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ABSTRACT  

The difficulties associated with conventional therapy for Mycobacterium avium complex (MAC) 

treatment provide opportunities for drug delivery platforms. In this research investigation, the 

results obtained for the development of a hybrid system of poly (lactic-co-glycolic acid) (PLGA) 

nanoparticles encapsulated into a Pheroid® vesicle are reported. Ethambutol (ETB) and 

clarithromycin (CLR) together with mycolic acids (MA) were encapsulated into PLGA NPs by 

using a double emulsion solvent evaporation technique. The particles displayed an average 

size of 305ï397 nm with an average zeta potential of -26.5 to -29.8 mV. Liquid 

chromatography mass spectrometry (LCMS) drug quantification revealed that PLGA/ETB/MA 

and PLGA/CLR/MA NPs had a drug encapsulation efficiency (EE) of 96.6 and 94.3%, 

respectively. The drug loaded particles were subjected to a cytotoxicity screening towards the 

HeLa cell line and THP-1 macrophages. The cytotoxicity evaluation revealed that PLGA, MA, 

and ETB displayed no cytotoxic effect after 24-hour exposure to the particles. PLGA-CLR NPôs 

on the other hand had a much more prominent effect on the survival of the treated cells when 

compared to the DF and ETB NPôs treated cells. In vitro tests indicated that the CLR 

incorporated in the PLGA NPôs had a lower cytotoxic effect compare to the pure drug alone. 

Successful cellular uptake of all particles (Drug Free (DF), CLR and ETB, with and without 

MA) was observed into THP-1 macrophages thus suggesting that targeted delivery to the site 

of infection may be possible.  

The nanoparticles containing the drug and/or the MA, were encapsulated into Pheroid® 

vesicles via a post mix approach. DF and ETB-loaded PLGA NPs were successfully 

encapsulated into Pheroid® vesicles, however the same fate was not observed for CLR-loaded 

PLGA-MA NPs. Furthermore, the cytotoxicity assay results indicated that Pheroid® vesicles 

were cytotoxic to HeLa cells at concentration Ó 2% (v/v). Further evaluation indicated that 

Pheroid® vesicles were non-cytotoxic at low concentration when exposed to THP-1 

macrophages after 24 hours of incubation.  The in vitro uptake studies revealed that PLGA 

NPs were observed at a greater density in close proximity within THP-1 macrophages after 1 

hour of incubation when compared to the control of PLGA NP formulations without Pheroid® 

vesicles, however further investigation is warranted for further conclusions to be drawn.  

In summary, the PLGA NP-Pheroid® vesicle hybrid system may have potential to be 

considered as an attractive and promising approach to enhance the current conventional 

therapy for MAC.  
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OPSOMMING  

Verskillende platforms vir die aflewering van aktiewe middels word genoodsaak deur die 

komplekse behandeling van Mycobacterium avium kompleks (MAC). Aanvanklike resultate 

van ón hibriede stelsel van poly (lactic-co-glycolic acid) (PLGA) nanopartiekels wat omhul word 

deur Pheroid® vesikels word bespreek. Ethambutol (ETB) en clarithromycin (CLR) saam met 

mikoolsure (MA), as teikenings middel, was saam gevoeg in PLGA NPs deur middel van ón 

dubbele emulsie verdampings proses. Die partiekels se gemiddelde grootte was ongeveer 

305nm ï 397nm met ón zeta potensiaal tussen -26.5 mV en ï 29.8 mV. 

PLGA/ETB/MA en PLGA/CLR/MA NPs het ón aktiewe middel enkapsulerings effektiwiteit van 

96.9% en 94.3% elk gehad. Die medikasie vrye (DF) en PLGA-ETB NPôs met en sonder MAôs, 

toon na 24 uur se behandeling minimale toksisityd teenoor Hela en THP-1 makrofaag selle. 

PLGA-CLR NPôs aan die anderkant het n groter effek op die lewensvatbaarheid gehad 

wanneer dit vergelyk was met DF en ETB NPôs se formulasies. In vitro toetse het gewys dat 

die CLR in die PLGA NPôs ón laer sitotoksiese effek gehad het teenoor die CLR middel alleen. 

Fluoresseerend gemerkte PLGA NPôs wat gelaai was met ETB of CLR het indikasies getoon 

van opname in die THP-1 makrofaag selle. 

Die nanopartiekels met en sonder die aktiewe middel en MA was gelaai in Pheroid vesikels 

met ón post-formulerings benadering. DF en ETB gelaaide PLGA NPôs wat geiinkorporeer was 

in Pheroid® vesikels, het nie dieselfe resultate getoon as die CLR gelaaide PLGA MA NPôs 

nie. Verder nog, het die Pheroid® vesikels sitotoksisityd gehad teenoor Hela selle met n 

konsentrasie groter as Ó 2% (v/v). Die Pheroid® vesikels was wel nie sitotoksies na 24 uur in 

lae konsentrasies teenoor THP-1 makrofaag selle nie. Voorlopige in vitro opname studies het 

gewys dat die gekombineerde stelsel van PLGA NPôs in Pheroid® vesikels ón groter 

meerderheid interaksie met THP-1 makrofaag selle gehad het as net die partikels alleen. 

Verdere ondersoek word genood saak om die observasies te bevestig. In opsoming, die PLGA 

NP Pheroid®
 vesikels hibriede stelsel kan voordelige implikasies hê wanneer dit aangewend 

word vir behandeling in teenstelling met die huidige konvensionele terapie vir MAC 

Sleutel Woorde: poly (lactic-co-glycolic acid) (PLGA), Pheroid® vesikels, sellulêre opname, 

sitotoksisityd, hibriede sisteme. 
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Chapter 1: Study Rationale, aim and objectives  

1.1 Introduction 

MAC is a group of opportunistic non-tuberculous mycobacterium (NTM). MAC consists of two 

species namely, Mycobacterium avium and Mycobacterium intracellulare. The two species are 

phenotypically difficult to distinguish hence are frequently identified as a complex (Reed et al., 

2006; Scholar, 2007). These bacteria are commonly found in soil, water, food and dairy 

products (Nishiuchi et al., 2017). They cause symptoms which are indistinguishable from 

tuberculosis, as they also infect the lungs, lymph nodes, bones and intestines (Karakousis et 

al., 2004).  

MAC can cause infection amongst the general population; however, the most stricken 

population is amongst patients with acquired immune deficiency syndrome (AIDS) (Whiley et 

al., 2012). At least 10 ï 30% of AIDS patients are affected by MAC owing to their low CD4+ 

lymphocyte cell count which is less than 0.05 x 109 cells/mL (Han et al., 2005). Before the 

implementation of anti-retroviral therapy, a high mortality rate with patients with a co-infection 

of AIDS and MAC was observed (Wu et al., 2009). The development of different treatment 

strategies and combined regimens during the last two decades has resulted in a suppression 

of the mycobacterial colony in MAC-affected patients thus leading to significant improvement 

in the survival of patients (Karakousis et al., 2004). 

1.2 Current treatment 

It is well established that MAC bacteria reside and multiply in macrophages (Cosma et al., 

2003). To kill the bacteria effectively, the active bactericidal compound needs to be sufficiently 

taken up by the macrophages followed by its penetration/diffusion through the MAC cell wall. 

MAC is commonly treated with a combination therapy consisting of two or more of the following 

drugs: rifabutin, rifampin, clofazimine, ethionamide, ethambutol, azithromycin and 

clarithromycin. These actives can reach inhibitory levels in the plasma when administered 10-

fold their respective minimum inhibitory concentration (MIC), hence leading to severe toxic 

side effects that limit their clinical use (Clemens et al., 2012).   

Thus, a treatment regimen that could selectively deliver the drug to the MAC-infected 

macrophage, should result in an increased therapeutic index by achieving a higher drug 

concentration at the site of infection with a lower dosage administered (Clemens et al., 2012). 

Subsequently, the MAC bacteria would be inhibited within a shorter period resulting in 

shortened treatment duration. 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Nishiuchi%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=28326308
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1.3 Brief introduction to nanomedicine 

Nanomedicine is the application of nano-sized agents for diagnosis and therapy of various 

ailments and diseases (Chraavi & Duraisami, 2011). These systems may be designed to 

include a combination of hydrophilic and lipophilic phases. They exhibit relatively high solubility 

in aqueous environments and allow transportation across cellular membranes resulting in a 

rapid distribution throughout the body (Garnett & Kallinteri, 2006).  Nanomedicine offers an 

advantage over conventional therapy as the active is protected from drug degradation, 

elimination or modification before it is delivered to the infected sites (Clemens et al., 2012).  

A library of different drug delivery platforms exists for the treatment of various diseases, such 

as tuberculosis, cancer, HIV/AIDS and diabetes. These drug delivery systems include solid 

lipid nanoparticles, liposomes, polymeric nanoparticles, Pheroid® and emulsion systems 

(Park, 2008; Grobler, 2009). For the scope of this research project polymeric nanoparticles 

and Pheroid® delivery systems will be discussed.  

1.4 Polymeric drug delivery systems 

Poly (lactic-co-glycolic acid) (PLGA) is extensively researched as a potential drug delivery 

system owing to its biodegradability and biocompatibility. This polymer can be synthesised by 

means of ring-opening co-polymerization of lactic acid and glycolic acid. PLGA has shown to 

have favourable degradation properties and possess the potential for controlled drug release 

(Hirenkumar et al., 2011). 

Pandey and co-workers (2006) have investigated the application of PLGA nanoparticles (NPs) 

for the nano-encapsulation of anti-tubercular drugs (rifampicin, isoniazid, pyrazinamide and 

ethambutol). The PLGA delivery system showed an increase in bioavailability of the anti-

tubercular drugs (ATD) when compared to the free drugs. Drug concentrations were 

detectable and maintained above the MIC in the plasma for 5 days and in the organs (lungs, 

liver, spleen) for 7ï9 days whereas the free drug was only detected until 24 to 48 hours post 

oral administration into mice (Pandey et al., 2006). 

Semete and co-workers (2012) have also investigated the application of PLGA with the 

encapsulation of the same four anti-tubercular drugs. PLGA nanoparticles were prepared 

using a patented technology by Kalombo in 2011 that includes the addition of surfactants and 

additives to potentially modify the polymer matrix, thereby increasing the blood circulation 

time. This technology has shown a sustained drug release profile which was in agreement 

with Pandey et al., (2006) together with an added increase in residence circulation time 

(Semete et al., 2012). 
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1.5 Pheroid® delivery system 

Pheroid® is a lipid-based drug delivery system that comprises of three phases including: an 

aqueous phase, an oil phase as well as a gas phase. It has been shown to increase absorption 

and improve the overall efficacy of oral therapeutics in vivo (Grobler, 2009). The outer layer of 

the Pheroid® is composed of essential fatty acids which are advantageous, as it allows for 

non-immunogenic responses and in turn enhances cellular uptake (Grobler, 2009). 

A pilot study in mice was conducted at the North-West University (NWU) to investigate the 

effect of the Pheroid® delivery system for ATDs. A preliminary investigation by Mathee (2007), 

showed that the time taken for ATDs to reach the maximum plasma concentration (Cmax) 

significantly decreased after administration in mice and could possibly be explained by the 

rapid movement of encapsulated drugs across physiological barriers (Grobler, 2009).  

A similar finding of enhanced absorption was confirmed for an anti-malarial drug, artemisone, 

loaded into the Pheroid® formulations (Steyn et al., 2011). This study showed that the half-life 

of artemisone was delayed and the time taken (Tmax) to reach Cmax was improved which could 

potentially allow for therapeutic drug concentrations at a decreased dose (Steyn et al., 2011). 

Additional advantages can be obtained when targeting ligands are incorporated into drug 

delivery systems. This would allow for targeted delivery of the active to the site of infection i.e, 

infected macrophage cells, thus inhibiting the bacteria without the need for high drug dosages 

leading ultimately to increased unwanted side-effects (Natarajan & Meyyanathan, 2012).  

1.6 Targeted drug delivery 

Targeted drug delivery assists in delivering therapeutics to a specific site of interest. The goal 

of a targeted drug delivery system is to prolong, localise, target and have a protected drug 

interaction at the site of infection (Muller & Keck, 2004). There is a vast range of different 

ligands that can be utilised for targeted delivery. These include small molecules, 

carbohydrates, peptides, proteins or antibodies each with their own affinity or mechanisms to 

varying receptors or sites (Nicholas et al., 2012). 

Lemmer and co-workers (2015), have shown that mycolic acids (MA), which is a long chain 

fatty acid found in Mycobacterium tuberculosis (M.tb) cell walls may be used as a possible 

targeting ligand to TB-infected macrophages owing to its cholesteroid nature (Lemmer et al., 

2015). This lipid molecule will be included in this project as a potential targeting molecule to 

macrophage cells. 
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1.7 Problem statement 

A treatment regimen for Mycobacterium avium complex (MAC) exists, however, the current 

treatment is inefficient. One of the reasons is the inadequate therapeutic levels at the targeted 

site of infection, where the drugs should be able to enter the macrophage cells and penetrate 

the cell wall of the bacteria (Jacobson & Aberg, 2006). Therefore, there is a need to improve 

the current treatment regimen with new chemotherapeutics or novel drug delivery systems. 

This investigation utilises nano-drug delivery systems, a branch of Nanomedicine. The aim is 

to improve the current treatment by implementing a combined carrier vehicle system that 

includes a targeting agent i.e. mycolic acids, incorporated into a polymeric nanoparticle for 

sustained drug release together with a Pheroid® vesicle coating to assist uptake in the 

intestines. 

1.8 Aim 

The purpose of this study was to investigate a delivery system that could potentially assist in 

decreasing MAC drugs dosages with enhanced uptake and limited toxicity.  

1.8.1 Objectives 

The objectives of this study were to:  

ǒ Synthesise mycolic acid (MA)-labelled PLGA nanoparticles (NPs) encapsulating MAC 

drugs; specifically, clarithromycin (CLR) and ethambutol dihydrochloride (ETB), 

ǒ Synthesise Pheroid® vesicles, 

ǒ Combine the NPs and Pheroid® delivery system, 

ǒ Evaluate the uptake of Pheroid®, PLGA and PLGA-MA-Pheroid® combined 

formulations, into macrophages and 

ǒ Test the cytotoxicity of the Pheroid® and PLGA-MA formulations by means of a WST-

1 cell proliferation assay. 

1.9 Significance of study 

Semete and co-workers (2012) have shown that PLGA NPs have a sustained drug release 

profile and Lemmer (2015) has effectively demonstrated the use of MA as a targeting ligand 

with enhanced uptake of ATD into the macrophage cells. On the other hand, Grobler (2009) 

and Steyn (2011) have shown a drastic change in Tmax and Cmax for various drugs that were 

loaded into Pheroid® formulations. It was hypothesised that a synergistic therapeutic effect 

may derive from the combination of the two systems, whereby mycolic acids containing PLGA 
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NPs are encapsulated into Pheroid®. This combination could potentially result in the availability 

of actives at a high concentration at the site of interest, shortly after administration which may 

lead to a decrease in the drug dosage and dose frequency which may ultimately result in 

minimal toxic side effects as well as increased patient compliance.  

1.10 Layout of the dissertation 

Chapter 1 provides a brief introduction to the dissertation thus highlighting the purpose, aim 

and objectives of the study. Chapter 2 is the literature review focusing on a basic overview of 

Mycobacterium avium complex, different drug delivery systems, i.e. polymeric drug delivery, 

Pheroid® technology and hybrid systems, and the important physiochemical properties of 

nanoparticles. Chapter 3 is a full-length article focusing on the development, cytotoxicity and 

uptake ability of the prepared polymeric particles. Chapter 4 highlights the results of the 

polymeric and Pheroid® hybrid delivery system. These results are also prepared in a full-length 

article. The 2 full length articles reference list, will be in line to that listed by the author 

guidelines for the respective journals. Chapter 5 consists of the LCMS method development 

that was used to quantify the EE of the CLR and ETB drug in the PLGA NPs. It will also provide 

a detailed discussion of the results. A summary of the all the work, conclusion and 

recommendations are presented in Chapter 6.  
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Chapter 2: Literature Review 

2.1 Introduction 

Mycobacterium avium complex (MAC) is a group of slow-growing non-tuberculous 

mycobacteria (NTM) that is part of 150 species and more, which are ubiquitous to the 

environment (Tortoli, 2014). They are believed to be contracted by ingestion, inhalation or 

physical contact and often lead to lymphadenitis, pulmonary and disseminated infections 

(Nishiuchi et al., 2017). The number of NTM infections are on the rise, owing to various factors 

which could potentially include, an increase in environmental sources, and increase in the 

susceptible individuals (poverty stricken and immunocompromised individuals, new 

developments in laboratory detection as well as overall awareness (Shah et al., 2016). 

Although there has been an increase in NTM infections, effective treatment regimens have 

not been established to date. When an individual is infected with MAC, the eradication of the 

bacilli is very difficult and requires prolonged therapy with the possibility of reinfection (Lee et 

al., 2015). 

2.2 Epidemiology of Mycobacterium avium Complex 

Unfortunately comparing the prevalence of NTM and MAC infection worldwide is difficult as 

reporting of these incidences are not required by most countries (Nishiuchi et al., 2017) 

therefore, no correlation can be drawn. Despite this being the case there have been reports 

indicating a rise of NTM infections since the 1950s (Prevots & Marras, 2015).  

2.3 Treatment of MAC 

MAC infection was initially treated with anti-tuberculosis drugs (ATDs) alone. This course of 

treatment was deemed unsatisfactory which prompted the need for newer drugs such as 

macrolides to use in combination with ATDs. This combination therapy includes clarithromycin 

or azithromycin, and rifampin or rifabutin, ethambutol and streptomycin, or amikacin.  The 

combination therapy has shown a great improvement in the outcomes of these regimes 

despite being associated with adverse effects and prolonged treatment. Unfortunately to date, 

no optimal regimen has been established, as numerous amounts of trials has shown 

inconsistent efficacy (Sim et al., 2010).   

Monotherapy with a macrolide often result in drug resistance therefore combination therapy 

with two or more drugs are commonly recommended to delay or prevent the resistance. 

Clarithromycin (CLR) together with ethambutol (ETB) is the preferred initial treatment. CLR is 

commonly used as it has shown great initial clinical and bacteriologic improvement (Kim et al., 

2011) but has an absolute bioavailability of 50-55% (Chu, et al., 1992) with side effects that 

include nausea, vomiting, diarrhoea and abdominal pain (Kim, et al., 2011) whereas ETB has 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5339636/#B1
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been shown to reduce the circulating load of MAC but with a bioavailability of at least 50% 

(Antimicrobe, n.d). This relatively low bioavailability necessitates the need for high dosages to 

achieve a therapeutic effect. 

 A preliminary study by Miwa and colleagues (2014) compared the effect of a double drug 

regimen with ETB and CLR against a triple drug regimen with ethambutol, clarithromycin and 

rifampicin showing a similar effect. Previous reports have shown that the inclusion of rifampicin 

affects the concentration of CLR in serum levels (van Ingen, et al., 2012). To improve the 

treatment outcomes a higher dose of CLR was introduced which contradicted the research by 

Miwa et al. (2014) that found that the double regimen CLR-ETB was not inferior to that of triple 

drug regimen as there was no significant difference in treatment outcomes. 

 

A systematic review of treatment outcomes was conducted by Xu et al. (2014) that pooled the 

different treatments for MAC over the past 30 years. It was evident that there was and is still 

no standard guideline for the treatment of MAC and that treatment was mainly based on 

expertsô opinion and physicianôs experience (Griffith et al., 2007). All studies had different 

treatment regimens and durations as well as different outcomes. Most of the treatment 

regimens involved the utilisation of ETB, CLR in combination with other drugs. From the 

review, the treatment outcomes have improved over the past 10 years, but the success rate 

remains unsatisfactory (Xu et al., 2014). Owing to the frequent combination of the CLR and 

ETB used for most of the investigations, this study will only focus on these two drugs.  

Considering the above, MAC treatment appears complex and tedious thus promoting low 

patient compliance which further leads to a high relapse rate and subsequent mortality. 

Therefore, a treatment with a shorter duration and greater efficacy is urgently needed. 

Steenwinkel and co-workers (2007) together with other investigators had suggested the 

application of targeted drug delivery systems that will assist in the rapid clearance and 

elimination of mycobacteria which could in turn result in a higher curing rate, prevention of 

relapse and reduced treatment duration, hence improving patient compliance. Targeted drug 

delivery systems are a branch of nanomedicine which has emerged as an innovative and 

promising alternative over conventional therapy. Targeted drug delivery systems are 

specifically designed to target the site of infection and deliver the therapeutic payload with the 

capabilities of accumulating at the site of interest by active or passive targeting without being 

eliminated by the body (Shapira et al., 2011). 

2.4 A brief introduction to nanomedicine 

Nanomedicine is the medical application of nanotechnology. The application of Nanomedicine 

involves the modification of biodegradable material such as lipids, polymers, macromolecules 
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and metals into therapeutic systems. These systems are capable of targeted drug delivery or 

non-invasive imaging agents that result in diagnosis, prevention and/or treatment of diseases 

(Ventola, 2012). The small sizes (10 ï 1000 nm) possess the flexibility to be tailored to 

potentially assist in: 

¶ intercellular drug delivery and target specificity, 

¶ sustained release over a desired time period, 

¶ reduction in toxicity while maintaining therapeutic effects and 

¶ faster development of new safe medicines (De Jong & Borm, 2008). 

There are various functional considerations that are considered in the development of new 

nano-delivery systems. The overall design is foremost dependent on the desired functionality 

of the drug delivery system and is governed by the formulation parameters to obtain an 

adequate system featuring: 

¶ an appropriate drug loading, release profile and 

¶ overall fate of the systems in terms of its biocompatibility, bio-distribution and targeted 

specificity. 

In addition to these functional considerations, applied pharmaceutical considerations are also 

evaluated. These include storage, stability, administration route, re-dispersibility, limiting 

aggregation and overall impurities. The overall considerations are dependent on the final 

purpose of the delivery system and its ability to maintain its chemical integrity (Krishna et al., 

2006; Jawahar & Meyyanathan, 2012).  

Nanomedicine in MAC treatment offers an improved method of treatment by designing drug 

delivery systems which are specific for the treatment of these bacteria. With specific targeting, 

the toxicity, dosage frequency and amount can potentially be lowered. In addition, it could 

potentially enhance the efficacy of the chosen drugs at the molecular level thus potentially 

improving the bioavailability of the drug and in turn lowering the adverse drug effects and 

ultimately improving patient compliance (Nasiruddin et al., 2017).  

Nasiruddin et al., (2017) reviewed the potential of nanomedicine for the treatment of 

tuberculosis with the implementation of liposomes, polymeric NPs, solid lipid NPs and 

nanosuspensions. All ATDs were reviewed, one example specifically relevant to this study 

was documented by Zahoor et al., (2006) which displayed the detection of ETB from ETB-

loaded PLGA NPs in blood plasma levels after 7 days and was still detectable in the tissues 

after 14 days.  
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Clarithromycin the second drug of choice for this study has been previously utilised by 

Mohammadi et al. (2011) which showed that CLR entrapped in a colloidal drug delivery system 

displayed enhanced anti-bacterial activity at an eighth of the concentration when compared to 

the free drug.  

These therapeutics when coupled with nano-drug delivery systems show great potential for 

the treatment of MAC and opens a range of different possibilities in the implementation of 

different treatment regimes.  

2.5 Types of delivery systems 

There is a vast amount of delivery systems that can be adapted to treat different diseases, 

modify active ingredients and alter modes of administration.  

Table 2.1 was adapted and modified from Faraji and Wipf (2009) and displays a brief overview 

and description of a few of the different types of delivery systems that are commonly 

investigated. 

 

Table 2.1: An overview of nano-carrier types and their respective description 

 

Nanoparticle Type 

 

Description 

 

 

Polymeric 

Polymeric NPs are composed of biodegradable and 

biocompatible polymers. Drug can be entrapped, 

encapsulated or adsorbed onto the surface.  They 

are easily modified to provide good pharmacokinetic 

control. A wide range of therapeutic agents; 

hydrophilic or hydrophobic are easily encapsulated 

(Safari & Zarnegar, 2014). 

 

 

Solid Lipid 

Solid lipid nanoparticles (SLN) are lipid-based 

submicron delivery systems. It is a rigid structure 

with a thin layer of surfactants which includes a 

hydrophobic lipid core that is solid at ambient and 

body temperature. The lipid core provides protection 

against drug degradation as well as gives the benefit 

of sustained drug release. SLNs can be 

manufactured on a large production scale and 
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provide prolonged product stability (de Jesus & 

Zuhorn, 2015). 

 

 

Liposome 

Liposomes are concentric bilayered vesicles with 

aqueous compartments existing in the core or 

between the bilayers surrounded by a phospholipid 

membrane. They consist of a hydrophilic head and 

hydrophobic tails. They are easily modified owing to 

their amphiphilic nature and can encapsulate both 

hydrophilic and hydrophobic drugs (Agarwal et al., 

2016). 

 

 

Pheroid® 

 

The Pheroid® delivery system is composed of 

essential fatty acids (FA), i.e, ethyl esters of oleic, 

linolenic and linoleic acids. These FA are emulsified 

in water saturated with nitrous oxide. Grobler (2009) 

reported that this delivery system is capable of 

increasing permeation owing to its kinked structure. 

It is hypothesised that this kinked structure may 

disrupt the formation of intracellular lipids (Grobler, 

2009). 

 

 

Nanocrystal 

Nanocrystals are formed by the combination of 

therapeutic aggregates which lead to the formation 

of its crystalline structure. They are composed of 

100% drug and stabilised with surfactants or steric 

stabilizers that prevent quick dissolution. These 

system is mainly utilised for poorly soluble drugs 

which may further lead to possible delivery of high 

dosages (Junyaprasert & Morakul, 2015). 
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Nanotube 

Nanotubes can be organic or inorganic self-

assembly sheets of atoms that are arranged into 

tubes. Most nanotubes are synthesised using 

carbon owing to its bonding capabilities to yield 

completely different properties (Eatemadi et al., 

2014). The large internal volume and external 

surface, allow for easy modification. 

 

 

Dendrimer 

Dendrimers are macromolecules that are composed 

of monomeric or oligomeric units such that the layer 

of branching units doubles or triples the number of 

peripheral groups. Owing to their structure they have 

similar properties to that of micelles and liposomes. 

They allow for greater pharmacokinetic control, as 

they have attractive structural features i.e. 

monodispersity, nano size, easy surface 

modification and functionalization and water 

solubility (Najwande et al., 2009) 

 

Each of the delivery systems listed, possess unique characteristics that could potentially 

undergo modification for an intended application.  For the scope of this study, only polymeric 

nanoparticles and the Pheroid® system will be further elaborated on.  

2.5.1 Polymeric nanoparticles 

The use of biodegradable and biocompatible polymers in targeted and sustained drug delivery 

alleviates most of the limitations presented by conventional therapy utilising non-encapsulated 

drugs (Natarajan & Meyyanathan, 2012). These limitations include high dosages, high dose 

frequency, and low patient compliance and increased side effects.  

Polymeric NPs are solid colloidal particles with a diameter in the size range of  

10 ï 1000 nm. The term NPs is a collective term used for two types of particles; nanospheres 

and nanocapsules. Nanospheres are particles wherein the active ingredient is dissolved, 

embedded, encapsulated or chemically bound to the polymer matrix. Nanocapsules on the 

other hand are vesicular reservoir systems with a hydrophobic or hydrophilic cavity surrounded 

by a polymer coating (Malodia et al., 2012).  
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2.5.2 Common polymers used for drug delivery 

Polymers are macromolecules. They are large chain molecules with a varying degree of 

different functional groups giving rise to different chemical and physical characteristics. 

Polymers are a versatile class of materials that can be divided and modified in high and low 

molecular weights, natural and synthetic and can be further classified into biodegradable and 

non-degradable polymers.  

 

2.5.2.1 Natural polymers 

Polymers that are derived from plants and animals are called natural polymers. These 

polymers are essential for life and can be grouped as starch, cellulose, proteins, nucleic acids 

(Akash et al., 2015). 

A few natural polymers include:  

¶ Protein and protein-based polymers: They are biocompatible and non-toxic. Typically, 

elastic materials that are used as implants in tissue engineering (Parveen et al., 2012). 

¶ Collagen: Is widely found in the extracellular matrix. Owing to its carboxyl and 

secondary amines groups, the formation of crosslinking to form hydrogels is possible. 

They are easily modified in terms of size, surface area and dispersion ability in water, 

collagen NPs can exhibit sustained release profiles for various actives (Nitta & Numata, 

2013). 

¶ Albumin: Is the most abundant blood plasma protein. It is versatile and used in cell and 

drug microencapsulation. It is robust in various conditions and possesses 

advantageous characteristics such as non-toxicity, biodegradability and 

immunogenicity (Kratz, 2008; Maham et al., 2009). 

¶ Carboxymethyl cellulose: Is a biocompatible macromolecule that has been used for 

various investigations for controlled release. Owing to its adhesive nature, it may also 

be used as a bio-adhesive material (Butun et al., 2011).  

¶ Alginates: Are a group of anionic polysaccharides that are hemo-compatible and have 

not been found to accumulate in organs as there is evidence available of in vivo 

degradation (Motwani et al., 2007). 

 

2.5.2.2 Synthetic polymers 

These polymers are manmade polymers that are synthetically modified and manufactured in 

laboratories. They can be grouped as: 
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¶ Polyester: Poly (lactic acid), poly (glycolic acid) and their copolymers: biodegradable 

and easily modified to achieve desired release profiles. Commonly used in drug 

delivery and tissue engineering (Gavasane & Pawar, 2014). 

¶ Polyanhydride: biodegradable and used for bio active release. They are easily cleared 

in vivo owing to the degradation into their diacid groups (Vilar et al., 2012) 

¶ Polyamides: Have repeated units of amine groups with the possibility of high hydrogen 

bonding ability. Owing to their polar behaviour and good mechanical properties they 

are primarily used to deliver low molecular weight drugs (Vilar et al., 2012) 

¶ Others: Poly cyanoacrylates, Polyurethanes, Polyorthoester, Polyacetals etc. 

Each class of polymer offers different advantages. Although natural polymers are non-toxic, 

biocompatible, and naturally available, synthetic polymers are most frequently used owing to 

its reliability and reproducibility. Natural polymers are prone to microbial contamination and 

are dependent on environmental and seasonal factors (Kotke & Edwards, 2002). There is also 

a chance of batch to batch variation as the materials are dependent on region, species and 

climate. Therefore, synthetic polymers are more feasible as manufacturing is a controlled 

procedure with fix quantities and sources of ingredients (Gavasane & Pawar, 2014). 

 

The choice of polymer is challenging owing to its current diversity and structure. Therefore, 

careful consideration should be taken into account such that the chosen polymer is capable 

of fulfilling the desired chemical, interfacial, mechanical and biological properties required. 

 

For the scope of this study a polyester polymer i.e PLGA will be investigated for the delivery 

of MAC therapeutics to the target site.  

 

2.6 Poly (D,L-lactic-co-glycolic acid) nanoparticles 

PLGA is a copolymer of poly (lactic acid) (PLA) and poly (glycolic acid) (PGA) (Makadia & 

Segel, 2012). It is commonly used owing to its Food and Drug Administration (FDA) approval, 

its biodegradability and biocompatibility properties (Mirakabad et al., 2014). This polymer 

presents an advantage of being commercially available and easily modified in terms of its 

monomer ratios. 

 

Owing to its design and performance it has been widely applied to various areas of research 

including tissue engineering and controlled drug release systems. Numerous pharmaceutical 

ingredients have already been encapsulated in PLGA-based drug delivery systems with 

proven in vivo therapeutic effect (Kerimoĵlu & Alar­in, 2012). These include the successful 

encapsulation of antibiotics (Toti et al., 2011), vaccines (Zhao et al., 2014), anti-cancer 
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molecules (Rafiei & Haddadi, 2017), anti-tuberculosis agents (Semete et al., 2012) and 

numerous others for various ailments and diseases. PLGA has shown to be versatile as it has 

successfully encapsulated various active ingredients. These ingredients have their own 

chemical and physical properties and therefore encapsulation may be of a different process 

and design.  

 

2.7 Preparation methods of polymeric nanoparticles 

PLGA has been investigated by various research groups by means of various techniques such 

as multiple emulsion solvent evaporation, nanoprecipitation, salting out and much more, to 

produce microparticles or nanoparticles aiming at efficient delivery of active compounds. 

 

2.7.1 Solvent evaporation 

Nanoparticles can be formed by means of a single or a multiple emulsion. This method is used 

to encapsulate both hydrophilic and hydrophobic compounds. The polymer, owing to its 

hydrophobic nature, is first dissolved in an oil phase which is usually an organic solvent that 

is thereafter emulsified with an aqueous phase containing adequate surfactant or stabiliser. 

Hydrophobic drugs are added to the oil phase together with the polymer whereas the 

hydrophilic drugs are frequently added to the initial water phase. In case of a double emulsion, 

the aqueous phase containing the hydrophilic active agent is emulsified into the polymer 

organic phase by utilising high shear homogenisation. This first emulsion obtained is thereafter 

re-dispersed into an aqueous phase of a stabiliser and other desired additives, resulting in a 

double emulsion with very fine droplets size (Mirakabad et al., 2014). The organic solvent of 

the single/double emulsion is thereafter evaporated after several hours of stirring and 

hardened nanoparticles are collected and washed by means of centrifugation followed by 

lyophilisation. Alternative technique consists of immediately spray drying the emulsion after it 

is formed and equally resulting in a free-flowing powder with the addition of drying additives 

(Kalombo, 2011). 

 

2.7.2 Nanoprecipitation 

Nanoprecipitation also known as interfacial precipitation is a low energy input process used 

for the preparation of polymeric nanoparticles. In this case, it is required that the organic 

solvent containing both the encapsulating polymer and the active compound, be partially 

soluble in an aqueous solution and highly volatile for the anti-solvent effect to occur. 

Nanoparticles are formed when droplets of the organic phase are injected into the aqueous 

phase with a stabiliser in solution. Spontaneous precipitation occurs owing to the rapid 

diffusion and evaporation of the solvent out of the aqueous phase and subsequent saturation 
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of the hydrophobic polymer. The active agent is therefore incorporated into the polymeric 

matrix either by co-precipitation or solid solution formation. This technique is so far designed 

only for both hydrophobic matrices and hydrophobic active compounds (Nagavarma et al., 

2012).   

 

2.7.3 Salting out 

This method involves the separation of a water miscible solvent from an aqueous solution 

achieved by a salting out effect. Both the polymer and active are dissolved in acetone followed 

by the emulsification into an aqueous gel containing a salting-out agent (electrolytes) and a 

stabiliser. The formation of nanospheres is induced by the further addition of aqueous solution 

which enhances the diffusion. The main disadvantage of this technique is the extensive 

washing step and its specificity to lipophilic drugs (Nagavarma et al., 2012).  

 

2.8 Advantages of polymeric nanoparticles 

The utilisation of polymers for drug delivery offers the following advantages: 

¶ Easy physical characteristic modification i.e. changes in size and surface charge to 

assist in passive or active drug targeting (Singh et al., 2010). 

¶ A sustained drug release profile is possible from the matrix which enhances 

bioavailability thus leading to lesser dose frequency, side effects and improved patient 

compliance (Parveen et al., 2012). 

¶ The preservation of drug integrity and activity with encapsulation (Dadwal, 2014). 

¶ Increased lymphatic residence time and specific tissue and cell targeting from surface 

functionalised NPs with surface targeting ligands (Moghimi, 2006). 

¶ Various routes of administration, i.e. oral, nasal, parenteral and intra-ocular and so 

forth (Natarajan & Meyyanathan, 2012). 

Despite these advantages, the small sizes and large surface areas achieved with polymeric 

NPs can occasionally result in an insufficient drug loading and induce initial burst release 

(Nagal & Singla, 2013).  

2.9 Disadvantages of polymeric nanoparticles 

¶ Owing to its smaller size and larger surface area, particle-particle aggregation 

makes physical handling of nanoparticles difficult in liquid or dry form (Natarajan & 

Meyyanathan, 2012). The stability and storage issues are of concern owing to its 

size. 

¶ This highly sophisticated technology requires a certain degree of expertise. 
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¶ Dosage adjustment is difficult.  

 

The advantages and disadvantages of polymeric nanoparticles are greatly influenced by its 

physical characteristics; its particle size, surface charge, surface modification and 

hydrophobicity. 

Therefore, various nano-scale materials are utilised to modify the pharmacokinetic and 

pharmacodynamic properties of the active ingredient such that an improvement in its 

bioavailability, specificity and controlled release profile is achieved (Ina, 2011).  

2.10 Pheroid® delivery system 

The lipid-based Pheroid® delivery system is multidimensional and is capable of entrapment of 

various actives with different physiochemical properties. It is a colloidal system comprising of 

essential fatty acids that are formed in an aqueous medium upon mechanical agitation. Owing 

to the plausible characteristics; increased efficacy, lower cytotoxicity, reduced immunological 

response as well as enhanced cellular uptake; the Pheroid® system is deemed to be ideal for 

drug delivery. This technology has been extensively investigated for the treatment of malaria 

as well as the delivery of actives that are transdermally administered for treating various skin 

diseases. Furthermore, this system is versatile and easily prepared with ingredients that are 

considered as GRAS (generally regarded as safe).  

2.10.1 Historical perspective of the Pheroid® delivery system 

Pheroid® is derived from EmzaloidTM technology. This technology was formulated by 

MeyerZall (Pty) Ltd Laboratories to treat psoriasis. The product formulated was proven to be 

more effective with reduced side effects. Further conclusions led to the hypothesis that was 

later proven correct; that the enhanced absorption and resulting efficacy was due to the 

encapsulation of the active into micro-vesicles (Fuhrmann et al. 2015). 

In 2003, The North-West University (NWU) obtained the intellectual rights of this system. A 

Pheroid® is not an EmzaloidTM, there are several differences in their manufacturing protocol. 

EmzaloidTM possess essentially the same components but with the following exceptions:  

¶ EmzaloidTM is gassed with nitrous oxide at 80kPa for 4 hours whereas Pheroid® are 

gassed at 200 kPa overnight,  

¶ A difference in components ratios exist and 

¶ All Pheroid® formulations contain Ŭ-tocopherol (Grobler, 2009). 

The components of the Pheroid® technology will be discussed in the subsequent section. 
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2.10.2 Pheroid® components  

2.10.2.1 Essential fatty acid component 

Pheroid® is a unique colloidal system consisting primarily of ethylated and pegylated 

polyunsaturated or esters of essential fatty acids (Grobler, 2009); dl-Ŭ-tocopherol, vitamin F 

ethyl ester and Kolliphor® EL. Essential fatty acids are generally grouped as vitamin F; 

consisting of oleic, linoleic and alpha-linolenic acid. These fatty acids are not synthesised by 

the human body and are essential for various cell functions (Grobler, 2014). They serve as 

the lipid building blocks for the Pheroid®. Kolliphor® EL is a registered trade name for BASF 

Corp and is a version of polyethoxylated castor oil.  It is utilised as a non-ionic surfactant that 

stabilises the lipid vesicles in the aqueous phase Furthermore, dl, Ŭ-tocopherol is an 

antioxidant which assists in the prevention of peroxyl radicals in vivo which may cause damage 

to DNA, lipids, proteins and other bio-molecules (Halliwell, 1996), thus giving the Pheroid® 

membrane an additional function as a peroxy radical scavenger.  

2.10.2.2 Nitrous oxide component 

Sterile water is saturated with nitrous oxide (N2O). For Pheroid® formation, N2O contributes to 

fatty acid dissolution, self-assembly of vesicles and overall stability. Furthermore, molecular 

modelling has shown possible interactions of N2O and fatty acids to form a functional model 

that assists in the transportation of hydrophilic and hydrophobic active ingredients (Grobler, 

2009).  

2.10.2.3 Pheroid® types 

Owing to its simple preparation and dynamic constituents, the Pheroid® can be easily 

manipulated in terms of its size, structure, morphology and overall nature. This manipulation 

depends on the intended application and the following factors of delivery including absorption, 

distribution, release mechanism, metabolism and clearance. Manipulation is achieved by; 

alteration in fatty acid composition, addition of charge inducing agents as well as changing the 

aqueous medium (pH, ionic strength, etc). There are three classifications of Pheroid®; 

vesicles, microsponges and pro-Pheroid®.The pro-Pheroid® constitutes the óoilô phase of the 

system and upon the addition of the ówater phaseô (added externally or bodily fluids) a Pheroid® 

is formed. Depending on the ratio of the oil constituents, either vesicles (a lipid bilayer) or 

sponges (a depot of active sites) are formed. Figure 2.1.A depicts vesicles with fluorescent 

actives whereas 2.1.B depicts sponges with many depots for drug encapsulation (Grobler, 

2009). 
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Figure 2.1: Proposed schematic of Pheroid® vesicle layers and confocal images of vesicles 

(A) and sponges (B) (reprinted from permission from the author), (Grobler, 2009). 

2.10.3 Cellular uptake of Pheroid® 

The mechanisms for cellular uptake of Pheroid® are still speculative. However, literature 

suggests that a similarity between the uptake of essential fatty acids (EFA) and Pheroid® 

exists. The hydrophobic nature of fatty acids contributes to its insolubility in aqueous 

environments, thus more specific trafficking mechanisms are required for its delivery. 

Preliminary evidence suggests that Pheroid® uptake is facilitated by acid membrane binding 

proteins generally present within lipid rafts in the cell membrane and this uptake is a function 

of the shape, size, geometry and fatty acid ratios of Pheroid® (Grobler, 2009). 

2.10.4 Similarities and difference between Pheroid® and lipid-based delivery 

systems 

Table 2.3 below depicts the similarities and differences between Pheroid® and other delivery 

systems. The Pheroid® delivery system provides more advantages to that of other lipid based 

systems. The essential fatty acid composition makes this delivery system unique and ideal. A 

delivery system that displays enhanced membrane penetration, low cytotoxicity, enhanced 
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bioavailability and high encapsulation efficiency could alleviate all the problems posed by 

conventional therapy.   

Table 2.2: Similarities and difference between Pheroid® and lipid-based delivery systems 

(Adapted from Grobler, 2009; Uys, 2006). 

Pheroid® Lipid-based delivery systems 

Consists mainly of essential fatty acids that 

are needed by the body. 

Contains a proportion of foreign substances 

to the body e.g. artificial polymers 

An affinity exists between the Pheroid® and 

cell membrane to ensure penetration and 

delivery. 

Binding and uptake mechanisms have not 

been described for most lipid-based delivery 

systems. 

Low cytotoxicity is observed, since the 

essential fatty acids are part of the natural 

biochemical pathways.  

Cytotoxicity and impaired cell integrity are 

common problems with foreign substances 

in the body. 

Pheroid® is polyphilic in nature and is 

capable of entrapping actives which of 

hydrophilic or hydrophobic in nature. 

Most delivery systems are either lipophilic or 

hydrophilic. 

Pheroid® enhances the bioavailability of 

orally or topically administered entrapped 

actives. 

Liposomal delivery systems have shown to 

enhance absorption across biological 

barriers. 

Entrapment efficiency has shown to be in the 

range of 85-100%. 

Charge and steric hindrance of delivery 

systems may cause low entrapment 

efficiency.  

Pheroid® may exist in micro-sponges which 

are ideal for combination therapy as some 

actives may entrap in the interior volume and 

others in the sponge spaces. 

Combination therapy has been problematic 

for most delivery systems. 

 

When the Pheroid® system is compared to other delivery systems they appear to be the 

superior delivery system.  
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To date, there is little to none literature available exploiting the advantages of both polymeric 

nanoparticles and Pheroid® delivery systems. Owing to the vast amount of similarities between 

Pheroid® and lipid based systems a brief overview of lipid-polymer based hybrid nanoparticles 

will be discussed, as this forms the basis of the combined delivery system we aimed to 

achieve.  

2.11 Lipid-polymer hybrid nanoparticles 

To address and overcome the limitations presented by liposome and polymeric carriers as 

well as to exploit the advantages of these single delivery systems, recent efforts are being 

expanded to merge the two delivery systems; giving rise to a dual delivery vehicle termed lipid-

polymer hybrid nanoparticles (LPNs) (Zhang et al., 2008). 

LPNs would possess a dual advantage, combining the advantages of both polymeric NPs and 

liposomes. A hybrid delivery system could essentially lead to a system with high 

biocompatibility, stability and favourable pharmacokinetic profiles (Hadinoto et al., 2013). An 

increase in drug loading and encapsulation is easily achievable with the encapsulation of 

hydrophilic and hydrophobic therapeutic actives in the polymeric core/matrix or in between the 

lipid layers of the liposome (Fang et al., 2014). 

There are three main characteristics that contribute to this new generation of delivery systems 

as shown in Figure 2.4; 1) a polymeric core that can encapsulate hydrophilic drugs and release 

it at a sustained rate, 2) a lipid shell coating the polymeric core which assists in the prevention 

of drug diffusion and water penetration and 3) a stealth coating to assist in the evasion of the 

LPN by the immunogenic response (Zhang & Zhang, 2010). 
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Figure 2.2: Proposed structure of lipid-polymer nanoparticle with an inner polymeric core and 

an outer lipid shell (Adapted from Zhang and Zhang, 2010; Image drawn with ChemBioDraw 

11.0 Software) 

The polymer core and lipid shell are associated with each other by either hydrophobic 

interactions, non-covalent interactions, van der Waals forces or electrostatic interactions 

(Zhang & Zhang 2010). 

 

2.11.1 Conditions for the formation of the hybrid vesicle 

The stability of the hybrid suspensions is important as it directly affects the physiological 

behaviour of the particles and in turn will determine its application (Carolina et al., 2012). The 

stability of these hybrid systems can be achieved by controlling the chemical composition and 

size of the hydrophobic segments between the polymers and lipids as well as the chemical 

composition of the nanoparticles (Le Meins et al., 2013; Hall et al., 2007). The thermodynamic 

incompatibility owing to the entropic and enthalpic differences between the polymer and lipid 

blocks may result in a phase separation in the hybrid suspension (Le Meins et al., 2013).  

2.11.2 Preparation of lipid-polymer hybrids 

There are two methods in which hybrid nanoparticles can be prepared. The first method 

(Figure 2.3, a) involves separate preparations of polymeric nanoparticles and lipid vesicles 

followed by their co-incubation with desirable molar ratios to achieve hybrid nanoparticles by 

needle extrusion, high-speed homogenization or vortexing (Zhang et al., 2008). 
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The lipid layer is formed on the polymeric surface by favourable electrostatic interaction 

between the two systems (Cheow et al., 2011).  

 

Figure 2.3: Schematic illustrations of lipid-polymer hybrid nanoparticles, a) two-step synthesis 

for LPN and b) one-step synthesis (Adapted from Zhang & Zhang, 2010) 

The second method (Figure 2.3, b) is a single method, which involves the dissolution of the 

free polymer and hydrophobic drug into a water-miscible solvent and addition to a lipid 

aqueous medium under agitation. The formation of the NP is achieved by the diffusion of the 

water-miscible solvent into the lipid aqueous phase resulting in the co-precipitation of the 

polymer and drug into NPs onto which the lipids self-assemble owing to hydrophobic 

interactions (Fang et al., 2014). This method is limited as it is only possible for hydrophobic 

drugs that solubilise in water-miscible solvents. 

2.11.3 Applications of lipid-polymer hybrid delivery systems 

Wong and co-workers (2006) have designed a LPN system of doxorubin to assist in the 

treatment of multidrug resistant human breast cancer. The team utilised hydrolysed polymer 

of epoxidized soybean oil (HPESO) as the polymer component with stearic acid as the lipid 
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component. The results revealed that the hybrid system resulted in an 8-fold increase in 

cytotoxicity when compared to free doxorubin. Despite the high cytotoxicity the cellular uptake 

and retention of doxorubin by multidrug resistant cells was enhanced significantly. It was 

further concluded that the polymer-lipid hybrid system was essential for the effective delivery 

of doxorubin (Wong et al., 2006). 

Zhang and co-workers (2008) have reported a novel lipid LPN as a robust drug delivery 

platform. PLGA was utilised as a model hydrophobic polymer to form the polymeric core and 

polyethylene glycol (PEG) covalently bonded to 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine (DSPE) was used as a stealth coat. The lipid monolayer at the interface 

of the PLGA shell was achieved with lecithin. The results indicated that a hybrid NP with high 

drug loading, sustained drug release, good serum stability and good cellular targeting ability 

was developed (Zhang et al., 2008).  

 

Owing to the essential fatty acid component of the Pheroid® and all its advantages listed above 

(Table 2.2), i.e. enhanced membrane penetration, low cytotoxicity, enhanced bioavailability 

and high encapsulation efficiency, it was easily proposed that Pheroid® could be utilised as 

the lipid component in lipid-polymer hybrid systems. These can be prepared similarly to the 

method above in 2.5.2 with separate preparation of polymeric and lipid systems followed by 

co-incubation.   

2.12 Important physico-chemical characteristics of nanoparticles 

2.12.1 Particle size, size distribution and shape 

Particle size, size distribution and shape are important characteristics as they may influence 

the in vivo fate of the particles, i.e. circulation time, cellular response and transportation 

through the blood capillaries. The opsonisation and cellular response from macrophages is 

strongly influenced by size and surface properties (He et al., 2010).  

 

There are three probable main uptake mechanisms of particles through gastrointestinal and 

physiological barriers that have been identified: 

¶ Paracellular uptake (particles < 50 nm) ï particles ókneadingô between epithelial cells 

owing to their extremely small sizes, 

¶ Endocytotic uptake (50 nm < NP size < 500 nm) -  particles absorbed through 

endocytosis by intestinal enterocytes and 

¶ Lymphatic uptake (500 nm < NP size < 5 µm) ï particles are absorbed by M cells of 

the Peyerôs patches (Florence et al., 1995; Win & Feng, 2005). 
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Nanoparticles loaded with drugs can be administered intravenously or through oral 

administration. It was reported that polymeric NPs of more than 500 nm can cross the M cells 

of the Peyerôs patches and easily taken by the lymphatic system thus resulting in an 

improvement in bioavailability (Kulkarni & Feng, 2013).  

 

Apart from influencing cellular uptake of particulates, the size of the NPs plays a key role in 

the overall stability of the system, with smaller particles presenting a greater risk for 

aggregation during storage, transportation and dispersion (Singh & Lillard, 2009). 

 

It is equally important to evaluate the effects of the size and shape of the NPs on cells 

simultaneously as it may have direct implications on the cytotoxicity of the nanomaterials, their 

particle transport characteristics and cell-particle interactions, which may alter drug release 

kinetics (Nel et al., 2009). The shape influences the in vivo membrane uptake during 

endocytosis or phagocytosis (Verma & Stellaci, 2009).  Champion and Mitragotri (2006) have 

shown that spherical particles had a greater cellular uptake when compared to that of rod-

shaped particles and less toxic irrespective of their homo/heterogenicity (Lee et al., 2007). 

This may be explained by the difference in particle curvature, with a greater membrane contact 

time required for the elongated particles (Verma & Stellaci, 2009). 

 

In addition to the size and shape a small and narrow size distribution is crucial for in vitro and 

in vivo investigations. These characteristics determine the biological fate, toxicity, target ability 

and distribution of particles. In addition, physico-chemical properties such as drug loading, 

drug release profile and stability are affected to a greater extent (Panyam & Labhasetwar, 

2003).  

 

2.12.2 Surface properties 

Surface charge and surface functionality of NPs are important physicochemical characteristics 

that determine the cellular uptake of particles by cells. Previous research has shown that 

polystyrene microparticles with a primary amine on the surface underwent a greater deal of 

phagocytosis compared to particles with sulphate, hydroxyl and carboxyl groups. It therefore 

suggests that neutral and positively charged particles have a higher cellular uptake rate but 

with a short blood circulation half-life. The design of surface functionalisation is a crucial factor 

to be considered when developing short or long circulatory NPs, depending on the application 

(Alexis et al., 2008). 
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A study by Kim et al, (2005) demonstrated that the in vivo pharmacokinetics and bio-

distribution profile of a colloidal delivery system is on their physiochemical properties which 

include size and surface. The majority of investigations evaluate size and shape concurrently 

to determine its effect on cytotoxicity, particle transport, cell-particle interactions and drug 

release kinetics of the NPs (Dunne et al., 2000; Nel et al., 2009). 

 

Positively and neutral charged particles have demonstrated a higher cellular uptake rate 

however, this is at the cost of a short blood circulation time. To counter this, emphasis is added 

to surface modification since it is a crucial parameter in drug delivery design which can enable 

the achievement of a desired circulation time (Alexis et al., 2008). 

2.12.3 Targeting ligand surface functionalisation 

Conventional drug delivery is achieved through absorption across barriers, whereas targeted 

delivery is the delivery of a drug load at a specific site that is diseased. This type of delivery 

assists with the maintenance of drug concentrations in blood plasma and tissue levels such 

that healthy cells are unharmed. Targeted drug delivery is preferred over conventional therapy 

as it prohibits the damage to healthy cells. Furthermore, targeted delivery can be further 

classified into active or passive delivery (Rani & Paliwal, 2014). 

 

Active targeting is achieved with a cell-specific ligand conjugated to the surface of a delivery 

system which enables the localisation of an active at a specific target site. Passive targeting 

involves the incorporation of the agent/ligand into the particle with accumulation of the active 

at the site of infection based in the delivery systemsô physicochemical properties as well as 

the pharmacological factors of the disease (Singh & Lillard, 2009; Rani & Paliwal, 2014).  

 

There is a vast number of different ligands that can be used for smart targeting of 

nanoparticles. A few of these ligands include small molecules, antibodies, peptide domains 

and aptamers (Friedman et al., 2013).  

 

2.12.4 Targeting ligands used for treatment of Tuberculosis  

There are various targeting strategies employed to enhance the treatment of Tuberculosis with 

Nanomedicine.  

 

A few of these strategies include: 

 

¶ Nanostructured lipid carriers in an optimal aerodynamic diameter range and decorated 

with mannose to selectively target macrophages. This was developed on the 
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propensity of macrophages to engulf NPs as well as the receptors for mannose which 

are highly expressed on the macrophages (Vieira et al., 2017). 

¶ Reduction of mycobacteria in macrophages by the interfering with the acquisition of 

essential nutrients needed for growth. Iron (Fe) is required for the survival of 

mycobacteria residing macrophages. The ability of Iron to undergo redox cycles 

between ferrous (Fe2+) and ferric (Fe3+) oxidation states allows it to function as an 

electron transporter in many enzymatic systems, including those involved in DNA 

replication. Thus, blocking Fe acquisition by mycobacteria tuberculosis is a potential 

way reduce the growth of mycobacteria tuberculosis within macrophages.  Gallium 

(GA) is a trivalent cationic element with many features that are similar to Fe, making it 

largely indistinguishable from Fe to many biologic systems. A study by Narayanasamy 

and co-workers showed that Ga nanoformulations inhibited the growth of mycobacteria 

within monocyte-derived macrophages by releasing Ga(III) over 15 days 

(Narayanasamy et al., 2015).  

 

¶ The coating of solid lipid nanoparticles with chitosan to improve mucoadhesion and 

delivery of NPs to pulmonary mucosa and also to improve drug delivery to the alveolar 

macrophages. Vieira and co-workers, has utilised chitosan to avoid mucociliary 

clearance from the airways. The chitosan coated SLN has shown higher permeability 

in alveolar macrophages than uncoated and was shown to be a promising carrier for 

the management of TB (Vieira et al., 2017).  

 

These targeting strategies provide a brief introduction to the various methods employed to 

assist in the treatment for Tuberculosis.  

 

Nanoparticles can be formulated, modified and functionalised to deliver across biological 

barriers or target diseased cells directly (Blanco et al., 2015). This study encompasses the 

use of active targeted drug delivery of CLR and ETB to macrophages with the assistance of 

mycolic acid (a long chain fatty acid) as a direct targeting ligand. To allow a quick uptake of 

the nanocarriers through gastro-intestinal track following oral administration, it appeared 

convenient to incorporate them into Pheroid® vesicles that have demonstrated rapid 

absorption across physiological barriers (Grobler, 2009).  

 

2.12.5 The use of mycolic acid as a targeting ligand 

Previously a study was conducted by Lemmer (2015), which had exploited the cholestroid 

nature of mycolic acids and implemented it as a targeting ligand in a nano-drug delivery 
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system for the treatment of tuberculosis. Mycolic acids are long chain fatty acids found in the 

mycobacterial cell wall envelope and the most dominant lipid in the outer cell wall (Minnikin, 

1982). These highly hydrophobic molecules not only play a physical role of protection for the 

bacteria it has also been shown to play an immunological role towards the host (Dubnau et 

al., 2000; Korf, et al., 2005). Some of these attributes could be taken advantage of to be used 

as a targeting molecule. The cholesterol mimicking properties of these mycolic acids could be 

used to target the encapsulated drugs towards the site of infection in infected macrophages 

by being attracted to cholesterol present in the plasma membrane (Benadie, et al., 2008; 

Beukes et al., 2010). Alternatively, because antibodies to mycolic acids are found in infected 

individuals the mycolic acids containing capsules could form complexes with anti-MA 

antibodies in the vicinity of the sites of infection to cause a localized immune complex that 

may enhance uptake of the encapsulated drugs (Pan et al., 1999). Since MAC also colonize 

macrophages similar to the pathogenic mycobacteria the assumption is made that the same 

targeting principles can also be applied in this case (Inderlied, et al., 1993). Therefore, this 

study applied the same logic and exploitation of mycolic acid for the treatment of MAC.   

2.12.6 Drug determination in delivery systems 

There are two terms that are commonly used in drug delivery in relation to the drug content 

present in the NP, i.e. the encapsulation efficiency (EE) and the drug loading (DL). The EE 

refers to the percentage of drug encapsulated into the polymer shell or embedded in the 

polymer matrix.  
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The EE can further be calculated using a direct and indirect method where the direct method 

is the quantification of a drug encapsulated into the particle and the indirect is the quantification 

of the drug that was not encapsulated into the particle. A direct method encompasses the 

dissolution of the NP with the encapsulated drug in an appropriate solvent system determined 

by the nature of the particle as well as the chemical nature of the drug. The concentration of 

the drug is measured via an analytical method most suited for the system. Whereas with an 

indirect method, the free drug remaining in supernatant after the particle collection step 

(centrifugation) will be measured. In both cases the EE is expressed as a percentage of the 

drug in the formed NP with respect to the initial amount of drug used in the preparation of the 

particles. 
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A high drug loading (DL) is preferable for the successful administration of the nano-drug 

delivery system. The DL is the ability of the NP system to encapsulate a certain active and is 

expressed as the weight of the drug in the NP in relation to the weight of the NPs expressed 

as a percentage. 
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Unfortunately, most drug delivery systems have a low drug loading. This is mainly attributed 

to the chemical nature of the actives as well as their possible interactions with the carrier 

vehicle (Shenoy & Amiji, 2005). Therefore, a large quantity of the drug delivery systems needs 

to be administrated to ensure the deliverance of a relevant dose. Thus, it is important to design 

a system that can offer the potential of high DL to ensure that a lower dose of the drug delivery 

system can be administered to ensure efficient delivery of active as well as in turn lowering 

the cost of treatment (Rocca et al., 2012).  

 

For this current study, only the EE was determined by means of the indirect method with the 

use of Liquid Chromatography Mass Spectrometry (LCMS) as the analytic quantification 

method.  

 

2.12.7 Drug release profile of drug delivery systems 

The drug release profile is important for the proposed application. Understanding of the 

release mechanism of these systems assists in the smart manipulation of the formulation 

parameters such that desirable release profiles are achieved. The release mechanisms and 

profile are dependent on the physical properties of the NPs and furthermore chemical 

properties of the materials used. The rate of release of drug from the delivery system is usually 

determined by the solubility of the drug itself, the desorption of the drug on the bound surface, 

the diffusion process through the polymer matrix/wall of nano-capsule and the erosion of the 

NP matrix (Mahapatro & Singh, 2011). 

 

The drug release kinetics depends on the size and DL. Larger particles with a higher DL have 

shown a small initial burst and release rate. When the drug is uniformly distributed through the 

polymer, the release occurs through erosion or diffusion (Kumari et al., 2010) which assists in 

a sustained release profile.  Therefore, it is of utmost importance to understand the chemical 

properties of the system as well as the initial components in order to achieve the desired 

release characteristics. 
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2.12.8 Cytotoxicity profile of drug delivery systems 

It is important to understand the behaviour and reaction of an active in the body. To do this, 

cell culture studies are recommended before the commencement of animal studies. It is 

essential for cell culture studies to be well monitored as cells are sensitive to minute changes 

in the environment. Therefore, closely monitored studies would ensure that any cell death can 

be attributed to the tested compound. 

 

It is crucial that a cytotoxicity assay is applicable to the application. The most common 

representation of cytotoxicity investigations is the measure of cell death through colorimetric 

methods which measure plasma membrane integrity and/or mitochondrial activity. There are 

several ways in determining cell viability after exposure to test compounds, which include: 

 

¶ Neutral red: It is a spectrophotometric test in which cell cultures are incubated with 

neutral red (toluylene red). Live cells metabolise this dye, therefore a higher cellular 

uptake is representative of a higher cellular viability (Lewinski et al., 2008).  

¶ Trypan blue assay: Optical microscopy is used to quantify cellular viability. Trypan blue 

is a diazo dye that is permeable to damaged cellular membranes, therefore this type 

of dye is representative of the dead cells (Lewinski et al., 2008). 

¶ Tetrazolium reduction assay: There are variety of compounds that assist in the 

detection of viable cells which include MTT, MTS, XTT, and WST-1 which can be 

further classified into two categories of positively and negatively charged that 

influences cellular penetration (Lewinski et al., 2008). This test assesses the cell 

viability by means of the measurement of mitochondrial activity, achieved by 

mitochondrial dehydrogenase enzymes which are only found in living cells and are 

capable of cleavage of the tetrazolium ring from tetrazolium salts (Lewinski et al., 

2008).  

¶ Lactate dehydrogenase (LDH) release monitoring: LDH is a soluble cytoplasmic 

enzyme that is present in almost all cells and is released into the extracellular space 

when the plasma membrane is compromised (Chan et al., 2013).  This method utilizes 

standard spectroscopy to quantify the formation a tetrazolium salt which is converted 

to a coloured formazan product by nicotinamide adenine dinucleotide (NADH) after the 

oxidation of lactate and NAD+ from pyruvate in the presence of the LDH enzyme 

(Fornaguera & Solans, 2017).  

¶  A live/dead viability test: Is the measure of the cell membrane integrity and 

permeability which use of a two-colour fluorescence assay. This includes 
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calceinacetoxymethyl (Calcein AM) and ethidium homodimer which assist in 

quantification of interrupted membrane activity (Wang et al., 2013).  

 

A cytotoxicity profile for any investigation is of utmost importance as it can shed light to the 

potential behaviour of delivery systems in vivo and whether the carrier vehicle could hold any 

advantage in reducing the cytotoxicity of the therapeutic molecule. Therefore, to determine 

the cytotoxicity of the NP delivery systems developed in this study, a WST-1 tetrazolium based 

assay was conducted. There are some shortfalls that are associated with this assay, which 

include the lack of sensitivity owing to the absorbance detection method but can be enhanced 

by determining the optimum reagent concentration and incubation time.  However, there is a 

degree of toxicity that the reagent exhibits onto the cells. Despite these disadvantages, this 

assay was chosen as it is widely used in literature, quick and inexpensive (Riss, 2017). This 

assay will provide a general idea of the cytotoxicity of the particles developed in this study, 

however to draw solid conclusions it will be best to couple this assay with a cell apoptosis 

assay which was out of the scope of this preliminary study.   

 

2.13 Conclusion  

A treatment regime exists for MAC but not without its own disadvantages. To date no optimum 

and uniform treatment exist, however CLR together with ETB in combination has shown to be 

effective (Miwa et al., 2014).   

Nanomedicine with specifically drug delivery offer great advantages over conventional 

treatment, where there is intracellular delivery, sustained drug release and the possible toxicity 

reduction while maintaining therapeutic effects (De Jong & Borm, 2008). There are many 

different types of delivery systems that can offer these advantages, but for this investigation, 

polymeric nanoparticles, particularly PLGA together with liposomes and Pheroid® delivery 

systems were reviewed in hope to develop a polymeric-Pheroid® hybrid delivery system that 

offers the same enhanced advantages of LPN systems.  

PLGA NPs offer advantages such as easy surface modification (Singh et al., 2010), drug 

integrity preservation (Dadwal, 2014) and a sustained release profile (Parveen et al., 2012). 

The system we propose to develop will be easily modified, by the expression of a novel 

targeting ligand, MA, expressed on its surface to potentially enhance PLGA phagocytic uptake 

by macrophages. 

With the development of a hybrid system in mind, the Pheroid® delivery system together with 

its differences between conventional lipids systems were reviewed, as little to none literature 

exist on the development of a hybrid system with Pheroid® technology. The Pheroid® delivery 
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system is mainly composed of essential fatty acids and offers advantages such as; enhanced 

membrane penetration and low cytotoxicity (Grobler, 2009). With this in mind, we hope to 

observe these advantages together the advantages of PLGA NPs in the proposed hybrid 

system and in turn improve the treatment for MAC. 
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3.1 Introduction to the chapter  

This chapter was written for the International Journal of Pharmaceutics (see Annexure A for 

author guidelines). This journal focuses on the physical, chemical and biological properties of 

drug delivery systems for drugs, vaccines and biological actives. These properties include the 

evaluation of drugs, surfactants, polymers and novel materials. This manuscript, which is 

intended for submission to the journal, focuses on the preparation and characterisation of 

PLGA NPs loaded with anti-MAC therapeutic actives, i.e. CLR and ETB together with MA as 

a targeting ligand. A preliminary cytotoxicity and uptake assessment of these particles will be 

evaluated. This work will serve as a screening to whether PLGA together MA as a ligand, 

serves as a promising drug delivery candidate for CLR and ETB for the treatment of MAC.  
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Abstract 

Combination therapy of Clarithromycin (CLR) and Ethambutol (ETB) is prescribed for the 

treatment of Mycobacterium avium complex (MAC) infection in immunocompromised HIV 

infected patients. With a view to develop a targeted and sustained release system with the 

intention to improve bioavailability, CLR and ETB was encapsulated into poly (D, L-lactic-co-

glycolic acid) (PLGA) nanoparticles (NPs) labelled with mycolic acid (MA). The NPs were 

prepared by a double emulsion, solvent evaporation method. The CLR and ETB PLGA MA 

NPs had a size of 350 ± 70 nm and 305 ± 10 nm with a polydispersity index (PDI) of 0.18 ± 

0.02 and 0.25 ± 0.01 respectively. The prepared particles were subjected to cytotoxicity 

screening towards the HeLa cell line and THP-1 macrophages. Cytotoxicity results revealed 

that PLGA, MA, CLR and ETB displayed no cytotoxic effect after 24 hours, however after 48 

hours exposure a slight cytotoxic effect was observed. Successful cellular uptake of all 

particles was observed into THP-1 macrophages thus suggesting that targeted delivery to the 

site of infection may be possible. The objective of using the PLGA carriers with targeted 

delivery was to primarily enhance the oral bioavailability of CLR and ETB which may in turn 

decrease the dose and dose frequency for the successful management of MAC infection. 

Keywords: Mycobacterium avium complex, Poly (D,L -lactic-co-glycolic acid), nanoparticles, 

uptake, cytotoxicity 
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3.2 Introduction 

Mycobacterium avium complex (MAC) is an opportunistic infection that is primarily responsible 

for the difficulties experienced by immunocompromised patients such as those who has 

acquired immunodeficiency syndrome (AIDS) (Han et al., 2005). The treatment for MAC 

infection is lifelong, laborious and toxic despite the availability of an effective therapeutic 

regimen. High dosages and dose frequency are required to maintain its therapeutic effect thus 

increasing the risk of adverse effects and eventually increasing the likelihood of low patience 

compliance (Mwandumba et al., 2004; Vyas et al., 2004; Kilinc et al., 2002). This warrants the 

search for an optimal treatment regimen i.e. a targeted drug delivery system that facilitates 

the delivery of the drugs to the site of infection thus negating the need for prolonged and 

frequent dosing (Salouti and Ahangari., 2014). 

There are multiple conventional strategies for the treatment of MAC. Combination therapy with 

clarithromycin or azithromycin, ethambutol and rifamycin (rifampicin or rifabutin) is commonly 

recommended (Griffith et al., 2007; Kadota et al., 2016). An investigation by Miwa and co-

workers (2014) have shown that a two-drug regimen with clarithromycin (CLR) and ethambutol 

(ETB) had a comparable outcome to a three-drug regime with rifamycin making it a favourable 

combination of choice to use (Miwa et al., 2014).  

 

Despite ETB and CLR being effective in combination, these actives have limitations that could 

be addressed with encapsulation and targeting strategies. ETB is a bacteriostatic agent with 

a mechanism of action that has been suggested to occur by inhibition of mycobacterial cell 

wall synthesis with a reported bioavailability of 80% (Palomino and Martin, 2014; Jönnson et 

al., 2011). Despite the high bioavailability, ETB has a low plasma binding ability whereby 70% 

of oral doses are recovered unchanged in urine (Jönnson et al., 2011).  CLR has an oral 

bioavailability of approximately 55% (Rae et al., 2017) and is one of the few antimicrobial 

agents for which a relationship between in vitro susceptibility and clinical response for MAC 

was shown (Tanaka et al., 1999; Kadota et al., 2015). 

 

The leading investigations of drug delivery systems in the treatment of mycobacterial 

infections are lipid- or polymer-based nanoparticulate systems which have extensively been 

studied in experimental models of MAC and TB infection by many investigators who have 

encapsulated a variety of antibacterial agents (Pinheiro et al., 2011; Kaur et al., 2016). For the 

treatment of MAC infection these lipid-based delivery systems include the encapsulation of 

macrolides (azithromycin or clarithromycin), a rifamycin (rifampin or rifabutin), an 

aminoglycoside (amikacin) and ethambutol (Ladavière and Gref, 2015). A team of 

investigators has recently shown that the encapsulation of rifabutin in solid lipid nanoparticles 
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has increased the relative bioavailability by five-fold when compared to free rifabutin 

(Nirbhavane et al., 2016). Other groups have shown that the encapsulation of amikacin in 

sterically stabilised liposomes as a site-specific delivery system. The liposomal treatment 

resulted in rapid and complete elimination of the mycobacteria in all infected organs in half the 

treatment duration of the non-liposomal treatment which unfortunately had a considerable 

number of persistent mycobacteria remaining after treatment (Steenwinkel et al., 2007). 

Although the utilisation of polymer based delivery systems for the specific treatment of MAC 

is limited, a vast amount of experimental research exists for its use in enhancing efficacy of 

actives for TB infection (Kaur et al., 2016).  

Poly (D,L-lactic-co-glycolic acid)  (PLGA) is a commonly used synthetic polymer in drug 

delivery owing to its biodegradability, biocompatibility and favourable degradation properties 

(Hirenkumar et al., 2011). PLGA NPs are versatile as a result of its easy surface modification 

that allows for potential targeting ligands or molecules which aid in prolonged systemic 

residence time and drug delivery at the site of infection (Muller and Keck, 2004). PLGA NPs 

in combination with the first line anti-tuberculosis drugs (ATD); rifampicin (RIF), isoniazid (INH) 

pyrazinamide (PYZ) and ethambutol (ETB) have demonstrated an increase in bioavailability 

when compared to free drug (Pandey et al., 2006). Alternative method preparation of PLGA 

NPs with ATDs with additional surfactants and additives to modify the polymer matrix have 

shown to prolong the circulation time (Semete et al., 2012).  Various amount of research exists 

on the utilisation of PLGA NPs with several modifications to improve the treatment of TB. 

These may include the use of targeting ligands, where the delivery of the drug is at the site of 

infection. Previous research published by Lemmer and co-workers (2015) have exploited the 

fact the MA are found in the mycobacterial cell wall and have hypothesised that the MA on the 

surface of the NP may interact with anti-MA antibodies in the area of infection and promote an 

enhanced uptake of NPs of infected and uninfected macrophages. Theyôve shown that with 

the addition of MA to PLGA NPs loaded with INH, a significant increase on phagocytic uptake 

was observed (Lemmer et al., 2015).  

It is therefore safe to assume, that with the same approach for MAC therapeutics, we could 

potentially improve the treatment for MAC by enhancing the overall efficacy of CLR and ETB 

by increase phagocytic uptake. 

In this preliminary work, PLGA NPs with the addition of MA as a targeting agent to TB-infected 

sites was prepared with a double emulsion solvent evaporation process. The collected 

particles were investigated in terms of its physiochemical properties such as particle size, zeta 

potential and encapsulation efficiency. Furthermore, its cytotoxicity was evaluated against 
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HeLa and THP-1in vitro models. Lastly, the effect of MA on the potential enhancement of 

cellular uptake of NPs by the macrophages was viewed with confocal microscopy. 

3.3 Materials and Methods 

3.3.1 Materials 

Unless stated otherwise all reagents were purchased from Sigma-Aldrich Chemical Co., (St 

Louis, MO, USA). The 5-bromomethyl fluorescein mycolic acid was generously donated by 

Prof. J.A.Verschoor from the University of Pretoria. Clarithromycin and ethambutol 

dihydrochloride was purchased from DB fine chemicals, South Africa. For the cytotoxicity and 

uptake investigation, Foetal calf serum (FCS), penicillin/streptomycin, RMPI ï 1640 medium 

with L-glutamine and DMEM was purchased from Life technologies, (California, USA). 

Paraformaldehyde for cell fixation was purchased from Merck, Darmstadt, Germany. 

3.3.2 Methods 

3.3.2.1 Preparation of NPs 

NPs were prepared via a double emulsion solvent evaporation technique, followed by freeze-

drying (Lemmer et al., 2015; Lamprecht et al., 1999). Briefly, 100 mg of PLGA 50:50 (Mw: 

30 000-60 000) was dissolved in dichloromethane (DCM) (6 mL) with or without the MA pre-

dissolved in dichloromethane. To this solution, 1% (w/v) PVA aqueous phase (2 mL) 

containing ETB (100 mg) was added and homogenised by means of a Silverson high speed 

homogeniser (Silverson L4R Buckinghamshire, UK) at 8000 rpm for 3 minutes.  

The resulting water-in-oil emulsion (w/o) was added to 40 mL of 2% w/v PVA aqueous solution. 

This mixture was further emulsified for 7 minutes at 8000 rpm resulting in the final double 

emulsion (water-in-oil-in-water, w/o/w).  The final w/o/w emulsion was stirred overnight at room 

temperature to allow solvent evaporation and subsequent precipitation of NPs.  

For CLR NPs: 

CLR (100 mg) was dissolved in the 6 mL DCM with or without pre-dissolved MA. The 

emulsification was followed exactly to that described for ETB NPs. 

 

For particle collection, the evaporated emulsion underwent a double centrifugation process 

that assisted in the separation of particles of different sizes at 845 and 33 902 rcf for 10 and 

15 minutes respectively. The supernatant was collected and further analysed for free drug. 

The resulting particles were dried by lyophilization in a Virtis Benchtop freeze dryer (SP 

Industries, Gardiner, New York, USA).  
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For Fluorescent labelled NPs: 

Two sets of fluorescent labels coumarin-6 (C6) and 50% 5-bromomethyl fluorescein labelled 

mycolic acid (5BMF-MA) were prepared for cellular uptake evaluation. 

C6 particles were prepared to that described by Ma et al., (2012). A dye solution (50 µg of C6 

in 50 µL chloroform) was added to the polymer solution prior to the described emulsification 

process. 

5BMF-MA NPs were prepared similarly to the method earlier described for ETB and CLR- 

loaded PLGA NPs, with a direct substitution of MA with the 50% labelled MA (5BMF). 

3.3.2.2 Characterisation: Size distribution and zeta potential 

Approximately 1 mg of sample was suspended in 10 mL of distilled water and sonicated for 5 

minutes. Size and zeta potential was measured on the Malvern Zetasizer Nano ZS (Malvern 

Instruments, Worcestershire, UK) instrument at ambient temperature, viscosity of 0.8872 cP, 

refractive index (RI) of 1,330, measurement angle of 173  ̄ Backscatter and a dielectric 

constant of 78.5. 

3.3.2.3 Characterisation: Surface morphology 

The surface morphology was examined using a Carl Zeiss scanning electron microscope, 

(Oberkocken, Germany). A small amount of the sample was mounted onto aluminium stubs 

with double-sided adhesive carbon tape. The samples were sputtered with carbon (Emitech 

K550 Super Coated; Emitech Ltd, South Stour Avenue Ashford, Kent, UK) under an argon 

atmosphere. Samples were observed for morphology at a voltage of 2.00 kV and imaged at 

10 000X magnification. 

3.3.2.4 Drug Encapsulation Efficiency 

The encapsulation efficiency (EE) was achieved by means of an indirect drug quantification 

method. The supernatant after particle collection was analysed for free drug by means of a 

Shimadzu ultra-performance liquid chromatography (UPLC) interfaced with ABSciex 3200 Qï

Trap triple quadrupole mass spectrometer. Chromatographic separations were performed 

using a Gemini 5 µm C18 110 Å column, 250 x 4.6 mm. The oven was set at room temperature 

and the mobile phase consisted of 10 mM ammonium acetate in methanol and was 

isocratically eluted at a flow rate of 1 min/mL with an injection volume of 20 µL.  

The EE was calculated from the difference between the total drug used in preparation and the 

amount of non-encapsulated drug (free drug) present in the supernatant after isolation of 

particles, after washing.  



51 
 

The amount of drug loss in the centrifugation process was calculated with equation 1. 

Equation (Eq) 1: Free drug = a ( ) x b (mL) x c 

where a is: the mean calculated concentration, b: volume of supernatant collected and c: dilution factor 

The amount of drug remaining in the pellet was calculated using Eq 2: 

Equation (Eq) 2: Encapsulated drug (mg) = Initial drug added (mg) ï free drug (mg) 

Encapsulation Efficiency (EE) was calculated using Eq.3. 

 

Equation (Eq) 3: %%  
    

  
 ὼ ρππ 

 

3.3.2.5 Cytotoxicity of PLGA NPs with THP-1 macrophages and HeLa cells 

THP-1 and HeLa cells were purchased from ATCC, USA. The cells were grown and 

maintained at a confluency of 0.5 ï 5 x 106 cells/mL, in RPMI-1640 for THP-1 and DMEM 

media for HeLa cells. Additives in the media included penicillin (50 µg/ml), streptomycin (50 

µg/ml) and 10% heat inactivated foetal calf serum (FCS). The cells were maintained at 37 ºC 

in a 5% CO2 (g) humidified incubator according to general cell culture practices. THP-1 

monocytes were differentiated into macrophages with 50 nM Phorbol 12-myristate 13-acetate 

(PMA) for 48 hours as previously described by Kisich et al 2007. Cell viability after exposure 

to the different nanoparticle formulations for 24 or 48-hour incubation periods, was determined 

using a WST assay (Quick Cell Proliferation Assay Kit II, Biovision, USA) and was utilised in 

accordance to the manufacturerôs instructions. Briefly, this product utilises the tetrazolium salt 

WST-1, which is reduced to water-soluble orange formazan by cellular mitochondrial 

dehydrogenase present in viable cells. The absorbance reading at 450 nm with a reference 

wavelength at 630 nm was used to measure the dye which was further related to the amount 

of viable cells. 

3.3.2.6 Statistical analysis 

The cytotoxicity measurements were collected from a single set of data of (n=16) per test 

formulation. Owing to the assay not repeated, as this was a provisional screening, statistical 

significance was not determined. However, these initial studies provide good indications on 

the protective effect the particles have towards the cells. The error bars in the graphs indicate 

standard deviation. 
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3.3.2.7 Uptake of fluorescent labelled particles into THP-1 macrophages 

The uptake of the particles into the macrophages cells was achieved by the addition of C6 and 

5-BMF fluorescently labelled particles (0.1 mg/mL) to newly chemically differentiated THP-1 

macrophages. This was followed by a 1-hour incubation period and a subsequent triplicate 

washing step consisting of phosphate buffer saline (PBS) containing 1 mM CaCl2 and 1 mM 

MgCl2.  

The macrophages were fixated onto glass slides by the addition of paraformaldehyde (PFA, 

3%) in PBS followed by a 20-minute incubation period and thereafter rinsed with distilled H2O. 

The cover slip was drip-dried and mounted face down with fluoroshield (fluorescent mounting 

medium solution). The cover-slip was sealed onto the glass slide with clear nail polish. The 

prepared slides were viewed with confocal laser scanning microscopy (CLSM, a Nikon Eclipse 

TE-3000, wavelengths: excitation (Ex) 488 nm, emission (Em) 515 nm) to determine potential 

cellular uptake of NPs. 

3.4 Results  

3.4.1 Size and Zeta Potential 

During the manufacturing of the various particles a bimodal size distribution was obtained. 

The different sizes of the particles were separated by utilising two different centrifugal forces, 

i.e., the lower centrifugal force was used to collect the larger sized particles with an average 

particle size range of 616 ï 1171 nm depending on the formulation and the higher force to 

collect particles in the mean average size range of 305 ï 498 nm. The size and zeta potential 

of the different particles produced are represented in Table 3.1. The average particle size 

distribution was greater for the larger sized particles compared to the smaller sized particles. 

The smaller sized particles were chosen for subsequent studies as smaller sizes were 

previously shown to have greater cellular uptake ability (Panyam and Labhasetwar, 2003). 

Table 3.1: Size and zeta potential of PLGA NPs (DF:drug free, ETB and CLR loaded) labelled 

with and without mycolic acids (n=3) 

 

 DF PLGA DF PLGA MA PLGA ETB PLGA ETB MA PLGA CLR PLGA CLR MA

       

Centrifugation Speed: 845 rcf       

Size (nm) 1617 Ñ 125* 1567 Ñ 531171 Ñ 60916 Ñ 37615 Ñ 281005 Ñ 59

PDI 0.76 Ñ 0.030.57 Ñ 0.140.86 Ñ 0.050.41 Ñ 0.050.27 Ñ 0.050.48 Ñ 0.41

Zeta Potential (mV) - 8.6 Ñ 0.3- 9.2 Ñ 0.2- 29.4 Ñ 0.4- 28.8 Ñ 0.2- 23.4 Ñ 1.8- 23.4 Ñ 0.5

Centrifugation Speed: 33 902 rcf      

Size (nm) 413 Ñ 12498 Ñ 42397 Ñ 70305 Ñ 10372 Ñ 15350 Ñ 70

PDI 0.38 Ñ 0.050.53 Ñ 0.130.23 Ñ 0.010.25 Ñ 0.010.28 Ñ 0.020.18 Ñ 0.02

Zeta Potential (mV) - 8.5 Ñ 0.3- 8.2 Ñ 1.0- 27.2 Ñ 1.9- 26.5 Ñ 0.7- 27.0 Ñ 0.8- 29.8 Ñ 0.5
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The larger sized particles obtained during preparation was potentially attributed to the use of 

DCM as a solvent in the formulation owing to its high interfacial tension, vapour pressure and 

poor aqueous solubility (Naik et al., 2012). These factors contribute to droplet instability 

present in the primary emulsion and low diffusion of DCM into the aqueous phase thus 

resulting in possible droplet coalescence (Vinneeth et al., 2014). The replacement of DCM 

with ethyl acetate (EA) was trial and errored as it has shown properties of lower interfacial 

tension and fast aqueous diffusion (Meng et al., 2003). EA was incorporated into the 

formulation to assist in the prevention of coalescence of droplets. Various ratios of DCM to EA 

were investigated but due to the limited solubility of the highly hydrophobic MA molecule, the 

formation of nanoparticles was unachievable (results not shown). Therefore, DCM was used 

despite its contribution to the higher poly-dispersity index (PDI). 

The zeta potential was strongly influenced by the addition of the drugs. The values ranged 

from -8.2 to -29.8 mV (Table 3.1). The DF NPs showed a low zeta potential range from -8.56 

to -9.22 mV. With the addition of CLR and ETB, the negative zeta potential increased to an 

average of -28 mV. The increased potential can be explained by the contribution of the 

hydroxyl groups present in the CLR and ETB structures, if they are exposed on the surface of 

the particles.  

3.4.2 Surface Morphology 

Scanning electron microscopic images of the PLGA NPs (Figure 3.1), regardless of the 

antibiotic content and whether MA were included or not, revealed a spherical shape with a 

smooth surface without any noticeable pinholes or cracks which is ideal for uniformity in NP 

degradation and drug release in in vitro and in vivo assays. The diameters of the particles 

ranged from 300-500 nm as confirmed by the laser light scattering measurement. In addition, 

no aggregation or agglomeration was observed conferring their stability and suitability for the 

drug delivery. 
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Figure 3.1: SEM images of (a) DF-PLGA NPs, (b) DF-PLGA-MA NPs, (c) PLGA-ETB NPs, 

(d) PLGA-ETB-MA NPs, (e) PLGA-CLR NPs and (f) PLGA-CLR-MA NPs (Scale bar: 1 µm, 

Magnification = 40 000X). 

3.4.3 Drug loss and EE determination  

The indirect drug encapsulation determination method was utilised to calculate EE. The results 

in Table 3.2 are representative of the drug loss during production, the remaining drug in the 

sample and furthermore the EE. Drug loss during production of PLGA CLR NP formulations 

was calculated to an average of 5 mg with an average EE of 94.4% for formulations with and 

without MA. Drug loss during production of PLGA ETB NP formulations was slightly less than 

CLR and was calculated to an average of 3 mg with an average EE of 96.6% for ETB 

formulations with and without MA. 

1 ɛM 1 ɛM 

1 ɛM 1 ɛM 

1 ɛM   1 ɛM 
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Table 3.2: Tabulated results of the mean calculated concentration, EE and the amount of CLR 

and ETB lost during sample preparation, where the mean calculated concentration was 

generated by the LCMS analyte software 1.6.1 package, where n = 3. 

Analyte 

Mean calculated 
concentration 

Calculated drug 
loss1 

Drug 
remaining in 

collected 
sample2 

  

(µg/mL)   
Initial mass: 

100 mg 
EE3 

  (mg) (mg) (%) 

PLGA-CLR 75.5 ± 7.31 5,4 94,6 94,6 

PLGA-CLR-MA 73.1 ± 3.32 5,3 94,3 94,3 

PLGA-ETB 47.1 ± 1.97 3,4 96,6 96,6 

PLGA-ETB-MA 47.6 ± 1.04 3,4 96,6 96,6 

where 1,2,3 is calculated using equations 1 (free drug) 2 (encapsulated drug) and 3 (encapsulation efficiency) 

 The difference in EE may be a result of the slight difference in particle preparation in the 

manufacturing process. CLR was embedded into the polymer matrix owing to is 

hydrophobicity, opposed to ETB, a hydrophilic molecule, which was encapsulated into the 

aqueous core. From results presented in Table 3.2 it was apparent that incorporation of MA 

did not affect the ability of the formulation design to embed or encapsulate the drug. It was 

further assumed that the remainder of the drug was present in the particles collected. 

3.4.4 Cytotoxicity of PLGA NP test formulations 

To elucidate the possible cytotoxic effects attributed to the polymer, antibiotic or the MA used 

to prepare the NPs, the in vitro cell viability was evaluated by means of the WST assay, which 

measures the mitochondrial dehydrogenase activity as an indicator for cell proliferation, for 24 

and 48 hours on HeLa (cervical epithelioid carcinoma) and THP-1 (monocyte leukemic) cells. 

After exposure to PMA, the THP-1 cells differentiate into a mature macrophage phenotype 

with a lower level of cell proliferation and a higher rate of phagocytosis which provided a good 

macrophage model (Qin, 2012) and therefore provided a realistic model for our particles.  WST 

results showed that drug free NPs with and without MA did not induce cell toxicity in the range 

of the tested concentrations (Figure 3.2) for 24 and 48 hours for HeLa cells. The calculated 

viability values were similar to the control (100%) showing no significant differences.  
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Figure 3.2: The cytotoxic evaluation of HeLa cells after the treatment of DF PLGA formulations 

with and without MA at different concentrations; no treatment = cells only, DF PLGA = drug 

free PLGA NPS, DF PLGA MA = drug free PLGA NPs with mycolic acid. The data are 

representative of one experiment of n = 16 and the error bars indicate standard deviation. 
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Figure 3.3: The cytotoxic evaluation of THP-1 macrophages after the treatment of DF PLGA 

formulations with and without MA at different concentrations; no treatment = cells only, DF 

PLGA = drug free PLGA NPS, DF PLGA MA = drug free PLGA NPs with mycolic acid. The 

data are representative of one experiment of n = 16 and the error bars indicate standard 

deviation.  

In THP-1 macrophages, the calculated cell viability values were similar to the control (100%) 

after 24-hour incubation (Figure 3.3). However, after 48 hours of incubation the NPs without 

MA induced moderate cytotoxicity of 25% at the highest concentration of 0.1 mg/mL. The 

particles with MA induced a slight change in viability after 48 hours of exposure.  

The in vitro cytotoxicity of ETB was evaluated alone and in combination with the PLGA and 

PLGA MA NPs (Figure 3.4).  For free drug particles the cell viability varied between 80 ï 100%, 

indicating that the ETB itself does not induce cytotoxicity for HeLa cells at all test conditions. 

When evaluated in combination with the PLGA and MA did not induce cytotoxicity in HeLa 

cells as all calculated viability was above 90% and similar to the control. 
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Figure 3.4: The cytotoxic evaluation of HeLa cells after the treatment of PLGA ETB 

formulations with and without MA at different concentrations; no treatment = cells only, PLGA 

ETB = PLGA NPs loaded with ethambutol, PLGA ETB MA = PLGA with mycolic acid 

ethambutol NPs loaded with ethambutol. The data are representative of one experiment of n 

= 16 and the error bars indicate standard deviation.  
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Figure 3.5: The cytotoxic evaluation of THP-1 macrophages after the treatment of PLGA 

ETB formulations with and without MA at different concentrations; no treatment = cells only, 

PLGA ETB = PLGA NPs loaded with ethambutol, PLGA ETB MA = PLGA NPs with mycolic 

acid loaded with ethambutol. The data are representative of one experiment of n = 16 and 

the error bars indicate standard deviation 

However, the cytotoxicity evaluation of ETB in combination with PLGA and MA on THP_1 

cells, displayed a different relationship when compared to the HeLa cells. Free ETB displayed 

no cytotoxic effect at all concentrations at all test conditions. The combination of ETB and 

PLGA with and without MA induced minimal cytotoxicity at all concentrations at 24 hours. 

However, when evaluated at 48 hours, the ETB in combination induced some cytotoxic effect. 

The ETB with PLGA had a cell viability of approximately 65-70% at all concentrations. When 

compared to the formulations with the addition of MA, the lowest viability was approximately 

at 80% at the highest concentration. The cell viability was mitigated with the decrease in 

concentration. It appears that the inclusion and presence of MA reduced the slight cytotoxic 

effect of the PLGA in the formulation. 
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Figure 3.6: The cytotoxic evaluation of HeLa cells after the treatment of PLGA CLR 

formulations with and without MA at different concentrations; no treatment = cells only, PLGA 

CLR = PLGA NPs loaded with clarithromycin, PLGA CLR MA = PLGA NPs with mycolic acid 

loaded with clarithromycin. The data are representative of one experiment of n = 16 and the 

error bars indicate standard deviation.  

The cytotoxic effect of free CLR together in combination with PLGA and MA was evaluated on 

HeLa cells, Figure 3.6. Free CLR at 24 hours possessed no cytotoxic effect on HeLa cells at 

all test concentrations. However, after 48 hours of exposure, a noticeable reduction in viability 

from 100 to below 80% was observed at the highest concentration. When compared with 

formulations with PLGA and MA, a greater effect was observed on cytotoxicity at 24 and 48 

hours of exposure. However, 48 hours of exposure was more cytotoxic than 24 hours. The 

calculated cytotoxic viability decreased with a decrease in concentration.  

A drastic change in viability was observed with PLGA and MA NPs when compared to the free 

drug. This may be attributed to the fact that CLR is a hydrophobic compound and was 

incorporated into the polymer matrix thus providing better exposure to the cells than when the 

free drug is suspended in the aqueous environment. In the NP system, the uniformity of CLR 

incorporation as well as the extent at which CLR drug was bound to the surface was not 

controlled or investigated. 
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Figure 3.7: The cytotoxic evaluation of THP-1 macrophages after the treatment of PLGA CLR 

formulations with and without MA at different concentrations; no treatment = cells only, PLGA 

CLR = PLGA NPs loaded with clarithromycin, PLGA CLR MA = PLGA NPs with mycolic acid 

loaded with clarithromycin. The data are representative of one experiment of n = 16 and the 

error bars indicate standard deviation.  

The pattern observed with CLR formulations were similar to that observed for HeLa cells. Free 

CLR at 0.1 mg/mL was highly cytotoxic with a reduction in viability from 100% to approximately 

20% when after 48 hours of exposure. Formulations in combination with PLGA and MA at 24 

hours did not have a great effect on viability ranging from 80 to 100%. After 48 hours of 

exposure the viability of PLGA and PLGA with MA in combination with CLR had a greater 

effect displaying viability of 70% and below. No apparent pattern was observed for the 

evaluations of 0.01 and 0.001 mg/mL which may be a result of non-uniformity of bound CLR 

on the NP surface.  

3.5 Uptake of PLGA MA NPs into THP-1 macrophages 

In order to study the potential of the macrophages to take up and accumulate the CLR and 

ETB containing PLGA nanoparticles with and without MA, visual observations were made via 

confocal microscopy. The utilisation of fluorescently labelled NPs viewed CLSM or fluorescent 










































































































































