especially HIV

patients in African countries, particularly in South Africa, the outbreak of COVID-19 and the

emergence of M. tuberculosis resistant strains such as M-DR and X-DR M. tuberculosis with

few new drugs for TB treatment in the pipeline has made the situation alarming. Therefore,

there is an unmet need for TB treatments, which calls for new and innovative treatments with

new mechanisms of action. M. tuberculosis, the causative agent of TB, is an obligate

intracellular organism that resides within immune cells, particularly macrophages, which

normally represent the first line of defense against this pathogen. Through immune responses,
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immune cells, including macrophages, either eradicate or halt the replication of M.

tuberculosis by forming granulomas. However, in immunocompromised patients, M.

tuberculosis survives within macrophages by suppressing the macrophage response. This

study has proposed an approach to modulate immune responses (also known as

immunotherapy) by stimulating immune macrophages to self-eradicate the M. tuberculosis

using two immune modulatory compounds, namely MA and curdlan. Unlike current TB

treatments, that target the pathogen, immunotherapeutic drugs target immune cells therefore,

M. tuberculosis is unlikely to develop resistance mechanisms against these drugs. In this

study, macrophage stimulation will be achieved through the use of curdlan, an

immunomodulatory agent that has shown the ability to stimulate macrophages, and MA, a

major lipid of the M. tuberculosis envelope, which is known to stimulate innate and acquired

immune response due to its ability to act as a PAMP along with its ability to be presented to

T cells by CD-1 molecules. NPs of the LPHNP type will be used to deliver curdlan and MA

to macrophages. Therefore, the incorporation of MA and curdlan will impart biomimetic and

immunostimulatory functionality to the LPHNPs. There are various types of NPs that can be

used in delivery. However, LPHNPs are used in this project due to their ability to combine

the advantages of the two mostly used and relatively safe drug delivery system, namely lipid

and polymeric NPs, while overcoming their shortcomings.

The nanoprecipitation method will be used in the synthesis of LPHNPs due to its facile

synthesis and its ability to produce smaller sized particles. This study focuses on the synthesis

and characterization of LPHNPs functionalized with immunostimulatory biomimetic

compounds. The result of this study provides a foundation for further studies to explore the

use of biomimetic immunotherapeutic NPs in in vitro and in vivo models of M. tuberculosis

infection.

3.2. Hypothesis

It was hypothesized that curdlan could be conjugated to PCL and the resulting copolymer

could be used to formulate curdlan and MA loaded LPHNPs. It was further hypothesized that

these LPHNPs are non-cytotoxic and possess macrophage stimulating capacity that depends

on functionalization with curdlan and MA.

3.3. Aims

1. Synthesize and characterize PCL-curdlan copolymer.

2. Synthesize and characterize LPHNPs containing curdlan and MA.
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3. Evaluate the cytotoxicity of the LPHNPs against RAW 264.7 macrophages.

4. Evaluate the immunomodulatory capability of the LPHNPs on RAW 264.7

macrophages.

3.4. Objectives

 To synthesize PCL-curdlan copolymer by conjugation of curdlan and PCL and to

characterize the PCL-curdlan polymer.

 To synthesize LPHNPs containing curdlan and MA

 To determine the size, PDI, zeta potential and morphology of the NPs.

 To determine the cytotoxicity of the NPs against macrophages

 To determine the immunomodulatory capability of the NPs in macrophages

Chapter 4: PCL-curdlan copolymer synthesis and
characterisation

4.1. Introduction

This chapter describes the polymerization of PCL and curdlan and the characterization of the

resulting PCL-curdlan copolymer. To achieve the copolymerization of the polymers, an

intermediate polymer, i.e. PCL-COOH was first synthesized using a ring opening synthesis

method. The resulting PCL-COOH was then characterized and conjugated to curdlan to

produce a PCL-curdlan copolymer. Polymers and the copolymer were physiochemical

characterized to confirm the polymerization. After characterization, the copolymer was used

in the synthesis and characterization of LPHNPs (see Chapter 5 for LPHNPs).

4.1.1. Aim and objectives

The aim for this part of the study was to synthesize and characterize PCL-curdlan copolymer.

The objective was to synthesize PCL-COOH using different methods, to select the best

synthesis method and to characterize PCL-COOH. A further objective was to conjugate PCL
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and curdlan using the carbodiimide conjugation method and to characterize the resulting

copolymer to confirm the copolymerization of both polymers.

4.2. Copolymer synthesis

4.2.1. Materials

ε-caprolactone (97 %), Glycolic (99 %), N,N-diisopropylethylamine (DIEA), N-

hydroxysuccinimide (NHS), 1-Ethyl-3(3-dimethylaminopropyl)carbodiimide hydrochloride

(EDC.HCl) and curdlan from Alcaligenes faecalis were purchased from Sigma-Aldrich (St

Louis, MO). Dimethyl sulfoxide (DMSO) was purchased from Merck KGaA laboratory

supplies (Darmstadt, Germany). Tetrahydrofuran (THF) was purchased from Riedel-De Haën

AG (Honeywell specialty chemicals Seelze, Seelze, Germany). Unless otherwise indicated,

all reagents were of analytical grade or higher and were used as received without further

purification. Deionised water was used throughout the study and was obtained from a

Barnstead EasyPure (II) UV-ultrapure water system (Thermo Fisher Scientific, USA).

The equipment used in this study included a bruker avance spectrometer (Bruker Avance IIID

Nanobay, Bruker BioSpin GmbH, Rheinstetten, Germany), PerkinElmer 400 FTIR

spectrophotometer (Perkin Elmer, Waltham, USA), PerkinElmer TGA 4000 instrument

(PerkinElmer Waltham, USA), Linkam hot stage (Surrey, England) mounted on an Olympus

SZX7 microscope (Nikon, Japan), Upright ultralow -86 °C freezer (NU-9668E, NuAire,

USA), Centrifuge (Digicen 21, Orto Alresa, United Scientific), Vacuum pump (Rocker,

Singhla Scientific, Haryana, India).

4.2.2. PCL-COOH synthesis by ring opening of ε-caprolactone using glycolic acid as the

initiator

The procedure followed for the synthesis of PCL-COOH was adapted from Liu et al. (2010)

with some modifications (270). Briefly, 33.3 mg of glycolic acid was added to a reaction

vessel containing 1 g of ε-Caprolactone. The vessel was degassed using a vacuum pump for 1

min and then placed into an oil bath at 120 °C for 24 h under constant magnetic stirring (400

rpm). After 24 h, the reaction vessel was placed in ice for 10 min to stop the reaction.

Tetrahydrofuran (THF) (10 mL) was slowly added to the reaction vessel (1 mL apart until the

product was completely dissolved). Thereafter, PCL-COOH was precipitated by adding 50

mL of methanol (5: 1 ratio to THF). To extract PCL-COOH, the product was centrifuged at
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10000 rpm for 10 min. The collected PCL-COOH was stored in a desiccator to allow

complete drying.

4.2.3. PCL-diol and dioxane syntheses of PCL-COOH

The procedure followed during PCL-COOH synthesis was adapted from (271) with some

modifications. Briefly, 80 mg of PCL-diol was added to 800 μl of dichloromethane (DCM)

under nitrogen gas. 12 mg of succinic acid was added followed by the addition of 14.7 mg of

4-dimethylaminopyridine (DMAP) under constant stirring at 500 rpm. The reaction was

allowed to take place for 24 h at room temperature. Sodium bicarbonate was added to

neutralize unreacted succinic acid followed by the removal of the aqueous phase. DMAP was

washed off at least 3 times by adding deionized water followed by the centrifugation of the

solution for 10 min at 8 720 x g. The resulting product was dissolved in dDMSO and sent for

NMR analysis. Dioxane synthesis followed synthesis of PCL terminated with carboxyl group

as described in (271).

4.2.4. Conjugation of curdlan to PCL-COOH

The procedure followed for PCL-COOH conjugation was adapted from Tukulula et al. (2015)

with some modifications (97). Briefly, 587 mg of PCL-COOH and 68.2 mg of curdlan were

added to 6.8 mL of anhydrous dimethylformamide (DMF) and 6.8 mL of dimethyl sulfoxide

(DMSO), respectively, at 60 °C under nitrogen gas and left to dissolve for 24 h under

constant stirring (900 rpm). After 24 h, the PCL-COOH solution was placed in water at room

temperature. To activate PCL-COOH, N-hydroxysuccinimide (NHS) (14.50 mg) was then

added to PCL-COOH at 400 rpm until complete dissolution. Then N,N-

Diisopropylethylamine (DIEA) (21.23 µl) and 1-ethyl-3-(3-dimethylaminopropyl)

carbodiimide (EDC ) (32.18 mg) were subsequently added and allowed to react for 3 h. After

3 h, the activated PCL-COOH (the solution containing PCL-COOH, NHS, DIEA, and EDC)

was added dropwise to the dissolved curdlan and allowed to react at 60 °C for 48 h under

nitrogen gas. After 48 h, the copolymer (PCL-curdlan) was precipitated by adding excess ice-

cold deionized water and washed several times. The product was then collected, lyophilized

over 3 days, and stored in a desiccator at room temperature.

4.3. PCL-curdlan copolymer characterization

Polymers (PCL, curdlan and PCL-curdlan) were characterized using 1H NMR on a Bruker

Avance spectrometer (Bruker, Massachusetts, USA) at 400 MHz. Deuterated DMSO
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(DMSO-d6) and/or deuterated chloroform (dCDCl3) were used as internal standards. Data

were analyzed using Bruker Topspin 4.1.1 software (Bruker, Massachusetts, USA).

Fourier transform infrared spectroscopy (FTIR) was used to investigate the PCL-COOH and

curdlan interaction to form PCL-curdlan. The FTIR spectrum was performed using a

PerkinElmer 400 FTIR spectrophotometer (Perkin Elmer, Waltham, USA). Pressing at 15000

psig, the solid powder samples were scanned in the spectral range of 4000 to 650 cm -1. Data

were analyzed using Spectrum GX series model software (Perkin Elmer, Waltham, USA).

Thermal analysis was carried out using Thermogravimetric analysis (TGA) and hot stage

microscopy (HSM). TGA was used to determine changes in thermal stability as a result of the

copolymerization of PCL-COOH and curdlan. The observed changes were compared to

individual polymers and a 50:50 physical mixture of curdlan and PCL-COOH. A

PerkinElmer TGA 4000 instrument (PerkinElmer Waltham, USA) was used to perform TGA

on samples with a heating rate of 10 °C/ min from ambient temperature to 600 °C under

nitrogen. Data were analyzed using Pyris 6 TGA software (PerkinElmer Waltham, USA).

HSM was used to observe thermal transitions of the polymers. A Linkam hot stage (Surrey,

England) mounted on an Olympus SZX7 microscope camera (Nikon, Japan) was used to

analyze the samples. The samples were heated from ambient temperature to 600 °C in

silicone oil at a heating rate of 10 °C/min.

4.4. Results and discussion

4.4.1. Synthesis and characterisation of PCL-curdlan copolymer

4.4.1.1. PCL-COOH characterisation

To synthesize curdlan containing NPs, it is essential to synthesize PCL-COOH which is

thereafter conjugated to curdlan to produce a PCL-curdlan copolymer for use in the synthesis

of the NPs. Therefore, it was imperative to first synthesize and characterize PCL-COOH. To

synthesize PCL-COOH, three methods were attempted (Fig. 4.1.) (270)(271)(272). 1H NMR

was used to select the best synthesis route and to determine if PCL-COOH was being

produced. This is because 1H NMR can be used to analyze polymers quantitatively and

qualitatively (230)(231)(273)(274). Proton (1H) NMR analysis of PCL-COOH was performed

using a Bruker 400 REM instrument (400 MHZ) (Bruker, Massachusetts, USA) and the

analysis was carried out using Bruker Topspin 4.1.1 software (Bruker, Massachusetts, USA).
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Fig. 4.1. The three synthetic routes attempted to produce the PCL-COOH polymer. The ring opening

method was chosen as the method of choice for synthesis because of the following reasons: (i).

Starting material are less toxic, (ii) simpler reaction and clean up and (iii), the NMR showed the

‘cleanest’ spectrum.

From the NMR results obtained as seen in Fig. 4.1., it was clear that the ring opening

synthesis produced the cleanest spectrum while retaining the peak of interest as shown in Fig.

4.2. The starting material used in this synthesis were less toxic compared to those used in

other methods such as dioxane and the synthesis reaction and clean up were the simplest.

Thus, ring-opening method was selected as the method of choice for PCL-COOH synthesis.

CHCl3

TMS

DIOXANE SYNTHESIS

RING OPENING SYNTHESIS

PCL DIOL SYNTHESIS

dDMSO
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Fig. 4.2. 1H NMR spectra of PCL-COOH obtained from ring opening synthesis. The spectra show a

new peak at about 2.4 ppm (marked a*) attributed to the presence of -COOH group.

The NMR spectra of PCL-COOH (Fig. 4.2.) obtained from ring-opening synthesis showed a

new peak at about 2.4 ppm (marked a*). This peak indicates the methylene group bonded to

the carboxyl group of the newly formed PCL-COOH (275). The obtained PCL-COOH was

carried forward for PCL-curdlan copolymer synthesis as indicated in Fig. 4.3.

4.4.1.2. PCL-curdlan copolymer characterisation

4.4.1.2.1. NMR spectroscopy PCL-curdlan copolymer

Carbodiimide conjugation method was used in the synthesis of PCL-curdlan. It is the most

commonly used conjugation method in polymer based drug delivery (276). Essentially, this

method works by adding NHS and carbodiimide compounds to activate carboxyl groups and

form NHS-ester intermediates which are then conjugated to primary amines via an amide

bond (276). Following COOH synthesis, PCL-curdlan copolymer was synthesized by

carbodiimide chemistry. 1H NMR, FTIR, TGA and HSM to characterize the obtained product.

The 1H NMR results of the PCL-curdlan copolymer are presented in Fig. 4.3.
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Fig. 4.3. Overlay of 1H NMR spectra of PCL-COOH, curdlan, and PCL-curdlan copolymer. The

shadings highlight some of the common peaks in the polymers and the newly synthesized PCL-

curdlan copolymer.

The PCL-curdlan NMR spectrum (Fig. 4.3.) shows peaks from both the curdlan and PCL-

COOH spectra, indicating the presence of both polymers in the newly formed product (PCL-

curdlan). However, the presence of both PCL-COOH and curdlan does not guarantee the

conjugation of the two polymers; thus, further characterizations were required to prove the

copolymerization of both curdlan and PCL-COOH through carbodiimide chemical

conjugation, which has also been used to conjugate other polymers such as PLGA and

curdlan (97). Topspin 4.1.1 software (Bruker, Massachusetts, USA) was used to integrate the

PCL-curdlan spectra to determine the ratio and percentage concentration of both curdlan and

PCL-COOH in the newly formed product. The integral values of peaks resonating at about

3.6 ppm for curdlan and that at about 1.5 ppm for PCL-COOH were used. About 15 % of

curdlan was found to be present in the product, the rest was PCL. FTIR and various thermal

analysis methods were used to investigate the conjugation of curdlan and PCL in the products.

4.4.1.2.2. FTIR spectroscopy PCL-curdlan copolymer

FTIR was used to study the interaction between curdlan and PCL-COOH. The interaction

would be proven by the presence of typical characteristic functional groups of both polymers

in the formed product (PCL-curdlan).
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Fig. 4.4. Overlay of FTIR spectra of curdlan (red), PCL-COOH (blue), and PCL-curdlan (green)

The FTIR overlays of curdlan, PCL-COOH and C-PLGA are presented in Fig. 4.4. The

curdlan spectrum exhibits a strong peak at 3278 cm-1 which was assigned to the -OH

(hydroxide) bond, while those at 2920 cm-1, 1100-1190 cm-1 and 892 cm-1 were assigned to -

CH stretching, C-O-C bonds and the β-linked glycosidic bridges found in polysaccharides

(97). PCL-COOH exhibits absorption peaks at 2945 cm-1 and 2866 cm-1 that were attributed

methylene groups (-CH2-) stretching and peaks at 1721 cm-1 and 1170 cm-1 that were

attributed to the vibrations of -CO- and COOH groups (275)(277). PCL-curdlan shows some

combination of peaks from both compounds, which could be indicative of their conjugation.

However, additional tests were required to prove the conjugation. Thermal analytical

methods were used for this purpose.
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4.4.1.2.3. TGA analysis of PCL-curdlan copolymer

TGA was used to study the thermal behaviour of curdlan, PCL-COOH, their physical mixture,

and the resulting carbodiimide conjugation product.

Fig. 4.5. TGA thermogram curves of PCL-COOH revealing two inflection points.
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Fig. 4.6. TGA thermogram curve of curdlan indicating two weight losses. The first weight loss from

50-150 °C was attributed to desorption and water loss, while the second weight loss from 250-400 °C

was associated with curdlan decomposition.
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Fig. 4.7. TGA thermogram curves of the physical mixture of curdlan and PCL-COOH physical

mixture indicating the two infection points as observed on the PCL-COOH thermogram

Fig. 4.8. TGA thermogram curve of PCL-curdlan showing one infection point as opposed to two

infection points shown in Fig.4.7 of the physical mixture.
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Fig. 4.9. TGA thermogram curves of curdlan (red), PCL-COOH (yellow) and PCL-curdlan

(grey)

The resulting TGA thermogram of curdlan showed two weight losses as expected (Fig. 4.6).

The first weight loss in the 50-150 °C ranges has been attributed to desorption and water loss,

while the second weight loss in the 250-400 °C ranges can be associated with curdlan

decomposition. As observed when curdlan-PLGA was analyzed, PCL-curdlan and PCL-

COOH also showed a single weight loss curve (97). Like curdlan-PLGA, PCL-curdlan

showed a slight increase in the rate of degradation with the highest weight loss observed at

397 °C (Fig. 4.8.), while the highest weight loss for PCL-COOH was observed at

approximately 400 °C and 412 °C (Fig. 4.7.). This change was attributed to thermal

instability caused by grafting/copolymerization, which was reported to introduce “weak

links” which makes the graft susceptible to thermal degradation (278)(279). It was also worth

noting that when a physical mixture of PCL-COOH and curdlan was prepared without using

carbodiimide conjugation, its TGA thermogram (Fig. 4.7.) revealed two inflection points as

observed in the thermogram of PCL-COOH alone. This was not the case when PCL-curdlan

obtained through carbodiimide conjugation was analyzed. The thermogram of PCL-curdlan

(Fig. 4.8.) reveals a single infection point, suggesting an interaction when carbodiimide

conjugation was used.

4.4.1.2.4. HSM analysis of PCL-curdlan copolymer

HSM views and studies physical transitions compounds undergo as a function of temperature

and time (233). HSM was used to investigate any visible changes following the subjection of

the polymers and copolymer to various temperatures over time.
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Fig. 4.10. HSM images of PCL-COOH, and PCL-curdlan copolymer.

The HSM results showed that PCL-COOH had completely melted at 62.3 °C. Had PCL-

curdlan been a physical mixture of the two, it would be expected that a large mass loss would

be observed since the PCL-COOH proportion is higher than that of curdlan. However, no

melting of PCL-curdlan was observed at the same temperatures. The differences in physical

changes between curdlan and PCL-curdlan were assessed as they were subjugated to various

temperatures. It was noticed that the PCL-curdlan begins to decompose at 256 °C while

curdlan begins at 248 °C. It was also noticed that residue formation started at about 401.5 °C

for PCL-curdlan while it started at about 420 °C for curdlan. This difference in residue

formation onset temperature is in keeping with the increased rate of degradation of the

copolymer observed from the TGA results, supporting the introduction of ‘weak links’ as a

result of polymer grafting that causes thermal instability. Finally, upon viewing the final

residue of curdlan and PCL-COOH, it was clear that the two residues were notably different,

also suggesting a form of interaction between PCL-COOH and curdlan when carbodiimide

conjugation was used to form PCL-curdlan copolymer.

Taken together, all of the differences in physiochemical changes observed among PCL-

COOH, curdlan and PCL-curdlan samples suggest formation of new chemical bonds. With

the results from NMR indicating that only PCL-COOH and curdlan were present in the PCL-

curdlan sample, it was concluded that a bond formed between PCL-COOH and curdlan

through carbodiimide chemical conjugation. This bond was formed between the carboxyl
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group of the PCL-COOH and the hydroxyl group of curdlan resulting in an ester bond that

was responsible for all the observed changes.
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Chapter 5: Synthesis and characterization of lipid-polymer
hybrid NPs

5.1 Introduction

In addition to carefully considering possible controllable processes and parameters, NP

characterization is essential. This chapter describes the synthesis and characterization of

LPHNPs.

The lipid to polymer ratio has been shown to affect the properties of the resultant LPHNPs

(146)(280). Therefore, the effect of various lecithin to PCL mass ratios on NP size, PDI, and

zeta potential was investigated to determine the optimal ratio for NP synthesis from the most

commonly reported % w/w mass ratio (10, 15, 20 and 25 % w/w of lecithin/PCL) (146)(280).

This is because these properties determine the in vitro and in vivo properties of NPs such as

stability, bioavailability, blood circulation, and excretion (146). Following the determination

of the optimum % w/w mass ratio, different percentages of MA and curdlan were loaded onto

lecithin/PCL LPHNPs. The functionalized NPs were thereafter characterized to study the

effect of incorporation of MA and curdlan on the NP properties.

5.1.1. Aims and objectives

The aim of this part of the study was to synthesize and characterize LPHNPs including those

containing MA and curdlan. The objective was to select the optimal % w/w mass ratio of

lecithin/PCL from the most commonly reported ratios. A further objective was to use the

determined ratio to synthesize and load LPHNPs with different percentages of MA and

curdlan and to characterize the resulting NPs.

5.2. Materials

MA from M. tuberculosis (bovine strain), Lecithin (L-α-phosphatidylcholine from egg yolk

(60 %)), curdlan from Alcaligenes faecalis, polycaprolactone (PCL) and chloroform were

purchased from Sigma-Aldrich (St Louis, MO, United States). Chloroform was purchased

from Merck KGaA (Darmstadt, German).

The equipment used included a probe sonicator (Sonoplus GM 2070, Bandelin, Germany),

bath sonicator (Scientech, Ultrasonic Cleaners), magnetic stirrer (Kika Labortechnik, RCT

Basic), thermometer (Brannan), Buchi rotary evaporator (Switzerland, RotavaporR11),



http://etd.uwc.ac.za/

53

ZetaSizer, ZS-90 (Malvern, UK), analytical balance (Ohaus®, model GA 110), NMR

spectrometer (Bruker Avance IIID Nanobay, Bruker BioSpin GmbH, Rheinstetten, Germany),

UV-Visible spectrophotometer (Cintra 202, GBC Scientific Equipment, Australia)

fluorescence micro-plate reader (Synergy Mx, BioTek Instruments, USA); Freezedryer

(Virtis, freeze mobile model 125L),vacuum pump 4344 (Rocker, Singhla Scientific, Haryana,

India); vortex mixer (VM-400, Gemmy Industrial Corp., Taiwan); water bath (Labcon®,

model CDH 110 Maraisburg, South Africa), Centrifuge (Digicen 21, Orto Alresa, United

Scientific) , rotary evaporator (Büchi, Labotec, South Africa), FEI Tecnai F20 transmission

electron microscope (Thermo Fisher (FEI), Eindhoven, Netherlands), Tescan MIRA SEM,

The EDS was done with the Thermo Fisher Nova NanoSEM230 using an Oxford X-max

detector.

5.3. LPHNPs synthesis methods

5.3.1. Lecithin/PCL NP synthesis

The nanoprecipitation method was used to synthesize NPs of various ratios of lecithin/PCL.

Four % w/w ratios namely 10 %, 15 %, 20 % and 25 % w/w of lecithin/PCL NPs were

synthesized and characterized for size, PDI, and zeta potential. For a 15 % lecithin/PCL %

w/w ratio, a 5 mg/mL concentration of lecithin in 5 mL water and a 25 mg/mL concentration

of PCL in 6.67 mL chloroform were prepared under bath sonication. Table 1 shows all

masses and volumes used to prepare NPs with various lecithin/PCL mass ratios (% w/w). The

PCL solution was added dropwise (1 mL/min) to a lecithin/water solution with constant

stirring (1000 rpm) on a magnetic stirrer. The resulting suspension was allowed to mix for 5

min with constant stirring (1000 rpm). It was then probe sonicated at 80 % power under ice

for 2 min. After probe sonication, the product was placed on a rotary evaporator for

approximately 1.5 h (until all organic solvent was completely evaporated). The resultant NPs

were washed by placing the sample in a centrifuge for 10 min at 13 000 x g. The supernatant

was then discarded and replaced with deionized water to redisperse the NPs. The suspension

was then probe sonicated for 5 min. Thereafter, the NPs were characterized for size, PDI and

zeta potential. Finally, after the addition of sucrose as a cryoprotectant at 0.125 % w/v in a

ratio of 2:1 NP to sucrose, the NPs were lyophilized over three days.
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Table 5.1. Required masses and volumes to prepare various lecithin/PCL ratios (% w/w)

for the synthesis of LPHNPs. The concentration of lecithin and PCL remained constant

throughout at 5 mg/mL (lecithin in water solution) and 25 mg/ mL (PCL in chloroform),

respectively, however the mass of PCL was varied to yield different mass ratios (% w/w)

while that of lecithin was kept constant.

% w/w ratio 10 % 15 % 20 % 25 %

PCL mass required

(mg)

250 166.7 125 100

Lecithin mass (mg)

required

25 25 25 25

Chloroform volume

required (mL)

6.67 6.67 6.67 6.67

Water volume

required (mL)

5 5 5 5

5.3.2. Lecithin/PCL/MA hybrid NP synthesis

Since it was determined that lecithin/PCL 15 % w/w was the optimal mass ratio (see section

5.5.1), it was carried forward for further syntheses. PCL (166.7 mg), MA and lecithin were

weighed depending on the percentage of MA required (see Table 2 for masses of lecithin and

MA required for various % w/w incorporation of MA in the NPs). MA and PCL were

dissolved in 6.67 mL of chloroform while lecithin was dissolved in 5 mL of water using a

bath sonicator. MA-PCL solution was added dropwise (1 mL/min) to lecithin solution for

about 5 min with constant stirring (1000 rpm) under a magnetic stirrer. The product was then

probe sonicated at 80 % power for 2 min and then placed on a rotary evaporator for

approximately 1 h for solvent evaporation (until all organic solvent was completely

evaporated). The resultant NPs were washed by placing the sample in a centrifuge for 10 min

at 13 000 x g. The supernatant was then discarded and replaced with deionized water to

redisperse the NPs. The NPs were probe sonicated for 5 min and characterized for size, PDI,

and zeta potential. Finally, after addition of sucrose as a cryoprotectant at 0.125 % w/v in a

ratio of 2:1 NP to sucrose, the NPs were lyophilized over three days.
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Table 5.2. Masses of lecithin and MA required for the synthesis of different percentages

of MA. Due to its insolubility in water, MA was dissolved in chloroform while lecithin

was dissolved in water. The mass of PCL remained constant (166.7 mg)

MA (% w/w) 2 % 5 % 8 %

Lecithin mass required

(mg)

21.166 15.415 9.66

MAmass required (mg) 3.83 9.59 15.34

PCL mass required (mg) 166.7 166.7 166.7

5.3.3. PCL/ lecithin-curdlan NP synthesis

Briefly, 25 mg of lecithin, PCL and PCL-curdlan copolymer were weighed depending on

the % w/w of curdlan required (Table 3). PCL and PCL-curdlan were dissolved in 6.67 mL of

chloroform while lecithin was dissolved in 5 mL of water. PCL and PCL-curdlan solution

was added dropwise (1 mL/min) to lecithin solution for about 5 min with constant stirring

(1000 rpm) under a magnetic stirrer. The product was then probe sonicated at 80 % power for

2 min and then placed on a rotary evaporator for approximately 1 h for solvent evaporation

(until all organic solvent was completely evaporated). The resultant NPs were washed by

placing the sample in a centrifuge for 10 min at 13 000 x g. The supernatant was then

discarded and replaced with deionized water to redisperse the NPs. The NPs were probe

sonicated for 5 min and characterized for size, PDI, and zeta potential. Finally, after addition

of sucrose as a cryoprotectant at 0.125 % w/v in a ratio of 2:1 NP to sucrose, the NPs were

lyophilized over three days.
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Table 5.3. Masses of curdlan and PCL required for various curdlan percentages. PCL

and curdlan were dissolved in chloroform at a combined concentration of 25 mg/mL.

Curdlan (% w/w) 2 % 5 % 10 %

PCL mass required

(mg)

141.14 102.8 38.9

PCL-curdlan mass

required (mg)

25.56 63.9 127.8

Lecithin mass

required (mg)

25 25 25

5.3.4. PCL/lecithin-MA-curdlan NPs synthesis

Briefly, it was found that 2 % w/w curdlan and 2 % w/w MA containing NPs were the

highest non-toxic concentrations (see Chapter 6.) PCL (141.14 mg), PCL-curdlan copolymer

(25.56 mg), lecithin (21.166 mg), and MA (3.834 mg) were weighed. PCL, PCL-curdlan, and

MA were dissolved in 6.67 mL of chloroform while lecithin was dissolved in 5 mL of water.

PCL, PCL-curdlan, and MA solution was added dropwise (1 mL/min) to the lecithin solution

for about 7 min with constant stirring (1000 rpm) under a magnetic stirrer. The product was

then probe sonicated at 80 % power for 2 min and then placed on a rotary evaporator for

approximately 1 h (until all organic solvent was completely evaporated). The resultant NPs

were washed by placing the sample in a centrifuge for 10 min at 13 000 x g. The supernatant

was then discarded and replaced with deionized water to redisperse the NPs. The NPs were

probe sonicated for 5 min and characterized for size, PDI, and zeta potential. Finally, after

addition of sucrose as a cryoprotectant at 0.125 % w/v in a ratio of 2:1 NP to sucrose, the NPs

were lyophilized over three days.

5.3.5. Determination cryoprotectant concentration

To determine the lowest sucrose concentration, serial dilutions of 1 % w/v were made to the

lowest concentration of 0.0625 % w/v. NPs were lyophilized without cryoprotectant and with

0.0625 %, 0.125 %, 0.25 %, 0.5 % and 1 % w/v sucrose, over three days. NP suspension was

mixed with sucrose solution in a ratio 2:1 (v/v). Size, PDI and zeta potential of the NPs
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before and after lyophilization were measured and compared to determine the lowest sucrose

concentration without significant effect on the NP properties.

5.4. LPHNPs characterization

5.4.1. LPHNPs characterization for size, PDI, and zeta potential

To determine the hydrodynamic size and the PDI, 1 mL of the suspension was added to a

disposable polystyrene cuvette. The sample was analyzed at 25 °C with a minimum of three

runs. Average size and PDI were reported. A DTS70 cell was used to determine the zeta

potential. The NP suspension was injected into the cell until the electrodes were completely

covered by the suspension medium. The sample was analyzed at 25 °C with a minimum of

three runs and the average zeta potential was reported. Data were analyzed using Malvern

Zeta Sizer software (version 8.00.4813) and statistical analysis was performed using

GraphPad Prism 9.1.1 version (GraphPad software, San Diego, California, USA).

5.4.2. SEM and TEM analysis

TEM imaging was performed using a FEI Tecnai F20 transmission electron microscope

(Thermo Fisher (FEI), Eindhoven, Netherlands) operated at 200 kV. Images were collected

using a DE-16 camera (Direct Electron, USA). For negative staining TEM, carbon-coated

copper grids (Agar Scientific, UK) were rendered hydrophilic using a EMS100 Glow

Discharge Unit (Electron Microscopy Sciences, USA). Droplets of the sample were placed on

the grids and negatively stained with 2 % uranyl acetate (SPI Supplies, USA).

SEM imaging was performed using a Tescan MIRA3 SEM (Tescan, Brno, Czech Republic),

operated at an acceleration voltage of 5 kV with a magnification range of 20-100 000 times

with in-Beam secondary electron detector. Energy disperse spectroscopy (EDS) was

performed using a Thermo Fisher Nova NanoSEM230 using an Oxford X-max detector and

INCA software. ImageJ software (National Institute of Health, USA) was used to analyze and

process TEM and SEM images.
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5.5. Results and discussion

5.5.1. LPHNPs size, PDI and Zeta potential characterization using dynamic light

scattering

DLS was used to characterize the size of the four % w/w ratios of lipid to polymer. The

results indicated that synthesized NPs of various ratios of lecithin/PCL ranged from 120-170

nm. For 10 % w/w lecithin/PCL, the size was 170.00 ± 63.97 nm; for 15 % w/w, the size was

120.16 ± 13.57 nm; for 20 %, the size was 166.14 ± 38.66 nm and for 25 % w/w, the size was

169.44 ± 49.53 nm, all of which were within nanometer range (134)(146)(149). Statistical

analysis showed a statistically significant difference between the 15 % w/w ratio and the rest

as shown in Fig. 5.1. (a). Previously, it has been reported that when PLGA and lecithin were

used, a mass ratio of 10 % to 20 % w/w gave better LPHNP properties (149). A lipid to

polymer mass ratio of 15 % w/w lecithin, PLGA and polyethylene glycol (PEG) has also

been shown to provide the minimum lipid to polymer mass ratio to formulate NPs

(lecithin/PCL-PEG) below 100 nm. A mass ratio of 15 % w/w was chosen as the optimal

mass ratio as it provides sufficient lipid coverage of the PCL core and sufficient surface area

for NP functionalization without significantly affecting their properties (149)(280). A higher

lipid to polymer ratio provides excess lipid, which can lead to self-assembly of liposomes or

increased viscosity of the dispersed phase, which in turn affects homogeneity efficiency and

hence particle size (146)(149).
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Fig. 5.1. Size, PDI and zeta potential comparison of various lecithin/PCL % w/w mass ratios after

washing (n=8). (a) Size comparison of various % w/w mass ratios. The results showed that there was

a statistically significant difference between the 15 % w/w and the rest. (b) PDI comparison of

various % w/w mass ratios. The results showed no statistical significance between the ratios. (c) Zeta

potential comparison of various % w/w mass ratios showing no statistical significance between the

ratios. Statistical significance was indicated by not significant (ns) (p-value > 0.05), *: significant (p-

value ≤ 0.05), **: very significant (p-value ≤ 0.01). Τ: standard deviation.

On the other hand, as shown in Fig. 5.1. (b) changes in the lipid/polymer % w/w mass ratio

did not affect the PDI. The PDI ranged from 0.5 to 0.7, suggesting that the NPs were
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polydisperse. This was speculated to be due to the use of PCL. PCL is a synthetic polymer

and depending on the synthetic route and processes, some synthetic polymers such as PCL

tend to be polydisperse in nature due to the polymerization reactions involved in its synthesis

(281). Therefore, it was speculated that the polydispersity of PCL affected the PDI of NPs,

yielding NPs with a slightly higher PDI.

The zeta potential, which represents the degree of repulsion between like-charged particles, is

another crucial property that was characterized to predict the stability of NPs on storage. NPs

with good stability have a zeta potential of ±30 mV (282). The zeta potential of the

synthesized NPs ranged from -33.90 ± 6.93 mV to -38.70 ± 11.41 mV which were all less

than -30 mV, which falls within the acceptable the range of less than -30 mV (149)(282).

This suggests that NPs would exhibit good stability on storage as a suspension. The negative

charge of NPs can be attributed to the carbonyl group of the PCL and phosphate groups of the

lecithin (283)(284)(285)(286)(287). Statistical analysis showed no significant difference

between the ratios, suggesting that various ratios did not significantly affect zeta potential.

The negative charge of NPs suggests that they could be less toxic and more stable in vivo

(146)(288).

In summary, the results showed no statistical significance in terms of their PDI and zeta

potential. However, there was a statistically significant difference in size between the 15 %

w/w ratio and the rest. Based on this difference, 15 % w/w was chosen as the optimal % w/w

mass ratio to carry forward for further experiments.

After determining the optimal % w/w mass ratio of lecithin to PCL, other types of NPs were

synthesized. MA and/or curdlan were conjugated to lecithin/PCL LPHNPs. MA conjugated

LPHNPs ranged from 163.20 ± 31.11 nm to 225.10 ± 92.08 nm and showed no statistically

significant difference between various MA loaded NPs in terms of their size, as indicated by

Fig. 5.2. (a). There was also no statistically significant difference between various curdlan

conjugated NPs as indicated by Fig. 5.3. (a). As indicated by the cytotoxicity studies, 2 %

w/w mycolic and 2 % w/w curdlan loaded NPs were the highest non-toxic concentrations (see

Section 6.4). Compared to 15 % lecithin/PCL NPs, it was observed that there was a

statistically significant difference in size between unconjugated (lecithin/PCL only) (120.16 ±

13.57 nm) and MA (2 % w/w) (206.13 ± 66.37 nm), curdlan (2 % w/w) (327.85 ± 40.00 nm)

and 2 % w/w (of each) MA-curdlan (269.13 ± 84.64 nm) loaded NPs. It was also observed

that the difference between MA (2 % w/w) loaded NPs and curdlan (2 % w/w) was
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statistically significant and it was speculated that this was due to the difference in their

solubility in organic solvent. MA is fully soluble in chloroform (the organic solvent used in

the synthesis of NPs), while curdlan, a linear polysaccharide, is not completely soluble in

most organic solvents including chloroform used in the synthesis.
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Fig. 5.2. Size, PDI and zeta potential comparison of NPs after conjugation of lecithin/PCL 15 % w/w

ratio with various MA % w/w (n =3). (a) size comparison of various MA (% w/w) conjugated NPs.

The results showed that there was no statistically significant difference between MA concentrations.

(b) PDI comparison of various MA (% w/w) conjugated NPs. The results showed no statistical

significance between the MA concentrations. (c) Zeta potential comparison of MA (% w/w)

conjugated NPs showing no statistical significance between MA concentrations. Statistical

significance was indicated by not significant (ns) (p-value > 0.05), *: significant (p-value ≤ 0.05), **:

very significant (p-value ≤ 0.01). Τ: standard deviation.

It was also observed that after loading MA and curdlan, there was no statistically significant

difference between various MA (% w/w) conjugated NPs, while there was a slight difference

between 2 % w/w and 5 % w/w curdlan conjugated NPs in terms of their PDI. When

compared to lecithin/PCL only LPHNPs, it was observed that there was no significant

difference between curdlan and MA loaded NPs at 2 % w/w curdlan or MA, and lecithin/PCL

NPs with respect their PDI (Fig. 5.4. (b)).
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Fig. 5.3. Size, PDI and zeta potential comparison of NPs after conjugation of lecithin/PCL 15 % ratio

(% w/w) with various curdlan % w/w (n=3). (a) PDI comparison of various curdlan (% w/w)

conjugated NPs. The results showed that there was no statistically significant difference between the

curdlan concentrations. (b) PDI comparison of various curdlan (% w/w) conjugated NPs. The results
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showed no statistical significance between the curdlan concentrations. (c) Zeta potential comparison

of curdlan (% w/w) conjugated NPs showing no statistical significance between curdlan

concentrations. Statistical significance was indicated by not significant (ns) (p-value > 0.05), *:

significant (p-value ≤ 0.05), **: very significant (p-value ≤ 0.01). Τ: standard deviation.

Fig. 5.4. Size, PDI and zeta potential comparison of the highest non-toxic concentrations of MA (2 %

w/w) and Curdlan (2 % w/w) conjugated NPs with lecithin/PCL only (15 % w/w ratio) (n=3) (A:

unconjugated 15 % w/w lecithin/PCL LPHNPs, B: conjugated MA 2 % w/w LPHNPs, C: conjugated

curdlan 2 % w/w LPHNPs, D: 2 % w/w of each MA and curdlan conjugated LPHNPs. (a) Size
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comparison of conjugated and unconjugated NPs. The results showed a statistically significant

difference between unconjugated lecithin/PCL and MA (2 % w/w) or curdlan (2 % w/w) conjugated

NPs. (b) PDI comparison of conjugated and unconjugated NPs. The results showed a statistically

significant difference between curdlan conjugated and unconjugated NPs. (c) Comparison of the zeta

potential of conjugated and unconjugated NPs. The results showed no statistically significant

difference between conjugated and unconjugated NPs. Statistical significance was indicated by not

significant (ns) (p-value > 0.05), *: significant (p-value ≤ 0.05), **: very significant (p-value ≤ 0.01),

***: extremely significant (p-value ≤ 0.001), ****: extremely significant (p-value ≤ 0.0001). Τ:

standard deviation.

5.5.2. Determination of the concentration of the cryoprotectant sucrose

A sucrose concentration of 1 % (w/v) is often used as a cryoprotectant (289)(290). However,

when it was attempted to use the same concentration after lyophilization, it was found that

due to the low yield of NP synthesis, a relatively high concentration of sucrose was present,

which could hamper accurate NP measurement and hence further experiments. It was also

found that NPs lyophilized without sucrose showed a significant change in properties before

and after lyophilization, confirming the necessity of the cryoprotectant (Fig. 5.5.). Following

this observation, attempts were made to lower the sucrose concentration without affecting the

stability of the NPs. Serial dilutions of 1 % w/v were made and used as cryoprotectants

during lyophilization and the results are presented in Fig. 5.5. A comparison of size, PDI and

zeta potential of different concentrations of cryoprotectants indicated that 0.25 % and

0.125 % sucrose concentration showed no change in these properties compared to the

commonly used 1 % sucrose concentration. A comparison between sucrose 0.25 % w/v and

0.125 % w/v showed no statistically significant difference (Fig. 5.5.) in terms of size, PDI

and zeta potential. Therefore, a sucrose concentration of 0.125 % was chosen as the lowest

stable cryoprotectant concentration to be used throughout NP lyophilization, as it has the

lowest sucrose concentration and still preserves the stability of NPs.
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Fig. 5.5. NP size, PDI and zeta potential comparison of NPs before and after lyophilization with

various sucrose concentrations (w/v) as cryoprotectants). 0 % w/v represent NPs lyophilized in the

absence of sucrose. (n=3) (*: statistically significant, **: very significant, Τ: standard deviation, :

before lyophilization, : after lyophilization). (a) Size comparison of various w/v concentrations of

sucrose. The results showed that there was no statistically significant difference in size before and

after lyophilization for concentrations of 0.125 % and 0.25 %. (b) PDI comparison showed various
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differences between the concentrations. (c) Zeta potential comparison showed that it was not

significantly affected by various sucrose concentrations. Statistical significance was indicated by not

significant (ns) (p-value > 0.05), *: significant (p-value ≤ 0.05), **: very significant (p-value ≤ 0.01),

***: extremely significant (p-value ≤ 0.001), ****: extremely significant (p-value ≤ 0.0001). Τ:

standard deviation.

5.5.3. SEM and TEMmorphology assessment of LPHNPs

NPs were further characterized by SEM and TEM to study their surface morphology. SEM

results showed that the NPs formed aggregates and had a rough inconsistent spherical shape

(Fig. 5.6 (a)). It was speculated that excess lecithin, sometimes used as an emulsifier, and/or a

binding agent caused the observed particle aggregation (291). However, upon close

examination with HR TEM with uranyl acetate negative stain, the data revealed that the NPs

were spherical in shape and formed small aggregates (Fig. 5.6 (b)). The differences between

SEM and TEM with negative staining were therefore associated with sample preparation and

handling for SEM and TEM with negative staining (240).

(b)
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Fig. 5.6. (a) SEM images of lecithin/PCL LPHNPs. (b) uranyl acetate negative staining TEM images

of lecithin/PCL NPs.

Taken together, 15 % w/w lipid/polymer was the optimal % w/w mass ratio for LPHNPs

syntheses based on a statistically significant difference with the other ratios. According to the

cytotoxicity study, 2 % w/w MA and/or curdlan conjugated NPs were the safest

concentrations carried forward for the immunostimulatory effect. It was observed that there

was a statistically significant difference between lecithin/PCL only NPs and 2 % MA and/or

curdlan conjugated NPs, particularly with respect to size. For storage, a sucrose concentration

of 0.125 % was determined as the lowest stable cryoprotectant concentration. The results of

microscopic analysis revealed that the NPs were spherical and formed aggregates, which was

speculated to be due to excess lecithin causing the NPs to agglomerate.
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Chapter 6: Cytotoxicity and immune stimulation evaluation of the
LPHNPs

6.1. Introduction

Cytotoxicity can be a major limiting factor to the application and clinical translation of NPs

(292). The NP size to volume ratio provides excellent properties to the NPs as described in

the literature review (see section 2.7). However, the change in properties associated with this

ratio also raises cytotoxicity concerns and has been reported to cause toxicities such as those

resulting from increased ROS production (293). Therefore, it is imperative to assess the

safety of the NPs to ensure their use and safety. Lecithin and PCL NPs have been shown to

be generally safe as all starting materials (lecithin and PCL) are FDA approved

(217)(219)(294). Furthermore, literature has shown that LPHNPs are generally safe,

including those containing lecithin and PCL (295). Regardless of the toxicity of the conjugate

or the NPs, conjugation of NPs including addition of otherwise safe stabilizers, has been

shown to affect NP toxicity (296). In this study, MTT was used to assess the toxicity of the

newly formed NPs and to determine the highest non-toxic concentration of the NPs, which

was further used to evaluate the immune modulation of the NPs. Loading NPs with MA and

curdlan was hypothesized to confer immunomodulatory effect on the NPs. However, in

immune modulation, a fine balance should be struck when administering immunomodulators

to avoid excessive immune responses which can be deleterious to the host. An example of

this can be a cytokine storm. On the other hand, some immunomodulators may lead to

immune suppression as in the case of anti-inflammatory cytokine, therefore immune

modulation of the newly synthesized NPs was evaluated by quantifying TNF-α and IL-10

cytokines produced by RAW 264.7 using an enzyme-linked immunoassay (ELISA) kits. This

chapter describes the evaluation of cytotoxicity and immune modulation of the NPs.

6.1.1. Aims and objectives

The aim of this part of the study was to evaluate the cytotoxicity of various synthesized

LPHNPs, including those containing MA and curdlan on RAW 264.7 macrophages. A further

aim was to evaluate the immunomodulatory capabilities of the LPHNPs on RAW 264.7

macrophages. The objective of this part of the study was to determine the highest non-toxic

concentration of various NPs on RAW macrophages. A further objective was to use the

highest non-toxic concentration obtained from cytotoxicity studies to evaluate and compare

the immune modulation of various LPHNPs on RAW 264.7 macrophages using ELISA kits.
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6.2. Materials

Dulbecco’s modified Eagle’s medium (DMEM)-F12, Gentamycin, Glutamine, Foetal bovine

serum (FBS), Trypsin, MTT (3- (4,5 dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide),

DMSO and Phosphate-Buffered saline (PBS) were purchased form Sigma-Aldrich (St Louis,

MO, United States). Trypan blue stain, glutamax, gentamycin, penicillin-streptomycin were

purchased from Gibco, Thermo Fisher Scientific, Inc (South Africa), cell scrapers were

purchased from Whitehead Scientific (Pty) Ltd (South Africa).

The equipment used included a UV chamber (Ultra-violet products Inc, USA) which was

used to sterilize the NPs and other materials used in the evaluation of cytotoxicity and

immune modulation of the NPs. All the cellular work was conducted inside an ethanol

sterilized Laminar Flow (Labotec, South Africa). POLARstar Omega plate reader (BMG

LABTECH, Germany) was used for absorbance readings.

6.3. Seeding of RAW 264.7 macrophages and MTT assay procedure

Briefly, RAW 264.7 cells were seeded onto a 96-well plate at an initial density of 5 x 104

cells/well and incubated in supplemented DMEM-F12 at 37 °C for 24 h. The DMEM-F12

was then removed and replaced with 100 μL of media containing varying concentrations of

LPHNPs. Four replicates of each concentration were used to determine cytotoxicity. The cells

were then incubated for 24, 48 and 72 h. After incubation, the media containing NPs was

replaced with 100 μL of DMEM-F12, followed by the addition of 20 μL of MTT (5 mg/mL)

to each well and incubated at 37 °C for 2-4 h in the dark. After 2-4 h, DMEM-F12 and MTT

were removed and 150 μL/well of DMSO was added to dissolve formazan crystals. Cell

viability was determined by measuring absorbance at 570 nm on a POLARstar Omega plate

reader (BMG LABTECH, Germany). The percentage viability was determined by comparing

the viability of the treated cells to that of the untreated cells using Equation 1 (247).

Statistical analyses were performed using GraphPad Prism 9.1.1 version (GraphPad Software,

San Diego, California, USA).

Equation 1: % cell viability= [viability of treated cells] *100/ [viability of untreated cells]

6.4 Cytotoxicity evaluation of the LPHNPs

The in vitro cytotoxicity of LPHNPs was evaluated using MTT assay. The procedure

followed for the MTT assay was adapted from Zhang et al. (2012) with some modifications
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(247). First, the optimal concentration (μg/mL) of LPHNPs containing only lecithin and PCL

was determined. This concentration was then used as the maximum concentration to assess

the safety of LPHNPs containing different percentages and concentrations of curdlan. Once

the optimal concentration and percentage of curdlan was obtained, the same concentration

was used to assess the maximum concentration to evaluate the safety of MA LPHNPs.

Finally, NPs containing both MA and curdlan at the identified optimal concentrations were

evaluated to determine the safety of these LPHNPs. Statistical analyses were performed using

GraphPad Prism 9.1.1 version (GraphPad Software, San Diego, California, USA).

6.5 Immune stimulation evaluation of the LPHNPs

To evaluate immunomodulation, supernatants of various LPHNPs at 25 µg/mL were

collected following 24 h exposure of RAW 264.7 macrophages to the LPHNPs. The

supernatants were centrifuged for 20 min at 1000 x g as per protocol of enzyme-linked

immunoassay (ELISA) kit manufacturer (Elabscience Biotechnology Inc., Wuhan, China).

Lipopolysaccharide (LPS) 10 ng/mL, as a positive control was used to induce cytokine

production. Untreated cells were used as a negative control. The collected supernatants were

then used for quantification of TNF-α and IL-10. Cytokines were quantified using an ELISA

kit (Elabscience Biotechnology Inc., Wuhan, China) according to the manufacture’s protocol.

For TNF-α, the standard curve concentration range was 0 - 500 pg/mL, while for IL-10 the

concentration range of the standard curve for IL-10 was 0 - 1000 pg/mL. Statistical analyses

were performed using GraphPad Prism 9.1.1 version (GraphPad Software, San Diego,

California, USA).

6.6. Results and discussion

6.6.1. Cytotoxicity evaluation of the NPs

6.6.1.1. Cytotoxicity of lecithin/PCL LPHNPs

The cytotoxicity of 4 different types of LPHNPs was evaluated at three different

concentrations over a 72 h period. The experiment was set up to evaluate the toxicity of

various concentrations of different the types of LPHNPs to determine the concentration and

NP type that would be used to determine the cellular immune modulating activity of the NPs.

NPs were considered safe if an average viability was maintained over 80 % (297)(298).
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Initially, concentrations of 250, 500 and 1000 μg/mL of lecithin/PCL NPs were used to

determine the highest non-toxic concentration (146). From Fig. 6.1. below, it can be seen that

250 μg/mL of lecithin/PCL NPs was the highest non-toxic concentration with a 94 ± 15.2 %

viability. Statistical analysis showed no significant difference in cell viability at different time

points measured at 250 μg/mL. Although previous works have shown that LPHNPs are

generally safe, this work found that toxicity was concentration dependent.

Fig. 6.1. Cytotoxicity measured by MTT (absorbance at 570 nm) following incubation of RAW 264.7

macrophages with lecithin/PCL LPHNPs for 72 h with an increasing concentration range of 250-1000

μg/mL to determine the highest non-toxic concentration. The negative control represents untreated

cells. Data are expressed in mean ± SD (n=3). Statistical significance was indicated by not significant

(ns) (p-value > 0.05), *: significant (p-value ≤ 0.05), **: very significant (p-value ≤ 0.01), ***:

extremely significant (p-value ≤ 0.001), ****: extremely significant (p-value ≤ 0.0001). Τ: standard

deviation.

6.6.1.2. Cytotoxicity of lecithin/PCL-curdlan LPHNPs

The determination of the highest non-toxic concentration of LPHNPs loaded with different

percentages of curdlan, i.e. lecithin/PCL-curdlan LPHNPs 2, 5 and 10 % w/w curdlan was

evaluated starting with the highest concentration of 250 μg/mL which was determined to be

the highest non-toxic concentration of lecithin-PCL LPHNPs. NP concentrations of 50 and
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100 μg/mL were also evaluated at the 2 %, 5 % and 10 % w/w curdlan levels. The results

(Fig 6.2.) showed that 2 % w/w curdlan in lecithin/PCL-curdlan LPHNPs at 50 μg/mL was

the highest non-toxic concentration over 72 h with 84 ± 4.7 % viability, while it was observed

that at all concentrations toxicity showed a positive correlation with increased curdlan

loading on the NPs i.e. NPs containing 10 % w/w curdlan were the most toxic at all

concentrations, while those containing 2 % w/w curdlan appeared to be the least toxic at all

concentrations (Fig. 6.2). Although the difference between different time points at 2 % w/w

curdlan was significant, they all retained over 80 % viability. These results indicated that

although curdlan is non-toxic, conjugation onto NPs can negatively affect NP toxicity, as

demonstrated by other non-toxic conjugants (296).
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Fig. 6.2. Cytotoxicity measured by MTT (absorbance at 570 nm) following an incubation of RAW

264.7 macrophages with lecithin/PCL-curdlan LPHNPs for 72 h with an increasing concentration

range of 50-250 μg/mL to determine the highest non-toxic concentration. (a) Incubation of RAW

264.7 macrophages with LPHNPs loaded with 2 % curdlan. (b) Incubation of RAW 264.7
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macrophages with LPHNPs loaded with 5 % curdlan. (c) Incubation of RAW 264.7 macrophages with

LPHNPs loaded with 10 % curdlan. The negative control represents untreated cells. Data are

expressed in mean ± SD (n=3). Statistical significance was indicated by not significant (ns) (p-value >

0.05), *: significant (p-value ≤ 0.05), **: very significant (p-value ≤ 0.01), ***: extremely significant

(p-value ≤ 0.001), ****: extremely significant (p-value ≤ 0.0001). Τ: standard deviation.

6.6.1.3. Cytotoxicity of lecithin/PCL-MA LPHNPs

The highest non-toxic concentration of NPs containing curdlan was carried forward to

determine the highest non-toxic concentration of lecithin/PCL-MA LPHNPs containing 2, 5

and 8 % w/w of MA at a concentration of 50 μg/mL. The results showed that the 2 % w/w

MA was non-toxic at a concentration of 50 μg/mL (Fig. 6.3) with a viability 85.8 ± 1.4 %.

Statistical analysis showed no statistically significant difference in cell viability at this

percentage at different time points evaluated. The results also showed a positive correlation

between the amount of MA present on NPs and toxicity. As with curdlan, cytotoxicity

increased with increasing MA concentration. Since 2 % w/w MA at a concentration of 50

μg/mL was the highest non-toxic concentration, it was carried forward to evaluate the safety

of NPs containing both curdlan and MA.
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Fig. 6.3. Cytotoxicity measured by MTT (absorbance at 570 nm) following an incubation of RAW

264.7 macrophages with lecithin/PCL-MA LPHNPs for 72 h with an increasing MA percentage from

2 % to 8 % at a concentration of 50 μg/mL to determine the highest non-toxic concentration. The

negative control represents untreated cells. Data are expressed in mean ± SD (n=3). Statistical

significance was indicated by not significant (ns) (p-value > 0.05), *: significant (p-value ≤ 0.05), **:

very significant (p-value ≤ 0.01). Τ: standard deviation.

6.6.1.4. Cytotoxicity of lecithin/PCL-curdlan-MA LPHINPs to RAW264.7 macrophages

The toxicity of LPHNPs containing 2 % w/w of both curdlan and MA at concentrations of 25

and 50 μg/mL was evaluated. The results (Fig. 6.4.) showed that the lower concentration of

25 μg/mL was non-toxic with a 100.1 ± 3.2 % viability while the higher concentration was

slightly toxic (76. ± 0.4 % viability). No statistically significant difference was found at 25

μg/mL across various time points with respect to cellular viability. The toxicity results

suggested that there was an additive effect on the toxicity of MA-curdlan containing LPHNPs

due to the combination of both MA and curdlan, as an otherwise safe concentration of 50 µg

at 2 % w/w MA-LPHNPs or 2 % w/w curdlan-LPHNPs become slightly toxic when both

were combined, requiring a lower concentration to avoid toxicity.

Fig. 6.4. Cytotoxicity measured by MTT (absorbance at 570 nm) following an incubation of RAW

264.7 macrophages with lecithin/PCL-curdlan-MA LPHNPs (at 2 % w/w of each MA and curdlan)

for 72 h with an increasing concentration range of 25-50 μg/mL to determine the highest non-toxic

concentration. The negative control represents untreated cells. Data are expressed in mean ± SD (n=3).
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Statistical significance was indicated by not significant (ns) (p-value > 0.05), *: significant (p-value ≤

0.05), **: very significant (p-value ≤ 0.01). Τ: standard deviation.

Taken together, different percentages (of curdlan and MA loaded onto LPHNPs) and

concentrations of the various LPHNPs induced different levels of toxicity. Toxicity correlated

positively with both NP concentration and percentage of either MA or curdlan present on the

LPHNPs. The presence of both curdlan and MA on the NPs showed an additive effect on

toxicity.

6.6.2. Immunostimulatory activity of the NPs

Activated macrophages are known to produce TNF-α, while IL-10 is produced to suppress

immune responses (256)(299). Macrophage stimulation of various types of LPHNPs was

assessed over a 24 h period using ELISA to quantify concentrations of TNF-α and IL-10.

The highest non-toxic concentrations of LPHNPs (25 μg/mL) including those containing 2 %

of both curdlan and MA, were used to stimulate macrophages. Results indicated that all

LPHNPs, except lecithin/PCL-curdlan stimulated the production of TNF-α (lecithin/PCL

produced 22.56 ± 1.65 pg/mL, lecithin/PCL-MA produced 25.76 ± 24.61 pg/mL,

lecithin/PCL-curdlan-MA produced 51.16 ± 6.60 pg/mL. The positive control produced 68.10

± 8.97 pg/mL while the negative control produced 17.00 ± 6.27 pg/mL) (Figure 6.5).
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Fig. 6.5. TNF-α production by RAW 264.7 macrophages following exposure to various LPHNPs for

24h at a concentration of 25 μg/mL. The experiment was performed in triplicate. Results shown are

the mean and standard deviation. LPS was used as a positive control while untreated NPs were used

as a negative control. Statistical significance was indicated by not significant (ns) (p-value > 0.05), *:

significant (p-value ≤ 0.05), **: very significant (p-value ≤ 0.01). Τ: standard deviation.

The results also showed that lecithin/PCL-curdlan-MA produced the highest amount of TNF-

α. In fact, there was a statistically significant difference between lecithin/PCL-curdlan-MA

NPs and the rest of the LPHNPs in relation to the amount of TNF-α produced (Fig. 6.5.). It

was also noted that although the amount of TNF-α produced by both lecithin/PCL and

lecithin/PCL-MA was slightly higher than that produced by the negative control (which

consisted of untreated cells), the difference was not statistically significant. Unlike some

other NPs containing curdlan, lecithin/PCL-curdlan did not elicit TNF-α synthesis. The result

suggests that these NPs inhibit its synthesis, in fact, untreated cells produced a statistically

significantly higher level of TNF-α than them. Interestingly, although there was no

statistically significant difference between the negative control and lecithin/PCL-MA and

while lecithin/PCL-curdlan did not produce TNF-α. When combined in lecithin/PCL-curdlan-

MA, the amount of TNF-α produced was statistically significant from that of the negative

control and from both lecithin/PCL-MA and lecithin/PCL-curdlan individually. In fact, there
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was no statistically significant difference between lecithin/PCL-curdlan-MA and LPS, a

known TNF-α inducer used as a positive control, suggesting a synergistic immunostimulatory

effect when the two immunostimulants (MA and curdlan) were loaded together on the

LPHNPs. Therefore, the results indicate that there was differential cytokine production that

increases in the presence of both curdlan and MA.

In evaluating immunosuppression of LPHNPs, the highest concentrations of LPHNPs were

used to quantify IL-10 (a potent immune suppressing cytokine). The results indicated that

there was no IL-10 produced by any of the LPHNPs. This suggest that all LPHNPs i.e.

lecithin/PCL, lecithin/PCL-curdlan, lecithin/PCL-MA and lecithin/PCL-curdlan-MA at 25

μg/mL did not induce immune response suppression. Together with the induction of TNF-α,

this can serve as an indication of the immune modulatory capability of the NPs since they are

able to induce immune stimulation through inducing the production of TNF-α without

inducing the production of IL-10, a potent immune suppressing cytokine.

These data indicate that there is potential to develop the newly synthesized lecithin/PCL-

curdlan-MA into a biomimetic immunotherapy against M. tuberculosis as indicated by

differential cytokine production across various LPHNP formulations investigated. This is due

to their ability to induce significantly high levels of TNF-α with no apparent effect on the

induction of IL-10 levels. TNF-α is instrumental in fighting M. tuberculosis (258)(300), while

the apparent lack of IL-10 is a good indication, as IL-10 is up-regulated by M. tuberculosis to

inhibit phagosomal maturation, inhibit necessary cytokines and suppress antigen presentation,

and inhibit apoptosis, all of which enhance M. tuberculosis survival, immune evasion, and

persistence (77)(80)(81)(85). Therefore, lecithin/PCL-curdlan-MA has the potential to be

used as a biomimetic immunostimulatory adjuvant to medicines to treat intracellular

pathogens that inhibit the immune response to such pathogens and remain dormant, such as

M. tuberculosis (97).

In summary, all LPHNPs except lecithin/PCL-curdlan NPs showed an immune stimulatory

effect due to their ability to stimulate TNF-α production in RAW 264.7 macrophages.

Lecithin/PCL-curdlan-MA stimulated the highest amount of TNF-α which was statistically

significant compared to other LPHNPs. The results also indicated a synergistic effect in

inducing TNF-α when both MA and curdlan were simultaneously conjugated onto the NPs.
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Chapter 7: Conclusion

This work mainly aimed to synthesize and characterize LPHNPs and to load them with two

immunomodulatory compounds, namely MA and curdlan. The NPs were characterized and

evaluated for their cytotoxicity and immune modulation in-vitro.

For the synthesis of PCL-curdlan copolymer described in Chapter 4, an intermediate polymer

named PCL-COOH was first synthesized from ε-caprolactone using a ring-opening method

selected after attempting various methods. The synthesized PCL-COOH polymer was then

conjugated with curdlan using the carbodiimide conjugation method to yield a PCL-curdlan

copolymer. Following physiochemical characterizations of the polymers and the copolymer,

it was concluded that the observed differences across those properties were due to the

formation of a bond between curdlan and PCL-COOH which yielded a PCL-curdlan

copolymer. The ratio (% w/w) of curdlan to PCL was determined to be 15 % w/w by NMR.

The copolymer was used in subsequent experiments in the synthesis of curdlan loaded NPs.

Chapter 5 addressed the successful synthesis and characterization of various LPHNPs. Firstly,

an optimal ratio of lecithin/PCL was determined to be 15 % w/w and this ratio was thereafter

used in the synthesis of LPHNPs loaded with MA and curdlan. The loading proved to be

successful and the results showed that it impacted the physiochemical properties of NPs such

as size, PDI and zeta potential.

Chapter 6 reported the cytotoxicity and immune modulation of the newly synthesized

LPHNPs. This chapter also aimed to report on the determination of the highest non-toxic

concentration of the NPs, which was further used to evaluate the immune modulation of the

NPs. Contrary to what was hypothesized, the LPHNPs showed some cytotoxicity towards

RAW264.7. The toxicity was enhanced by loading NPs with curdlan and MA and the

increase in toxicity was positively correlated with the amount of MA and curdlan loaded onto

the NPs. The results also indicated an additive effect on toxicity when both MA and curdlan

were loaded simultaneously onto the NPs. 25 μg /mL of LPHNPs loaded with both curdlan

and MA was determined to be the highest non-toxic concentration and was therefore used to

evaluate the immune modulation of the various NPs. The amount of TNF-α and IL-10

cytokines produced by RAW 264.7 macrophages were quantified. The results indicated that

the NPs, with the exception of PCL/lecithin-curdlan NPs, possess an ability to induce TNF-α

production. It was noted that lecithin/PCL-curdlan-MA NPs produced the highest amount of
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TNF-α and the difference between the amount of TNF-α produced by these NPs was

statistically significant from the rest. The results also indicated a synergistic effect in terms of

TNF-α stimulation when both MA and curdlan were simultaneously loaded onto the NPs.

Overall, the aim of this study which was to synthesize and characterize LPHNPs including

their in-vitro characterization to evaluate their cytotoxicity and immune modulation, was

achieved. The preliminary data obtained suggest that lecithin/PCL-curdlan-MA NPs could

potentially stimulate macrophages while inhibiting the immunosuppressive effect of IL-10,

which supports survival of M. tuberculosis, suggesting the possibility to develop

lecithin/PCL-curdlan-MA into a biomimetic immunotherapy against M. tuberculosis. Further

studies are needed to further evaluate the immunomodulatory activity of the NPs and their

anti-M. tuberculosis activity in both in-vitro and in-vivo models.
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