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Abstract 

Tuberculosis (TB) is a serious public health issue that requires attention. According to 

the World Health Organisation (WHO), millions of new cases of TB are recorded each 

year making it the one of the top causes of death worldwide, yet the availability of 

new treatments are limited. This issue is compounded by the rise of multi-drug 

resistant TB (MDR-TB) whereby patients becomes resistant to first-line therapy. 

MDR-TB is often related to non-compliance, due to lengthy regimens and intolerable 

side effects. The hypothesis of this project is that a convenient, inhaled treatment for 

tuberculosis, using a targeted drug delivery system, have the potential to reduce 

dosage regimens, toxicity and enhance efficacy of anti-tuberculosis therapies. This 

could increase patient adherence leading to a more positive prognosis for patients 

and reduce the incidence of MDT-TB worldwide.  

Previous work carried out by our group demonstrated that unloaded- and 

antitubercular drug (ATD)-loaded microparticles (MPs) manufactured by double 

emulsion, solvent evaporation (DESE), could reduce bacterial viability in an in vitro 

TB infection model. This project sought to optimise the manufacture of these delivery 

systems and explore the use of novel therapeutic cargos in preparation for efficacy 

testing in an in vivo model of TB infection. The first-line anti-tubercular antibiotic 

rifampicin was selected alongside a group 5 anti-tubercular antibiotic used in MDR-

TB, linezolid. All-trans-Retinoic acid (ATRA) was also selected as a cargo for its host-

directed and antibacterial properties. Rifampicin-loaded and ATRA-loaded poly (D,L-

lactide-co-glycolide) (PLGA) MPs were first manufactured by DESE resulting in 

particles suitable for alveolar deposition (1-5 µm). The manufacture of Inhalable ATD-

loaded MPs was subsequently scaled-up using spray drying which coincided with the 

introduction of the third cargo, linezolid. ATD-loaded MP formulations maintained the 

physico-chemical properties suitable for inhalation (unloaded-MPs (UNL-MP):1.91 ± 

0.4 µm, rifampicin-loaded MPs (RIF-MP):1.77 ± 0.1 µm, linezolid-loaded MPs (LIN-

MP):1.79 ± 0.04 µm, ATRA-loaded MPs (ATRA-MP): 2.07 ± 0.5 µm) and had an 

average encapsulation efficiency > 55 %. The spray dried PLGA MPs also controlled 

release of the cargos whilst the batch size increased approximately 10-fold when 
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compared to DESE MP manufacture. Antibiotic-loaded MPs were further modified by 

covalently attaching the pro-inflammatory cytokine interferon-ɣ (IFN-ɣ) to the surface. 

PLGA RIF-MPs were also manufactured using an electrohydrodynamic (EHA) 

method known as electrospraying producing spherical, homogenous MP batches 

(1.94 ± 0.46 µm) with an encapsulation efficiency of 93.2 ± 3.6 %.  

Following process optimisation, each of the MP formulations were tested in vitro and 

in vivo alongside the active ingredients in solution. Rifampicin formulations proved 

most successful in reducing Mycobacterium tuberculosis (Mtb) (H37Ra) viability in 

vitro initially, however, after tailoring the studies specifically for host-directed 

treatments, the significant antibacterial properties of ATRA formulations became 

apparent. These results translated in vivo, with pulmonary administration of both 

rifampicin and ATRA formulations significantly reducing Mtb (H37Rv) viability in a 

murine model of infection. mRNA expression of pro-inflammatory cytokine genes from 

the lungs of mice treated with the ATDs in solution and encapsulated in MPs 

indicated two distinct mechanisms of immunomodulation. In addition, rifampicin 

treatments produced a more inflammatory mRNA expression profile in the lung when 

compared to ATRA treatment. Nonetheless, rifampicin solution plus IFN-ɣ, RIF-MPs, 

ATRA solution plus rifampicin and ATRA-MPs were all comparable in their ability to 

reduce the pulmonary pathology in the lungs following Mtb infection.   

Overall the results of this project are promising for future research into inhaled 

treatments for TB. Firstly, the use of rifampicin as a control treatment and cargo in 

this project enabled the successful development of three protocols for the 

manufacture of ATD-loaded MPs. Secondly, the data generated on the effect of 

ATRA-MPs in TB infection provides a foundation on which further pre-clinical testing 

can be built. ATRA-MPs delivered intratracheally in a mouse model of TB infection 

can reduce bacterial load and importantly the pulmonary pathology, making this a 

potentially patient friendly, inhaled treatment. Although an improvement in the 

formulation stability and aerosol properties is required, the results here support the 

idea of combining MPs with HDTs as a method of potentially reducing the incidence 

of resistance. 
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1.1 Tuberculosis  

Tuberculosis (TB) is a global public health issue
 
that needs attention from both the 

research community and pharmaceutical industry. The scale of the problem is 

emphasised by the fact that ending the tuberculosis epidemic is listed in the United 

Nations sustainable development goals alongside AIDs and malaria (Fig. 1.1). 

According the World Health Organisation (WHO), 1.7 million people died worldwide 

as a result of TB in 2016 (1). In Ireland alone, 319 cases of TB were reported to the 

Health Protection Surveillance Centre (HSPC) in 2016 (2). Furthermore the rising 

number of multi-drug resistant cases of TB infection (MDR-TB), defined as resistance 

to at least the two first-line antibacterials, isoniazid and rifampicin, and extensively 

drug resistant TB (XDR-TB) which confers additional resistance to the second-line 

therapeutics (3), have complicated  laborious treatment regimens with potentially toxic 

drugs. Together, these facts underpin the urgent requirement for a multidisciplinary 

approach to the development of new treatments modalities and enhanced 

diagnostics. With the combined effort of the various stakeholders, the development of 

new treatments can be accelerated in order to improve treatment efficiency, 

adherence and, thereby improve patient prognosis. 

 

 

 Figure 1.1: Ending tuberculosis (TB) is included in the United Nations (UN) sustainable 
development goals (Logo, WHO Ministerial Conference on Ending TB, Nov 2017). 
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1.1.1 Tuberculosis pathogenesis  

Tuberculosis disease is caused by Mycobacterium tuberculosis (Mtb), which was first 

described in 1882 by Robert Koch in Berlin (4). TB is primarily a pulmonary infection 

transferred from person to person through inhalation of airborne droplets containing 

the obligate aerobe Mtb that migrates towards the oxygen rich tissues of the lungs (5, 

6).  Most of the unique characteristics of Mtb are attributed to its cell wall which is 

over 60% lipid. This lipid-rich ‘shell’ makes Mtb impermeable to a number of 

substances such as dyes and antibiotics, and hence, difficult to treat (7). Once Mtb 

reaches the airways it is phagocytosed by alveolar macrophages (AM) which 

subsequently leads to the recruitment of monocytes, neutrophils and additional 

macrophages to the site of infection. This is followed later by the migration of dendritic 

cells (DC), which have also been infected with Mtb, to the draining lymph nodes 

leading to B- and T-lymphocyte activation. Together these processes lead to the 

formation of a shield around the infected macrophages in the lungs (6, 8). This entity 

is known as a granuloma and its role is to contain Mtb and reduce the spread of 

infection (9, 10) which is shown in Figure 1.2 (6). Once contained, Mtb infection may 

1) resolve, 2) remain inside the granuloma in an inactive state, which is known as 

latent tuberculosis infection (LTBI) or 3) proceed to active infection. Active infection 

can occur if the granuloma becomes necrotic and disintegrates causing the spread of 

infection to other sites in the body via the lymphatic system to form extra pulmonary 

Mtb infection (5). Symptoms of active, pulmonary Mtb infection may include cough 

and haemoptysis, fatigue, weight loss, fever and night sweats, however, symptoms 

can range from subtle to more severe (6). Diagnosis of active disease is often via 

chest X-ray, sputum examination and culture-based or molecular assays (6). In 

keeping with the global targets set by WHO, there is a constant search for  rapid and 

more accurate diagnostic tools, including point of care testing, to ensure patients are 

treated speedily with the most appropriate treatment (11).  
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1.1.2 The immune response 

Mtb elicits a cascade of events in the host immune response to infection consisting of 

recognition of the mycobacteria, cell recruitment and activation and inflammation (12). 

The innate immune response is initiated by a group of secreted proteins, known as 

cytokines and chemokines, that are released from an array of cells in the airways in 

response to pattern-recognition-receptors (PRRs) being stimulated by bacterial 

components. These cells include airway epithelial cells, neutrophils, AMs and DCs 

(8). These messengers recruit and activate the AMs and DCs at the site of infection, 

which subsequently induces phagocytosis and processing of Mtb allowing antigen 

presentation as well as T-cell activation, as mentioned above (8, 12). This in turn 

leads to the initiation of the adaptive immune response in a process known as T-

helper type1 (Th1) polarisation characterised by the promotion of CD4+ and CD8+ T 

cells (8). A number of pro-inflammatory cytokines are therefore critical in this defence 

system namely Interferon-ɣ (IFN-ɣ), interleukin-1β (IL-1β), interleukin-12 (IL-12) and 

Figure 1.2: Tuberculosis infection including granuloma formation. Pai, M. et al. (2016) 
Tuberculosis Nat. Rev. Dis. Primers (6).  



 

33 
 

tumour necrosis factor-α (TNF-α) (8, 13). IFN-ɣ stimulates classical activation of the 

macrophages into an effector phenotype restricting Mtb growth and inducing 

autophagy (12). IL-12 also stimulates macrophages as well as encouraging Th1 

polarisation via DC activation. A lack of IL-12 and IFN-γ therefore leaves the host 

highly susceptible to TB infection (8). While Th1 responses are considered more 

favourable in Mtb infection, Th17 polarisation also occurs following the release of an 

alternative cytokine in the IL-12 family, interleukin-23 (IL-23), and other pro-

inflammatory cytokines including IL-1β and interleukin-6 (IL-6) lead to the 

development of Th-17 cells (8, 14). TNF-α is another Th1, pro-inflammatory cytokine 

required in the initial stages of infection owing to its influence in granuloma formation. 

Th2 polarisation, on the other hand, which occurs via interleukin-4 (IL-4) results in the 

down regulation of inflammatory responses (15). Interleukin-10 (IL-10) is known for its 

anti-inflammatory role but modulation of the cytokine is important and will be 

discussed in more detail later (8, 16). A fine balance of the initial Th1 and Th17 

inflammatory responses and subsequent Th2 response to limit breakdown of the 

granuloma, potential spread of infection and long-term tissue damage is central to 

Mtb defence. This balance is controlled by the concentration of cytokines in the lung 

and lymph nodes. The issue that arises during Mtb infection is that the 

mycobacterium has the ability to manipulate the host molecular and cellular defence 

mechanisms, including the cytokine kinetics (8). Mechanisms such as arresting of 

phago-lysosomal maturation and autophagy, as well as the down regulation of 

hydrolytic enzymes, reactive oxygen and nitrogen species and antigen presentation 

by macrophages, all promote survival of Mtb. Virulent Mtb is also thought to interrupt 

macrophage apoptosis, a form of cell death which is beneficial to the host as opposed 

to necrosis which worsens infection (12, 17). In addition, co-infections with other 

bacteria, viruses, fungi or parasites can cause skewing of T-cell polarisation and 

responses in the host (14). Host directed, anti-tubercular treatments, which will be 

discussed in more detail later, can also influence the inflammatory process in Mtb 

infection. For instance, vitamin A which is used throughout this project has been 

shown to stimulate Tregulatory cells (Treg) and inhibit Th17 polarisation, thus 

controlling inflammation (18). Furthermore, the development of multinucleated giant 

cells (MNGCs) which, along with foamy macrophages and epithelioid macrophages, 
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contribute to the formation the granuloma, are influenced by vitamin A and 

inflammatory cytokines will therefore be explored later (8, 19). 

 

1.1.3 Risk factors 

A considerable proportion of TB research carried out to date has been focused the 

risk factors associated with the disease, which include age and income status (20). 

The most significant comorbidity is, however, Human Immunodeficiency Virus (HIV) 

with the risk of developing TB increased by 20 to 30 times if a patient is already 

suffering from HIV infection (6, 20). Diabetes Mellitus is another well recognised risk 

factor increasing susceptibility to TB as well as adversely affecting response to both 

anti-tubercular treatment and diabetic medication (21, 22). Smoking also impairs the 

immune response to TB, reducing the ability of the host to control infection (23). Thus, 

it is not surprising that nutritional status, which is often linked to poor diabetic control, 

smoking and low-income, is indicated as another key factor in TB susceptibility. 

Malnutrition and low body mass index, in addition to reduced levels of essential 

nutrients such as vitamin A and D, have all been exposed as risk factors in TB 

epidemiological studies (24-26). The underlying relationship between all of the risk 

factors mentioned is altered immunity, which is highlighted by the fact that 

immunosuppressant medications such as TNF-α inhibitors are contra-indicated in TB 

disease (27).  

 

1.2 Tuberculosis treatment and current issues 

Due, in part, to the fact that the current TB vaccine Bacillus Calmette-Guérin (BCG) 

provides inadequate prophylaxis in most cases, apart from paediatric TB, there is 

currently an over reliance on treatment post-infection (28).  Treatment for drug-

sensitive tuberculosis comprises of four antibiotics administered daily over a minimum 

of 6 months. First line antimicrobials include rifampicin, isoniazid, pyrazinamide and 

ethambutol, all of which are administered orally. Although generally successful in 

treating drug-sensitive TB these anti-tubercular drugs (ATDs) can result in a number 

of serious adverse effects, namely resistance and toxicity due to systemic exposure 

(20). Many of the serious adverse effects associated with the five key anti-tubercular 
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treatment groups are listed in Table 1.1 (3, 29).  These unwanted effects, along with 

the complex and lengthy administration schedules, often leads to intolerance and 

patient non-adherence which in turn can lead to resistance. Advances in vaccine 

development have led to a successful phase I clinical trial comparing the safety profile 

of a vaccine delivered by both pulmonary and intradermal routes (30). A disappointing 

phase II trial followed assessing the same vaccine candidate (MVA85A), administered 

by the intradermal route only, concluding with a call for improved animal models of 

Mtb infection to aid in new product development (31). Regardless, extensive research 

aimed at developing pre-exposure, therapeutic or post-Mtb exposure vaccines in 

various pharmaceutical forms continue (32, 33).  

 

 

 

Group Anti-tubercular Drugs Serious Adverse Effects 

One: First-Line Oral 
ATDs 

Rifampicin, Isoniazid, 
Ethambutol, Pyrazinamide

 
Hepatic & Renal 
Impairment, 
Optic neuritis 
Drug Interactions 

Two: Fluoroquinolones Ofloxacin, Levofloxacin, 
Moxifloxacin 

QTc prolongation, 
Convulsions, 
Tendon Damage 

Three: Injectable ATDs Streptomycin, Kanamycin, 
Amikacin, Capreomycin 

Ototoxicity, nephrotoxicity 

Four: Less Effective, 
Second-Line ATD 
(Bacteriostatic) 

Ethionamide/ Protionamide, 
Cycloserine/Terizidone 
P-aminosalicylic acid 

Neurological Side Effects, 
Gastric intolerance

 

Five: New options Linezolid, Clofazimine, 
Bedaquiline, Delamanid 

CNS effects, Skin 
discolouration, Peripheral 
neuropathy 

 

 

 

1.2.1 Multi-Drug Resistant TB (MDR-TB) and Extensively-Drug Resistant TB 

(XDR-TB) 

In 2016, approximately 490,000 TB cases globally were MDR-TB and it is estimated 

that 6.2 % of these cases were in fact extensively-drug resistant strains known as 

Table 1.1: Serious adverse effects associated with current Mtb treatment groups  
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XDR-TB (1). Treatment of MDR-TB requires careful consideration and a combination 

of a range of second, third and fourth-line antibacterials over a treatment period of 9 

to 20 months, or longer in some cases (3). Treatment with these ATDs, such as 

fluoroquinolones (administered orally) and aminogylocosides (administered via deep 

intramuscular injection) bring many associated issues including serious adverse 

effects and discomfort for the patients along with supply problems (3, 29).  Two new 

ATDs, bedaquiline and delamanid, were recently introduced but so far are only 

licenced for MDR-TB, when administered in conjunction with other ATDs and can 

confer resistance (29). Apart from these recent additions,  no other new treatments 

for tuberculosis have been developed since the period of 1950-1970 when the first-

line treatments were established  (3). There are also groups of patients with MDR-TB 

where no combination of antibiotics are successful leaving physicians with little or no 

options (6). A novel treatment for Mtb infection that could potentially eliminate some 

of the unwanted effects and reduce the treatment period of the current treatments 

described above, would therefore be of significant value. 

 

1.3 Alternative tuberculosis treatment strategies  

An holistic approach by WHO with the introduction of directly observed treatment, 

short-course (DOTS) in the 1990’s, and later the Stop TB strategy which included 

social, economic and political influences, has led to a significant reduction in the 

burden of TB globally (34). In 2000, TB Alliance was established to promote the 

development of new therapies and treatment regimens by forming the product 

development partnership (PDP) (35).  Despite these efforts, there is still an urgent 

need for novel treatment modalities. Drug delivery developed as a stand-alone 

discipline in the 1950’s leading to more efficient administration of therapeutics, in 

particular in the development of controlled release systems. However, like TB 

treatment, after initial advances in product development, there was a sharp decline in 

the approval of products incorporating new delivery platforms despite extensive 

research (36, 37). One option to hasten the development of new treatments for 

chronic conditions such as TB is drug repurposing and/or utilizing endogenous 

molecules by way of host-directed therapy, both of which are discussed below. 
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1.3.1 Drug repurposing  

Drug repurposing, whereby currently licenced medications are repurposed and/or 

reformulated for alternative indications, is fast becoming a focus of TB research which 

offers potential benefits of reduced cost, development and approval time (38). 

Recently, many pre-clinical and clinical studies have been carried out on repurposed 

drugs as potential adjunctive TB therapies including metformin, simvastatin, 

corticosteroids and IFN-ɣ to name a few (28, 39-41). Repurposed antibiotics have 

been included in TB treatments protocols for some time now, however, the use of 

these compounds is restricted due to the associated off target effects (Table 1.1). 

Herein, the oxazolidinone antibiotic linezolid, was re-formulated alongside the group 1 

antibiotic rifampicin to assess the potential benefits of these treatments in targeted, 

inhalable formulations. 

 

1.3.2 Host-directed therapy (HDT) 

Limitations associated with pathogen directed treatment for TB, referring in particular 

to the development of resistance, has put the spotlight on alternative therapies to 

treat this heterogeneous disease. As mentioned previously, the immune system plays 

a significant role in the control of Mtb infection. Given the fact that one third of the 

world’s population is living with latent tuberculosis yet just 10.4 million people 

developed the active disease in 2016, enhancement of endogenous defences would 

therefore seem like a reasonable approach. “Host-directed therapies” (HDT), that 

modulate the immune response to limit severity of infection have become the topic of 

many studies in recent years (28, 42, 43) and holds potential in both prophylaxis and 

treatment (26). When combined with the idea of drug repurposing, HDT could 

significantly advance the efforts towards new treatment approval. The aim of HDT 

would not only be to eliminate infection but to do so in a manner that favours the host 

in terms of reducing adverse effects, shortening treatment regimens and preserving 

the infection site. However, due to the complex nature of the host immune response 

to Mtb infection, where both pro-inflammatory and anti-inflammatory events occur 

concurrently, it is important that the mechanism by which the HDT exerts its effect is 
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fully elucidated to reduce the risk of worsening infection (41). Numerous compounds 

are being studied as potential host-directed therapies including several of the 

repurposed drugs mentioned above. The anti-diabetic drug metformin not only 

controls blood glucose levels and, therefore, risk of infection (Section 1.1.3), but has 

also been shown to induce autophagy in an in vitro Mtb model, a mechanism crucial 

for Mtb destruction in the host (41, 44). Likewise, statins have been shown to induce 

autophagy (45) while corticosteroids are thought to exert their effects through the 

reduction of inflammation and tissue damage and possibly increasing sputum 

conversion (41, 46, 47). Others include protein kinase inhibitors that reduce host cell 

uptake of Mtb (48) and microRNAs that can regulate protein expression in the 

complex pathways associated with Mtb infection (41, 49).  Apart from the re-

purposing of linezolid, another focus of this project is the development of a targeted 

formulation of vitamin A as an immunomodulator and the cytokine IFN-γ. Both 

compounds are found endogenously, therefore, we seek to exploit and augment the 

natural host response to Mtb with these treatments, which will be discussed in more 

details below. 

 

1.4 Inhaled treatment for tuberculosis infection 

1.4.1 The history  

Utilisation of the lungs as a means of drug delivery has been commonplace for 

centuries, which led to the development of the conventional inhalation devices in use 

today. The first metered dose inhaler (MDI) was marketed in 1956, jet nebulisers 

were developed in the 1960’s and dry powder inhalers came in to use in 1970. These 

devices have successfully provided targeted delivery of treatments for pulmonary 

conditions such as asthma, chronic obstructive pulmonary disease (COPD) and cystic 

fibrosis (CF), reducing unrequired exposure of the drugs to the rest of the body. Drug 

delivery via the pulmonary route not only reduces the potential toxicity of drugs but 

also reduces the possible degradation of the active ingredient, e.g. by first pass 

metabolism, prior to reaching the site of action (50, 51). A significant drawback 

associated with inhaled treatment, however, is inefficiency of delivery and so, with the 

rise in cases of asthma in the 1980’s there was an obvious need to improve 



 

39 
 

formulation and/or devices for pulmonary conditions. By the 1990’s Therapeutic 

Aerosol Bioengineering (TAB) was established as a means to increase delivery 

efficiency for small molecules and biomolecules to the lungs and potentially allow 

systemic delivery of drugs (small molecules) and proteins (e.g. insulin) via pulmonary 

administration (52). TAB has evolved since its introduction with researchers seeking 

innovative ways to optimise formulations for inhalation including more advanced 

methods for particle production and design, as demonstrated in this project. Interest 

in inhaled treatments for TB also arose in the 1990’s following the rise in cases of HIV 

which contributed to the development resistant strains of Mtb (53). TAB for TB would 

seem like the plausible answer to the existing treatment issues significantly reducing 

dosing requirements by increasing targeting. A recent pharmacokinetics study by 

Garcia-Contreras et al. clearly demonstrated this by administering inhaled rifampicin 

porous particles (IRPP) at 20 mg/kg resulting in faster initial absorption and 

comparable plasma concentration levels to orally administered rifampicin porous 

particles (ORPP) at 40 mg/kg (Fig.1.3) (54).  
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Figure 1.3 The absorption profile of rifampicin administered in solution, suspension or 
in particle form via the oral, intravenous or pulmonary route to Dunkin-Hartley guinea 
pigs. (A) The plasma concentration levels of rifampicin following intravenous 
administration in solution (IV, 10 mg/kg), oral administration in suspension (ORS, 40 
mg/kg), oral administration of a suspension containing rifampicin porous particles 
(ORPP, 40 mg/kg) and pulmonary administration of rifampicin porous particle dry 
powder formulation (IRPP, 20 mg/kg). (B) Data displayed in Fig. 1.3 (A) has been 
corrected by dose to allow suitable comparison. Garcia-Contreras et al. (2015) Mol 
Pharm (54). 
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1.4.2 Progress in the development of an inhaled formulation 

Despite considerable efforts by the research community, no inhaled formulation for 

treatment of Mtb infection has received marketing authorisation to-date. Development 

of a successful formulation for inhalation is a multifaceted process and for a given 

active pharmaceutical ingredient (API) this process involves careful consideration of 

the formulation, the delivery device and the patient (55). The key characteristic of an 

aerosol formulation is particle size. For alveolar deposition, the ideal particle size is 

considered to be 1 – 5 µm (50, 56) therefore particle size must be tightly controlled 

during manufacture to allow targeting of treatment. Nano-sized particles have also 

been studied due to the higher surface area and ability to evade the endogenous 

clearance mechanisms (57, 58), however, nanoparticles are easily exhaled. Previous 

work by our group, and others, describe the manufacture and optimisation of 

biodegradable microparticles (MPs) encapsulating ATDs which are capable of 

phagocytosis by the alveolar macrophage and decreasing bacterial viability in vitro 

and in vivo (59-64). These studies have indicated that in fact a particle size of 0.8 – 

2.7 µm is optimal for AM targeting (59, 60, 64, 65).  In addition, our group has shown 

that MP alone can stimulate the immune system via the induction of autophagy and 

the transcription factor NFĸB in vitro while, Sharma et al., has demonstrated the 

ability of inhaled isoniazid and rifampicin dual-loaded MPs to stimulate TNF-α 

secretion in vivo (66, 67). An inhaled, dry powder formulation, incorporating the 

antibiotic capreomycin, reached a phase I clinical trial providing valuable safety data 

(68). Recombinant IFN-ɣ has also been successfully administered (off-label) to 

patients via nebulisation for the treatment of TB, improving clinical outcomes as a 

form of HDT (69-71). Treatment of pulmonary infection in CF has also been enhanced 

with the licencing of a dry powder formulation incorporating PulmoSphere™ 

technology whereby the antibiotic tobramycin is encapsulated within a “light porous 

particle” (72, 73). All of the evidence therefore suggests that MPs have the potential 

to lead a new frontier in targeted TB treatment with careful product design around 

selecting an effective therapeutic cargo. While studies have been carried out on the 

use of lipid based particulate treatments (74, 75) and nebulised solutions which are 

being reviewed on an ongoing basis (53, 76, 77), this project utilises biodegradable, 

polymeric MPs for the development of an inhaled drug delivery platform capable of 
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targeted drug delivery. This delivery system was selected due to the potential for 

greater formulation stability, protection of the cargo and high loading efficiencies 

when compared to lipid-based carriers and nebulised solutions. 

 

1.5 Formulation of inhalable microparticles for tuberculosis Infection 

In earlier studies by our group, a variety of polymers, including hydroxypropyl 

cellulose (HPC), chitosan, gelatin, ovalbumin and poly (D,L-lactide-co-glycolide) 

(PLGA), were explored in the design and manufacture of inhalable particles to 

administer proteins via inhalation (78, 79). Here, the MPs are composed of the 

synthetic polymer PLGA (Figure 1.4) (80), which is used in many similar studies in the 

literature (64, 65, 81, 82). 

 

  

 

 

 

The PLGA used for the majority of studies in this project is Resomer® RG 503 H with 

a 50:50 ratio of Lactide: glycolide and a Mw of 24,000 – 38,000 Da. Degradation of the 

polymer occurs by hydrolysis, resulting in lactic acid and glycolic acid monomers (83) 

that are metabolised by means of the Krebs cycle and excreted. PLGA 503 H was 

chosen due to its relatively low molecular weight and the 50:50 ratio of lactic acid and 

Figure 1.4: The structure of poly (D,L-lactide-co-glycolide) (PLGA). Gentile et al. (2014) 
Int J Mol Sci (80).    
 



 

43 
 

glycolic acid means that it is degraded quickly whilst still providing a degree of 

controlled drug release. This is important when considering dosing regimens of MP 

formulations to the lungs to keep the active ingredient within its therapeutic window, 

whilst reducing the risk of polymer accumulation after repeated dosing. Thus far,  

PLGA has been FDA (US Food and Drug Administration) approved for a number of 

parenteral and medical device applications (84) and is generally regarded as safe 

(G.R.A.S) (78). Further work is required by the pharmaceutical industry to fully 

establish the safety profile of PLGA when administered by inhalation before a 

marketing authorisation will be granted. PLGA Resomer RG 752 H 75:25 Mw 4,000 – 

15,000 Da was also used in the manufacture of MP by electrospraying, the higher 

lactide content in this composition is associated with a slower rate of release. As well 

as the material and particle size, the morphology and degree of homogeneity all 

contribute to the efficiency of the formulation with some researchers opting for 

collapsed particles rather than solid, spherical MPs (85-87). Other excipients such as 

sugar moieties or lubricants can also be added to limit particle aggregation and 

improve flow of the formulation (88, 89).  

 

1.5.1 Manufacture of microparticles  

A significant benefit associated with PLGA MPs is the ability to encapsulate both 

small and large, labile drug molecules, protecting the active pharmaceutical ingredient 

(API) from degradation (77); this feature is due in part to the variety of manufacturing 

methods available. Using elements of the FDA quality by design (QbD) tool, a quality 

target product profile (QTPP) for the MP formulation was established for this project 

containing desired physico-chemical characterisation. A number of MP manufacturing 

methods, that were established and optimised at RCSI and used throughout, will be 

discussed below: 

 

1.5.1.1 Double emulsion, solvent evaporation  

Double emulsion, solvent evaporation (DESE) is a technique often used in the 

manufacture of MPs for TB studies (59, 64, 90). DESE involves the formation of two 



 

44 
 

emulsions using W1/O/W2 phases. The aqueous phases (W1 and W2) consist of a 

hydrophilic polymer such as poly vinyl alcohol (PVA) where the concentration and 

volume of such can be optimised for suitable particle size and drug encapsulation (59, 

65, 91) whereas the organic phase is made up of an organic solvent. Emulsions are 

then formed through a series of sonication and/or homogenisation steps (59, 92).  

Shearing due to homogenisation forms a colloidal suspension which, after 

evaporation of organic solvent, allows collection of the particles. DESE can be 

employed for both hydrophilic and hydrophobic drug encapsulation with the addition 

of hydrophobic drugs and encapsulating polymer to the organic phase (59, 90), while 

hydrophilic drugs can be added to aqueous phase (93). Another advantage of the 

method is the ability to fine tune the output due to the number of steps and possible 

parameter changes that can be incorporated into the method (65). Parameters which 

can be optimised, in addition to PVA, include polymer concentration, homogenisation 

and sonication speed and time and drug loading. Disadvantages of DESE include the 

potential for low encapsulation of aqueous soluble drugs as they leak into the 

aqueous phase and difficulty in scaling up the process for production of larger 

batches. 

 

1.5.1.2 Spray drying  

Spray drying (SD) is another common method of MP production for pulmonary 

administration (94, 95). Particles are produced from a solution or emulsion containing 

the active ingredient which is fed into a heated chamber, atomised by compressed air 

or inert gas allowing the particles to dry quickly before collection (96, 97). There are 

numerous parameters involved in the spray-drying process including atomisation of 

the feed solution/emulsion, spray feed rate, inlet temperature, aspirator pump flow 

rate as well as factors such as polymer to drug ratio and solvent choice, all of which 

require optimisation for effective manufacture of a specific formulation (62, 95, 96, 

98). The main disadvantage of spray drying is that, despite producing higher 

quantities compared to other methods such as DESE, a significant proportion of 

particles below 2 µm are often lost through the filter, thereby diminishing overall yield 

(96). In addition, the particles attach to the side of the cyclone making the dry powder 
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difficult to collect. Low yields are never ideal particularly where more costly materials 

are being used. Heating of the drug/polymer mixture during the drying phase can 

raise issues where biopharmaceuticals or labile products are concerned and, 

therefore, attention must be given to the boiling points of the chosen solvent. 

 

1.5.1.3 Electrospraying 

Electrohydrodynamic (EHA) methods, which include electrospraying, provide a 

gentler approach than some previously described processes that require high 

temperatures, therefore maintaining the integrity and bioactivity of sensitive cargoes 

such as proteins and vitamins (99). The technique itself is similar to spray drying in 

that the solution containing the API, polymer and organic solvent is fed into the 

system using a pump, in this case a syringe pump. The difference with 

electrospraying, however, is that instead of the solution being atomised using nitrogen 

an electrode is positioned at the capillary nozzle of the syringe and the collection tray. 

When a high voltage is then applied a Taylor cone is formed at the tip of the syringe 

allowing the feed solution to be atomised. Particles collect below due to gravity and 

attraction to the electrode at the collection plate (100). Electro spraying can also 

reduce product wastage by optimising the method of particle collection. This 

modification, along with the production of monodisperse batches leading to less 

product yield being lost to filters, make it an attractive option for the production of MPs 

incorporating costly APIs (101). 

 

1.5.1.4 Alternative methods 

Manufacturing methods which were not used in this study but have been employed 

elsewhere in the manufacture of MPs include: micronisation (54, 102), coacervation 

(103) and the use of extrusion and emulsion methods for the formation of liposomes 

and solid lipid nanoparticles (104, 105).  
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1.6 Cargo selection for microparticles  

As discussed, the MP drug delivery system has shown promise in a number of TB 

models and inhaled treatments have been well tolerated in the clinic, however, what 

is not yet known is what the optimal cargo(s) is for this type of formulation. To select 

an appropriate cargo, a few key points must be considered. Firstly, due to the 

complex nature of the infection and high risk of resistance any new treatments 

licenced will be adjunctive therapies to the current regimens (106). Secondly, anti-

tubercular drugs such as rifampicin are effective against drug sensitive TB. This is 

evident from the fact that the lives of 49 million people suffering from TB were saved 

over a 15 period between 2000 and 2015 (20),therefore, greater need for new 

treatment lies in the area of MDR-TB. Thirdly, with the information now available on 

HDT’s (41), a formulation that can reduce the bacterial burden and simultaneously 

modulate the immune system could greatly benefit the host. Other important factors 

include: toxicity profile, active pharmaceutical ingredient (API) availability and 

manufacturing costs, given that the majority of TB cases are in developing countries 

(20). With this in mind, three different cargoes were chosen for evaluation in this 

study including the first line antibiotic rifampicin as a control cargo, the group 5 

antibiotic linezolid and the active metabolite of vitamin A, all-trans-Retinoic acid. The 

reasons for their selection are outlined below. 

 

1.6.1 Rifampicin  

Rifampicin (RIF) (Fig. 1.5 (A)) was developed in the 1960’s and belongs to a group of 

antibiotics known as rifamycins (107). Rifampicin exhibits its bactericidal and 

sterilizing effects by interfering with bacterial RNA synthesis in Gram-positive and 

some Gram-negative bacteria. While rifampicin is the mainstay of TB treatment today, 

extensive metabolism by enzymes in the liver often leads to unwanted side effects 

and interactions with other medications when administered at the usual dose of 450 

mg – 600 mg daily (108). Adverse effects of rifampicin include, but are not limited to 

hepatic and renal impairment, adrenal insufficiency, anorexia and gastrointestinal 

effects such antibiotic associated colitis and diarrhoea (109). As discussed earlier 

(section 1.2.1), one of the most significant issues associated with the group 1 
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antibiotics is resistance. In the case of  rifampicin, resistance occurs via a mutation in 

the bacterial binding site, β-subunit of the DNA-dependant RNA polymerase enzyme 

(107).  Many groups, including our own, have assessed both the in vitro and in vivo 

effects of inhalable, rifampicin-loaded MPs on Mtb infection when delivered locally in 

a bid to improve drug targeting at the cellular and anatomical level (54, 59-61, 95). 

One study showed a significant increase (two to ten times depending on the dose) of 

rifampicin present in alveolar macrophages after MP treatment in vitro in comparison 

to rifampicin alone (61). As well as a significant decrease in bacillary viability, our own 

group presented promising aerosol characteristics and a controlled drug release  

profile from RIF-MPs over 10 days (59). Here, we sought to scale-up the manufacture 

of inhalable rifampicin formulations, determine in vivo efficacy and compare it to other 

novel treatments.  

 

 

 

               

1.6.2 Linezolid 

Linezolid (LIN) (Fig. 1.5 (B)) is considered a new antibiotic compared to rifampicin. It 

was approved in 2000 and belongs to a group known as the oxazolidinones (110). 

Figure 1.5: Cargo selection and structure of (A) the established anti-tubercular drug, 
rifampicin (Ph. Eur. 2017); (B) the oxazolidinone antibiotic linezolid (Sigma-Aldrich®) 
and (C) the immunomodulator, all-trans-Retinoic acid (ATRA) (Ph. Eur. 2017).  
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Linezolid is licenced for Gram-positive bacterial infections, specifically resistant 

strains including methicillin-resistant Staphylococcus aureus (MRSA), glycopeptide-

resistant enterococci and off-licence for MDR-TB and XDR-TB (110, 111). The 

bacteriostatic effect of linezolid is exerted via the inhibition of protein synthesis and, 

with that, adverse effects and resistance are also associated with this class of 

antibiotics (110). Optic neuropathy and blood disorders often limit the use of linezolid 

in the clinic with careful monitoring of dosage and administration required (110). 

Studies have been carried out to assess the optimal treatment regimens incorporating 

linezolid solution both in vitro and in vivo (by oral gavage); however, the results have 

been inconclusive (112-114). An oral dose of 600 mg twice daily is currently used but 

an alternative formulation strategy could help overcome these unwanted effects and 

simplify regimens. Given its mechanism of action, use in MDR-TB and the potential to 

reduce associated toxicities, linezolid was selected as a second antibiotic cargo for 

this project. To our knowledge, this study is the first of its kind to encapsulate linezolid 

within PLGA MPs for the treatment of TB. To do so we will build on our knowledge of 

other antibiotic-loaded MPs to develop an optimal formulation. 

 

1.6.3 All-trans-Retinoic acid  

The host-directed cargo used in this study is the active metabolite of vitamin A, all-

trans-Retinoic acid (ATRA) (Fig.1.5 (C)). Currently ATRA is only indicated for  acne 

vulgaris and acute promyelocytic leukaemia (APL) (115), however, vitamin A, 

alongside vitamin D, were used in the pre-antibiotic era to boost the immune system 

of patients infected with Mtb and other pathogens (116, 117). Thus, it is not surprising 

that these vitamins are being re-assessed for their value in the present-day treatment 

of immune based diseases. Since 1989, ATRA solution has been shown to decrease 

Mtb viability in cell lines, in culture and in vivo as a standalone treatment (116, 118, 

119) and in combination with other ATDs (19, 120). Researchers have linked this 

antibacterial effect to the ability of ATRA to regulate the immune response to infection 

via critical gene expression, monocyte activation and the induction of autophagy (19, 

121, 122). Unlike rifampicin and linezolid, vitamin A and its metabolites are not 

thought to confer resistance; however, there are several challenges associated with 



 

49 
 

effective use of the vitamin leading to only 50 % bioavailability when administered 

orally. Firstly, vitamin A must undergo a series of reactions before it is converted to 

ATRA, bind to the nuclear retinoic acid receptor (RAR) and subsequently 

heterodimerise with the retinoic X receptor (RXR) inside the cell (123). Secondly, 

vitamin A is inherently unstable because the fat soluble vitamin is sensitive to 

environmental factors such as light, heat and oxygen, making manufacture and 

delivery complicated (124). The current, licenced formulation of ATRA for APL 

(Vesanoid®) requires the patient to take eight capsules on average per daily adult 

dose.  Several studies have been carried out to assess the potential benefits of 

encapsulating ATRA within nano- and microparticulate systems for both dermatologic 

and oncology indications (109, 125-128). No studies to date, however, have been 

published on the treatment of Mtb infection with ATRA-MPs despite its anti-infective 

and immunomodulatory properties (18, 19, 116, 117, 121), ATRA was therefore 

selected as the third, host-directed cargo for this project. 

 

1.7 Modification of microparticles  

Since TAB was introduced in the 1990’s researchers have been searching for the 

most efficient formulation through optimisation of manufacturing methods (90, 95), 

material selection (64, 78) particle size analysis (65) and composition e.g. the 

formation of large porous particles (129). Another method of optimising the 

formulation is to modify the particle surface by coating, to increase cell uptake (65), or 

by PEGylation (using Poly(ethylene glycol))  to delay particle elimination (130). Here, 

we combine TAB with the notion of HDT by coating PLGA MPs with a pro-

inflammatory cytokine critical in the immune response to TB, IFN-ɣ. IFN-ɣ coating of 

MPs offers an additional option for targeted HDT delivery. As mentioned earlier, in the 

TB setting a fine balance in the immune response is required to fight infection, thus 

the controlled and co-localised administration of key cytokines such as IFN-ɣ could 

potentially enhance the effect of drug-loaded MPs and activate cells of the immune 

system. IFN-ɣ is secreted by a variety of immune cells, including CD4+ and CD8+ 

lymphocytes, in response to IL-12 and IL-18 and in turn activates the anti-microbial 

functions of the macrophage though the Jak-Stat signalling pathway (131). As 
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mentioned previously, inhaled interferon-ɣ solution (via nebulisation) as an adjunctive 

treatment for Mtb infection has shown promising results in a number of clinical trials 

(132). MP coating using proteins such as interferon-ɣ could result in superior anti-

microbial activity enabling multiple ATDs to be delivered concomitantly at the same 

site using particle technology. 

 

 1.8 Aerosolisation  

Development of a treatment for inhalation requires careful consideration of the 

method of delivery/device in tandem with the formulation. There are three types of 

inhalation devices: 1) MDI’s where the drug is dissolved or suspended in a propellant 

that is actuated by the patient and requires suitable co-ordination and inhalation, 2) 

Dry powder inhalers (DPI’s) containing powder formulations that must be de-

agglomerated and 3) nebulisers that emit a fine mist of drug solution when connected 

to a power supply. For a device to be effective it must maintain the stability of the 

formulation whilst generating reproducible doses that are easily administered to or by 

the patient. In addition, traditional anti-tubercular treatments often necessitate the 

administration of large doses, and coupled with the fact that the majority of TB cases 

occur in developing countries with hot and humid climates, feasibility, cost and 

resources must be factored in. DPI’s hold great potential for inhaled TB treatment due 

to the large capacity, stability, ease of use in the community care setting and lower 

cost of production; this is likely why they were used in the phase I clinical trial of 

inhaled capreomycin (68). There are many properties which must be taken into 

account during the development of a DPI as seen in Figure 1.6 (133). While a number 

of tests were outside the scope of the project, characteristics such as particle size 

and flow were assessed to examine the potential of the MPs as a formulation for 

DPIs. Flow is affected by agglomeration and can cause significant issues for dry 

powder inhalers. This is generally due to adhesive forces between the microparticles 

(134) and/or the presence of moisture on storage and must be monitored. 
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1.9 Pre-clinical testing 

Pre-clinical testing is the second step in the drug development process taking place 

after drug discovery and development and before clinical trials. Pre-clinical studies 

involve the use of in vitro and in vivo models to assess toxicity and dosage of new 

treatments. Both in vitro and in vivo models were used in this project to carry out pre-

clinical testing and help elucidate the mechanisms by which ATD-loaded MPs affect 

bacterial viability, as well as immune response and cellular toxicity. 

 

1.9.1 In vitro models 

Pre-clinical in vitro modelling of Mtb infection requires matching of macrophage 

lineage with suitable mycobacterial strains, to recapitulate a suitable environment 

within which a treatment can be evaluated. Mtb adds further complexity to pre-clinical 

screening, compared to other infections, owing to its phenotypic heterogeneity and 

Figure 1.6 Assessment of a dry powder inhaler. Copley, M. (2010). Adapted from 
Copley Scientific. Assessing dry powder inhalers. 
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manifestation in latent and active states. For example, each of the current first-line 

treatments for TB, including rifampicin, are active against replicating mycobacteria 

(135) whereas capreomycin is thought to be active in non-replicating TB (136). 

Moreover, with the rise in incidence of MDR-TB, resistant strains need to be 

considered during testing as well as specific host-pathogen interactions as seen in 

strains of East-Asian lineage where TLR polymorphisms can lead to increased 

susceptibility (6, 137). Many studies used the attenuated strain used in the current 

vaccine, however, BCG lacks the virulence factor ESAT-6, and so does not signal 

DNA sensing in the cytosol or induce autophagy, both key mechanisms in Mtb 

infection (138).  More recently, Mtb models have been established using the virulent 

stains, H37Rv and/or the avirulent strain H37Ra. Although H37Rv and H37Ra derived 

from the same parent strain (H37R) there are genetic differences between the two 

which should be noted and that are largely due to mutations including a reduction in 

secretion of ESAT-6 by H37Ra. The virulent strain H37Rv also secretes lower levels 

of ESAT-6 in comparison to clinical isolates and the other virulent laboratory strain, 

Erdman (139, 140). Ideally, treatment models would utilise H37Rv rather than H37Ra, 

however, it is typically more practical to commence research with a non-virulent strain 

before progressing to virulent or even resistant strains. Numerous cell representations 

are available for use in Mtb infection models from human and rodent cell lines to 

primary cells, as well as 3-D models as discussed in our review of host-directed 

therapies for TB (41). The in vitro model used in this project was established by the 

TB Immunology Dept. at the Trinity Centre for Health Sciences, St James’s hospital, 

Dublin 8 which included the human monocytic cell line, THP-1 and Mtb H37Ra. All in 

vitro testing was carried out on site. 

 

1.9.2 In vivo models 

As mentioned above the aim of pre-clinical testing is to provide essential information 

regarding the safety of a treatment, therefore, in vivo models should mimic the human 

physiological environment where possible. In the case of TB, a model exhibiting 

granuloma development is ideal, however, it is not always feasible to use such 

models due to the resources required. Studies often begin with small animals such as 
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mice and rats and the reasons for this include lower costs and a reduced quantity of 

treatment required per animal compared to larger animals. Since the cost and 

manufacturing requirements are reduced the number of animals which can be used 

per study is often increased leading to greater power and statistically significant 

results (97). Disadvantages of using rodents are the differences in physical, 

physiological, and genetic traits compared to human which should be taken into 

account during extrapolation of results (141). Guinea pigs are thought to be the best 

small animal model for TB modelling owing to their ability to form complete 

granulomas; however, this model is still costly and lacks the reagents readily 

available for murine models. Rats are also not as susceptible to Mtb infection as other 

respiratory diseases making mice a popular choice (97). If pre-clinical studies prove 

efficacy, researchers may move to non-human primates for further analysis (97, 142). 

Bacterial strains bear the same issues as discussed in vitro and, consequently, must 

be chosen carefully depending on the experimental endpoint sought (41). The in vivo 

model used in this project was established by Dr Brian Robertson and Dr Nitya 

Krishnan at the MRC Centre for Molecular Microbiology and Infection, Department of 

Medicine, Imperial College London using the BALB/C strain of mouse infected with 

Mtb, H37Rv. All in vivo testing was carried out on site. 
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1.10 Hypothesis and Aims 

The hypothesis of this thesis is that a patient friendly inhaled treatment for 

tuberculosis, using a targeted drug delivery system, can reduce dosage regimens and 

toxicity, enhance efficacy and expand the range of the anti-tuberculosis therapies 

available. Inhaled TB therapies could potentially increase patient adherence leading 

to more positive prognosis among patients and reduced incidence of multi-drug 

resistance tuberculosis worldwide. The overall goal of this project, therefore, was to 

build on the research to-date to progress the development of an inhaled treatment 

using translational techniques.  

  

The specific aims of the project were: 

Aim 1 To produce inhalable ATD-loaded PLGA MPs suitable for alveolar macrophage 

targeting and decreasing Mtb viability. 

Aim 2  To develop scalable methods of manufacturing MPs to produce an optimal 

formulation suitable for pre-clinical testing. 

Aim 3  To widen the current repertoire of antibiotics studied in the development of an 

inhaled treatment for TB, with the inclusion of linezolid, and to evaluate the efficacy of 

antibiotic-loaded MPs against Mtb infection.  

Aim 4  To combine the host-directed effects of ATRA and the targeting capabilities of 

PLGA MPs to administer the active form of vitamin A (ATRA) directly to the target site 

via inhalation. 
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Chapter 2 

Manufacture, characterisation and efficacy assessment of  

anti-tubercular drug loaded microparticles. 
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2.1 Introduction 

With the potential to reduce dosage and toxicities associated with traditional TB 

treatments, an inhaled formulation encapsulating anti-tubercular drugs (ATD) is an 

attractive prospect. However, to develop a successful microparticle (MP) formulation 

for inhalation a number of key characteristics are required. First is appropriate 

aerodynamic particle size. As described in Chapter 1, the size of the particles 

formulated should be determined by the desired target area for deposition within the 

respiratory system. Morphology and surface charge of the MPs can affect how the 

particles aerosolise, flow and deposit after actuation from a device as well as 

interaction with target sites once deposited. This is due to the complex branching 

nature of the bronchi and alveoli meaning that only particles of approximately 1 – 5 

µm will reach the lower airways. The size of the particles can also affect the release 

characteristics of the cargo, therefore an homogenous particle population is desirable 

to ensure consistent and reproducible drug release rates in vivo (143). Spherical MPs 

of 0.8 – 2.7 µm coupled with an anionic surface charge is thought to be most 

favourable and enables efficient phagocytosis by the alveolar macrophage (59, 60, 

64, 65, 143, 144).This chapter will focus on the manufacture and pharmaceutical 

characterisation of Poly(D, L-Lactide-co-glycolide) (PLGA) unloaded, rifampicin-

loaded and all-trans-Retinoic acid (ATRA)-loaded MPs manufactured by the double 

emulsion, solvent evaporation method (DESE) (145, 146).  

 

Equally critical in drug-loaded MP manufacture is the efficiency of drug loading and, 

as mentioned above, its release rate from the particle. High encapsulation efficiency 

is desired in order to reduce doses required and when coupled with controlled release 

of the drug at the site of action there is the potential to reduce dosing frequency (53). 

The solubility of the cargo can dictate the efficiency of encapsulation and release rate 

which must be taken into consideration when designing a method for manufacture. 

This is clearly seen in the literature where the encapsulation efficiency of rifampicin-

loaded PLGA MPs (RIF-MP) made by DESE is often < 20% (59, 90) whereas spray 

drying can produce RIF-MPs with maximum encapsulation (100.4 ± 1.0 %) (95). The 

controlled release of rifampicin from PLGA MPs made by DESE has been shown up 
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to 10 days in vitro (59).  ATRA-loaded PLGA MPs have been manufactured with 

>50% encapsulation, however, the method used was a single emulsion, solvent 

evaporation technique (125-127).  As mentioned in Chapter 1, the composition of the 

carrier itself affects release and a balance must be maintained between controlled 

release and sufficient degradation of the carrier to prevent accumulation in vivo. The 

medium weight PLGA Resomer® RG 503H with a 50:50 ratio of lactide: glycolide and 

a Mw of 24,000 – 38,000Da is used throughout this thesis owing to its balanced 

controlled release versus degradation profile. Finally, the method of manufacture can 

impact release depending on whether the drug is spread throughout the polymer 

matrix, in DESE or concentrated on the surface as in spray drying (64, 90). 

 

In this Chapter, the preparation of coated particles using the pro-inflammatory 

cytokine interferon-gamma (IFN-ɣ) is described using both rifampicin and ATRA-

loaded DESE MPs. Our group have previously shown that coating of PLGA MPs with 

gelatin increased particle uptake two-fold in both THP-1 derived macrophages and in 

primary alveolar macrophages (65). Particles similar to the unloaded-MPs developed 

here were also used in a study by Lawlor et al demonstrating the immunostimulatory 

properties of the carrier alone as mentioned in Chapter 1 (66).  Given the importance 

of IFN-γ in the host response and treatment of TB, the aim of this technology was, 

therefore, to assess the ability of IFN-ɣ coated MPs to reduce bacterial load and 

modulate the immune system in Mtb infected cells (12, 70).  

 

Another key element of formulation studies is to determine the stability profile of the 

MP product. Although comprehensive stability studies in line with The International 

Council for Harmonisation of Technical Requirements for Pharmaceuticals for Human 

Use (ICH) guidelines were outside the scope of this project it was essential to 

establish an estimated stability profile to set limits for the MPs within which pre-clinical 

testing should be carried out, as well as informing future studies. This is of particular 

importance where ATRA was concerned due to the labile nature of the active 

pharmaceutical ingredient (API) (147). To do so, the stability of the formulation was 

assessed by monitoring the average drug content in DESE formulations over time 
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(126). This allowed a “shelf life” to be assigned to each formulation based on drug 

loading (126).  

 

Attention was also given to the risk of product contamination which can occur by 

many means and via many pyrogens in the development of formulation in a research 

setting. Here we consider the most common form of pyrogenic contamination, 

lipopolysaccharide (LPS) contamination. LPS endotoxin is pathogen-associated 

molecular pattern (PAMP) associated with the outer membrane of Gram-negative 

bacteria (148). It exerts its effect through the transmembrane, Toll-like receptor 4 

(TLR4) complex.  LPS contamination is of concern for two main reasons; firstly, as it 

can cause septic shock syndrome in humans (149). Secondly, due to its potent 

inflammatory effects upon binding with TLR4 and inducing an immune response 

through the release of pro-inflammatory cytokines, including tumour necrosis factor 

alpha (TNF-α) interleukin-6 (IL-6) and interleukin-12p70 (IL-12p70) (148, 149). LPS 

can therefore interfere with immunological  assays leading to inaccurate readings, 

which is particularly important for this work (148). A dual approach was taken in this 

study with the aim of producing endotoxin-free MPs by 1) limiting contamination of 

raw materials, equipment and MPs prior to and during MP manufacture and 2) trying 

to mimic Good Manufacturing Practices (GMP) where feasible by developing a 

depyrogenation protocol. In addition, post-manufacture sterilisation of MPs by ɣ-

irradiation was also explored in order to eliminate complete bacterial contamination if 

required. This method of sterilisation was chosen as it is the most common method of 

terminal sterilisation used by the pharmaceutical industry. Other methods include 

steam, dry heat, ethylene oxide and ionising radiations (150, 151).      

 

Following characterisation, the MPs subsequently underwent preliminary efficacy 

testing in an in vitro model of Mtb infection using THP-1 derived macrophages and 

the avirulent strain of Mtb, H37Ra. Preliminary efficacy testing of the formulations was 

carried out to assess the impact of the formulations Mtb infection to-date. More 

detailed efficacy assessment of formulations is described in Chapter 4. The focus of 
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this Chapter is concentration response studies for rifampicin, ATRA and IFN-γ, as 

well as establishing optimal conditions for treatment evaluation. 

 

2.1.1 Chapter aim and objectives 

The aim of this chapter was to produce inhalable PLGA MPs suitable for alveolar 

macrophage targeting and decreasing Mtb viability. The specific objectives for this 

chapter were: 

 

Objective 1 To manufacture unloaded, rifampicin-loaded and ATRA-loaded MPs 

within the parameters suitable for a potential inhaled TB treatment using the DESE 

method. 

Objective 2 To characterise the pharmaceutical properties of the inhalable MPs 

manufactured by DESE. 

Objective 3 To develop a protocol to eliminate the potential for bacterial 

contamination during and after MP manufacture. 

Objective 4 To carry out preliminary efficacy assessment of the anti-tubercular 

formulations in an in vitro model of Mtb infection.  
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2.2 Materials 

Poly(vinyl alcohol) (PVA),  Poly(D, L-Lactide-co-glycolide) (PLGA) Resomer® RG 503 

H 50:50 Mw:24,000 – 38,000Da, rifampicin ≥97% (HPLC), all-trans-Retinoic Acid 

(ATRA) ≥98% (HPLC), Dimethyl Sulfoxide, Hybri-max, sterile filtered (DMSO), 

Tween® 80 and sodium hydroxide pellets (≥ 98%), N-(3-Dimethylaminopropyl)-N′-

ethylcarbodiimide hydrochloride (EDAC),  N-Hydroxysuccinimide (NHS), 2-(N-

Morpholino)ethanesulfonic acid (MES) Hydrate, Tris base, Phosphate buffered saline 

(PBS), Tween®80, Asparagine, Hoescht 33342 and HPLC grade solvents were all 

purchased from Sigma Aldrich (St Louis, USA). Endotoxin free water (BBraun, 

Ireland). Recombinant Human IFN-gamma Protein (Bio-techne, UK) and 

Recombinant Human Interferon gamma GMP (R & D Systems, Oxford, UK). THP-1 

cell line and Mycobacterium tuberculosis strain H37Ra were obtained from the 

American Type Culture Collection (ATCC, Virginia, USA). All materials required to 

prepare Middlebrook 7H9 medium, Middlebrook 7H10 agar, 7H11 agar were 

purchased from Becton Dickinson (BD, USA). RPMI 1640 Medium and Foetal Bovine 

Serum (Bio-Sciences Ltd., Dublin, Ireland). Modified Auramine O stain and 

decolourizer were from Scientific Device Laboratory (distributed by Cruinn). 

 

   

 

2.3 Methods  

All manufacturing and characterisation involving the use of light-sensitive rifampicin 

and ATRA was carried out in darkened fume hoods and using light protected 

consumables. 

 

2.3.1 Quality Target Product Profile (QTPP) 

The characteristics required for MP manufactured DESE were summarised into a 

QTPP as shown in Table 2.1 below. Targets were based on the literature and 

previous studies by our group (59, 60, 64, 65, 152). 
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Microparticle Target Evaluation 

Size  0.8 – 2.7 µm Laser diffraction 

Morphology Spherical, 
homogenous 

Scanning electron microscopy (SEM) 

Encapsulation 
efficiency 

> 20% UV spectroscopy/High Performance 
Liquid Chromatography  

Drug release Controlled 
release >  
10 days 

UV spectroscopy/High Performance 
Liquid Chromatography 

Sterility Sterile 
formulation 

IL-6 Enzyme-linked immunosorbent 
assay  

 

 

2.3.2 MP Manufacture by double emulsion, solvent evaporation (DESE) 

The unloaded MPs (UNL-MPs), rifampicin-loaded MPs (RIF-MPs) and all-trans-

Retinoic acid (ATRA)-loaded microparticles (ATRA-MPs) were manufactured using 

the double emulsion, solvent evaporation (DESE) technique adapted from work 

previously carried out by our group (59, 65, 144).  

 

2.3.2.1 Unloaded-MPs (UNL-MPs) 

To manufacture unloaded-MPs solutions of 1 % w/v and 2.5 % w/v of the emulsifier 

poly-vinyl alcohol (PVA) were freshly prepared by dissolving the required quantity of 

PVA powder in heated, endotoxin free water. Poly (lactic-co-glycolic acid) (PLGA) 503 

H (50 mg) was dissolved in 2 ml of dichloromethane (2.5 % w/v) and pulse sonicated 

using a Branson (SLPt) sonic probe at an amplitude level of 70% for 16 sec. A 

primary emulsion (W1/O) was made by the addition of 2 ml of the 2.5 % w/v PVA 

solution. This emulsion was then probe sonicated at an amplitude level of 70 % for 32 

sec. A secondary emulsion (W1/O/W2) was then formed by transferring the primary 

Table 2.1: The Quality Target Product Profile (QTPP) for the development of inhalable Poly 

(D, L-Lactide-co-glycolide) (PLGA) microparticles (MPs) by double emulsion, solvent 

evaporation (DESE). 
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emulsion in to 20 ml of the 1 % PVA solution. The secondary emulsion was added 

drop wise whilst the 1 % PVA solution was homogenised (Ultra Turrax T25) at output 

level 5 (21,500 rpm), using the homogeniser spindle 10/10 mm, for 2 min 30 sec. 

Once all of the primary solution was added to the emulsion it was then mechanically 

stirred in a fume hood for a minimum of 4 hours to allow the solvent to evaporate. 

When the evaporation was complete, the emulsion was then centrifuged at 7,000g for 

7mins at 4˚C (Hettich Centrifuge Rotina 35R) and washed with endotoxin free water 

three times. Following homogenisation, lyophilisation was carried out overnight using 

the Labconco Freezone Freeze Dryer and vacuum pump to allow collection of the 

MPs. 

 

Several manufacturing parameters were optimised in order to produce particles of the 

desired size including the amplification output from the sonic probe which was 

increased from an initial 60 % to the maximum of 70 %. Time for sonication doubled 

from 8 sec and 16 sec to16 sec and 32 sec respectively due to the volume of PVA 

used. Homogeniser spindles can be exchanged to accommodate larger volumes, in 

this case a 10 mm/10 mm spindle was used. Homogenisation output level as well as 

the time has a significant effect on particle size. Here, the level increased from 17,500 

rpm to 21,500 rpm and the time for homogenisation increased from 2 mins to 2 mins 

30 sec. Finally, an appropriate beaker size must be selected to accommodate the 

spindle size but also to create enough shear force to allow particles to form without 

any overflow of the double emulsion. 

2.3.2.2 Rifampicin-loaded MPs (RIF-MPs) 

Rifampicin-loaded PLGA MPs (RIF-MPs) were manufactured using a similar method 

as described for UNL-MPs with some modifications (Fig. 2.1) (59). With a solubility of 

2.5 mg/ml in water at 25˚C pH 7.3, according to the manufacturer (Sigma-Aldrich®), 

rifampicin was incorporated into the organic phase prior to the first sonication step (60 

% amplitude for 8 sec). Rifampicin encapsulation was conducted using a loading 

dose of 7.5 mg per 50 mg of PLGA as previously recorded by our group (59). The 

primary emulsion (W1/O) was made by the addition of 1 ml of the 2.5 % w/v PVA 

solution and probe sonicated at an amplitude level of 60 % for 16 sec. The secondary 
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emulsion (W1/O/W2) was then formed by transferring the primary emulsion in to 10 ml 

of the 1 % w/v PVA solution. The secondary emulsion was added drop wise while the 

1 % w/v PVA solution was homogenised at output level 4 (17,500 rpm) (Ultra Turrax 

T25), using homogeniser spindle 10/10 mm, for 4 min (see Fig. 2.1). The reduced 

quantities of PVA were used for rifampicin loading in an attempt to increase 

encapsulation efficiency (59). After 4 mins of homogenisation the emulsion was then 

mechanically stirred in a fume hood for a minimum of 4 hrs to allow the solvent to 

evaporate and the microparticles were collected as described for unloaded particles 

(Section 2.3.2.1).  

 

2.3.2.3 ATRA-Loaded MPs (ATRA-MPs) 

ATRA-loaded PLGA MPs (ATRA-MPs) were manufactured using a same method as 

described for RIF-MPs (section 2.3.2.2) with one modification regarding loading dose 

(Fig. 2.1). Due to the fact that it is practically insoluble in water (153), the hydrophobic 

cargo ATRA was also incorporated into the organic phase prior to the first sonication 

step (60 % amplitude for 8 sec). For ATRA-MPs a range of ATRA loading doses were 

tested (4 mg, 6 mg and 10 mg) (125-127) and the effect of loading on encapsulation 

efficiency, MP size and batch were reproducibility assessed. The primary emulsion 

(W1/O) was made by the addition of 1ml of the 2.5 % w/v PVA solution and again 

probe sonicated at an amplitude level of 60 % for 16 seconds. The secondary 

emulsion (W1/O/W2) was then formed by transferring the primary emulsion in to 10 ml 

of the 1 % w/v PVA solution. The secondary emulsion was added drop wise while the 

1 % w/v PVA solution is homogenised at output level 4 (17,500 rpm) (Ultra Turrax 

T25), using homogeniser spindle 10/10mm, for 4 min (see Fig. 2.1). After 4 mins of 

homogenisation the emulsion was then mechanically stirred in a fume hood for a 

minimum of 4 hrs to allow the solvent to evaporate and the microparticles were 

collected as described for unloaded particles (Section 2.3.2.1). 
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2.3.3 Size, morphology and zeta potential of MPs manufactured by DESE 

Particle size of UNL-MPs, RIF-MPs and ATRA-MPs was determined using laser 

diffraction (Malvern Mastersizer 2000) and confirmed by scanning electron 

microscopy (SEM) using the scale bar to calibrate. The morphology of MPs was also 

examined using the SEM images. SEM was carried out using the Tescan Mira XM 

secondary electron detector at an electron voltage of 5.0Kv. Prior to analysis each 

sample was mounted on carbon stubs and coated with gold palladium (10 nm). 

Surface charge was assessed using the nano series zetasizer (Malvern). 

 

2.3.4 Yield  

The yield of UNL-MP, RIF-MP and ATRA-MP batches was calculated gravimetrically 

from the weight of MPs recovered versus the starting quantities of the PLGA and anti-

tubercular drug (ATD).  

 

 

 

Figure 2.1: The manufacture of anti-tubercular drug-loaded MPs using the double 
emulsion, solvent evaporation technique. Image adapted from Lawlor et al. (2012) 
PLoS One (59). 
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2.3.5 Encapsulation efficiency 

2.3.5.1 Rifampicin encapsulation efficiency 

Rifampicin encapsulation efficiency was assessed by first dissolving 10 mg of each 

RIF-MP batch in 10ml of a solvent in which both the ATD and PLGA are soluble, in 

this case acetonitrile was used (154, 155).  The sample was then vortexed for 10 

mins and subsequently diluted 1 in 10 in acetonitrile before analysing by UV 

spectroscopy at 485 nm (154, 156) (Libra Biochrom S22). PLGA (10 mg) in 10 ml of 

acetonitrile was used as a blank reference. Due to its zwitterionic nature, rifampicin is 

soluble in phosphate buffer pH7.4 up to 9.9mg/ml and therefore UV spectroscopy was 

employed to analyse all rifampicin-containing samples as used in previous studies 

(81, 154, 156). The concentration of rifampicin in each sample was determined using 

a rifampicin in acetonitrile calibration curve (see Appendix), repeated three times and 

an average was obtained. Finally, the encapsulation efficiency for each batch was 

calculated using Equation 2.1 below. 

 

ὉὲὧὥὴίόὰὥὸὭέὲ ὉὪὪὭὧὭὩὲὧώ
ὃὧὸόὥὰ ὈὶόὫ ὒέὥὨὭὲὫ

ὝὬὩέὶὩὸὭὧὥὰ ὈὶόὫ ὒέὥὨὭὲὫ
 ὢ ρππ 

 

 

 

 

2.3.5.2 ATRA encapsulation efficiency 

The encapsulation efficiency of each ATRA-MP batch was determined by dissolving 

10 mg of ATRA-MPs in 10 ml of acetone (125). Acetone was selected as both ATRA 

and PLGA are soluble in acetone. The sample was then vortexed for 10 mins to 

ensure that the total amount of ATRA was released from the PLGA matrix. A 1 in 10 

dilution was carried out in acetone before filtering the sample using a 0.45 µm PTFE 

syringe filter in preparation for High Performance Liquid Chromatography (HPLC).  

 

The HPLC system utilised for analysis was the Agilent Technologies 1120 Compact 

L.C with a Kinetex 5u C18 100Å (250 x 4.6 mm) (Phenomenex, USA) column and UV 

Equation 2.1: Encapsulation efficiency 
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detector. Methanol:acetonitrile:water:acetic acid formed the mobile phase at a ratio of 

80:10:10:0.5 and was set to a flow rate of 1 ml/min (126). The sample injection 

volume was 10 µl and detection was carried out at 356 nm. The concentration of 

ATRA in each sample was subsequently calculated using the area under the curve 

and an ATRA calibration curve (see Appendix). This was repeated three times and an 

average was obtained. The encapsulation efficiency for each batch was calculated 

using Equation 2.1. 

 

2.3.6 Release studies of MPs manufactured by DESE  

2.3.6.1 Rifampicin release studies 

Preliminary release studies were carried out in triplicate in a medium composed of 

phosphate buffered saline (PBS) at pH 7.4 to mimic the physiological environment. 

Rifampicin release studies were carried out by suspending 10mg of RIF-MPs in 5 ml 

of release medium within a 15ml centrifuge tube which was held in a shaking water 

bath at 37˚C for 14 days. Each tube was centrifuged before removing the full 5ml and 

replacing with fresh media at pre-determined intervals starting from 4 hours and 

continuing daily thereafter up to 14 days and analysed by UV spectroscopy at 485 

nm. The concentration of rifampicin was calculated using calibration curves of 

rifampicin in release medium (see Appendix) and the results were plotted as 

cumulative release (%) versus time. 

 

2.3.6.2 ATRA release studies  

Characterisation of ATRA-loaded MPs was carried out by suspending 10 mg of MPs 

in 5 ml of release medium within a 15 ml centrifuge tube as described for rifampicin 

above. The PBS release medium, however, was adjusted with the aim of increasing 

the solubility of ATRA released with the addition of ethanol at a ratio of 8:2 

PBS:ethanol (128). The test was carried out in triplicate at pH 7.4. Samples of the 

release medium were taken following centrifugation at pre-determined intervals 

commencing at 4 hours and continuing daily thereafter, concluding on day 14. The 

total amount of medium (5 ml) in each tube was replaced every time a sample was 
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taken. The samples were subsequently analysed on HPLC using the method 

described in section 2.3.5.2 and concentrations calculated using the ATRA calibration 

curve (see Appendix). A cumulative release (%) versus time curve was subsequently 

plotted using the results. 

 

2.3.7 Surface modification of MPs manufactured by DESE with IFN-Һ 

For initial studies, DESE-MPs were coated with the inflammatory cytokine IFN-ɣ using 

a method previously developed by our group (152). Briefly, the carboxylic acid groups 

of 12.5 mg of MPs were activated with 7 % N-(3-Dimethylaminopropyl)-N′-

ethylcarbodiimide hydrochloride (EDAC) /0.3 % N-Hydroxysuccinimide (NHS). The 

activated MPs were then rotated head over end for 3 hrs in the presence of 100 µg 

IFN-ɣ suspended in 20 mM HEPES buffer (pH8.3) containing EDAC at a 

concentration of 500 mg/ml. The reaction was quenched using 20 mM HEPES buffer 

(pH 8.3) and 20 % glycine followed by lyophilisation to collect the IFN-ɣ coated MPs. 

Coating efficiency was assessed through techniques including enzyme-linked 

immunosorbent assay (ELISA), bicinchoninic acid (BCA) assay and Fourier transform 

infrared spectroscopy (FTIR). 

 

2.3.8 Stability of MPs manufactured by DESE 

Studies used to indicate the stability of RIF-MPs and ATRA-MPs formulations 

manufactured by DESE were carried out up to 104 days post-manufacture. The 

quantification of encapsulated rifampicin and ATRA remaining over time was 

calculated using the method described earlier (Section 2.3.5). All formulations were 

stored at 2 - 8°C throughout this study. 

 

2.3.9 Depyrogenation protocol for MP manufacture 

(Note: The following protocol was developed in collaboration with Dr Natalia Munoz 

Wolf of the Adjuvant Research Group in the Trinity Biomedical Sciences Institute 

(TBSI), Dublin (P.I: Dr Ed.C Levelle). 
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A protocol for endotoxin elimination was developed and incorporated into the method 

of MP manufacture described above (Section 2.3.2). It is essential to try and eliminate 

the potential for endotoxin contamination at this stage as post-manufacturing 

sterilisation is not sufficient to destroy the heat stable LPS composed of a 

polysaccharide core with repeating glycan polymer units attached known as the O-

Antigen and lipid section, Lipid A (148). The protocol is divided into three main 

sections:  materials and consumables, glassware and equipment.  

 

2.3.9.1 Materials and consumables  

Where possible, sterile or endotoxin free raw materials were used including all plastic 

consumables. All aqueous solutions and buffers were prepared using endotoxin-free 

water (BBraun, Ireland) and filtered through a 0.2 µm PTFE syringe filter (Sparks 

laboratory supplies) prior to use (157). 

 

2.3.9.2 Glassware 

To prepare glassware for use there were two options available within the laboratory 

setting. For option (1) the glassware was soaked in 0.5 M NaOH for a minimum of 1 – 

3 hrs or overnight (151, 158). Following soakage, the glassware was rinsed in 

endotoxin-free water, covered with endotoxin free tin foil and dried in an oven at 30˚C. 

If oven drying was not possible, the glassware was placed upside down on sterile 

gauze until dry. Re-usable plastics were also decontaminated as above. Option (2) 

involved washing the glassware, covering with endotoxin-free tinfoil and placing in a 

dry oven (Vacucell 111) under the following conditions: 250˚C - 260˚C for 1 hr or 

180˚C to 200˚C for 3 – 4 hrs (151, 158). Once decontaminated, all glassware and re-

usable plastics were covered with sterile gauze or endotoxin free tin-foil (also dry 

heated) and stored in an appropriate container. 
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2.3.9.3 Equipment 

All equipment used during the manufacture of MPs were rinsed with 0.5 M NaOH 

followed by endotoxin-free water before and after-use and dried with sterile gauze if 

required. 

 

2.3.9.4 IL-6 secretion assay  

During the development of this protocol, MPs manufactured with and without 

incorporating depyrogenation, along with raw materials, were analysed for LPS 

contamination to assess the success of the protocol. An in vitro model assessing the 

extent of LPS contamination in raw materials as well as drug delivery vehicles has 

been developed by the Adjuvant Research Group in the Trinity Biomedical Sciences 

Institute (TBSI), Dublin (P.I: Dr Ed.C Levelle) using bone-marrow derived dendritic 

cells (BMD-DC) from wild-type (WT, HeN) and TLR4 knockout (KO, HeJ) mice. Here, 

cells were harvested, differentiated in 20 ng/ml granulocyte-macrophage colony 

stimulating factor (GM-CSF) and cultured by Dr Natalia Munoz Wolf at TBSI. After 10 

days, the differentiated DC’s were plated at 1.25 X105 cells per well in a 96-well plate 

and incubated at 37˚C/CO2 overnight. The MPs and raw materials, at various 

concentrations, were suspended in complete RPMI (RPMI) and added to HeN and 

HeJ cells in duplicate with experimental controls including LPS (10ng/ml) and CpG 

(TLR9 agonist) and incubated at 37˚C/5% CO2 for 24hours. Following incubation, the 

cells were centrifuged, and supernatants were removed for analysis. Levels of IL-6 in 

the sample supernatants were later quantified using an IL-6 ELISA kit (Biolegend, 

San Diego, USA). Absorbance of samples was read at 492 nm on a photometric plate 

reader and concentrations determined using a standard curve.     

 

 

 

2.3.10 Sterilisation of MPs by Һ-irradiation 

In this initial study, MPs manufactured by DESE were characterised for size, 

encapsulation efficiency and yield (as per Section 2.3.4) before and after terminal 
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sterilisation of MPs by ɣ-irradiation which was carried out by STERIS Applied 

Sterilization Technologies, Westport, Co Mayo. STERIS Applied Sterilization 

Technologies is an EN ISO and FDA approved international provider of sterilisation 

services to the health care industry. UNL-MPs and RIF-MPs were sterilised by ɣ-

irradiation at a dose of 25 kGy. A certificate of radiation including processing 

parameters was provided with each batch sterilised (see Appendix). As sterilisation by 

ɣ-irradiation is believed to affect polymer integrity a second study was carried out to 

determine any changes in the release of ATD from RIF-MPs pre- and post-

sterilisation. The release study was carried out in triplicate at pH 7.4 in 37˚C as 

described previously for rifampicin-loaded DESE-MPs (Section 2.3.6.1).  

 

2.3.11 In vitro efficacy testing  

2.3.11.1 Cell culture 

THP-1 cells were cultured in T75 vented flasks with complete RPMI consisting of 

RPMI 1640 medium plus 10 % foetal bovine serum (FBS). For differentiation, the 

THP-1 cells were transferred to a 50 ml tube and centrifuged at 1200 rpm for 10 mins 

at 21˚C. The supernatant was discarded, the remaining pellet was re-suspended in 

RPMI and the cells were counted. The cells were then seeded in 12, 48- or 96-well 

NUNC plates depending on aim of analysis at a density of 1 X105 cells/ml in 100 nM 

PMA for 72-96 hrs at 37˚C/5 % CO2 to allow differentiation into adherent 

macrophages. Individual plates were set up for each time point in the course of the 

experiment. Cells were also seeded at the same density in two Nunc Lab-Tek II two-

well glass chamber slides to allow determination of multiplicity of infection (MOI) (59, 

159). 
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2.3.11.2 Mtb culture  

The avirulent strain of Mtb, H37Ra, (ATCC) was used for infection. All experiments 

involving H37Ra were carried out in a biosafety level II safety cabinet and in darkened 

conditions when ATRA and rifampicin were in-use. Mtb (H37Ra) was propagated in 

Middlebrook 7H9 medium to log phase at 37˚C/5 % CO2. When required for infection 

of THP-1 derived macrophages, the H37Ra was centrifuged at 2,600 x g for 10 mins. 

The supernatant was discarded, and the remaining pellet was re-suspended in fresh 

RPMI using a 25 G needle and 5 ml syringe (BD, USA). The suspension was then 

centrifuged for a further 3 min 800 rpm/100 x g to remove any remaining clumps. 

Quantities of 5, 25, 50 and 25 µl of the resultant suspension were then added to the 

chambers of the Lab-Tek II chamber slides and incubated at 37˚C/5 % CO2 for 3 hrs.  

 

2.3.11.3 Mtb infection 

Determination of MOI, or number of Mtb per cell, was carried out by fixation of the 

infected THP-1 derived macrophages within the Lab-Tek II chamber slides using 2 % 

paraformaldehyde for 5 mins to kill the mycobacteria. Once fixed, the 

paraformaldehyde was washed off and the Mtb were stained with auramine-O 

followed by the TB-Decolorizer™. The nuclei were stained with Hoescht 33342 and 

anti-fade (DAKO) was added before examining the slides under a 100X objective on a 

fluorescent microscope (Olympus IX51) to assess the extent of infection in each 

chamber. The volume of Mtb suspension required for the desired MOI, or level of 

infection was then calculated and added to each well of the NUNC 12-, 48- or 96-well 

plates and incubated at 37˚C/5 % CO2 for 3 hrs to allow the mycobacteria to be 

phagocytosed. After 3 hrs incubation the wells were washed with fresh RPMI to 

remove any extracellular mycobacteria followed by addition of treatment (59, 159). 

 

2.3.11.4 Concentration response studies for rifampicin and ATRA 

In order to determine the extent of Mtb killing by each ATD the mycobacteria must be 

harvested from the infected macrophages at pre-determined intervals following 

treatment to allow enumeration of colony forming units (CFU). This process takes a 
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minimum of 25 days to complete from cell differentiation through to collation of results 

as depicted in Figure 2.2 In the first instance concentration-response data was 

generated for ATDs alone (non-encapsulated) as a baseline for the MP formulations. 

Test samples were prepared by dissolving rifampicin or ATRA in DMSO and adding to 

the wells at the following concentrations: 20 µg/ml, 10 µg/ml, 5 µg/ml, 2.5 µg/ml (61, 

90, 116, 160). DMSO 0.1% in RPMI (concentration of DMSO in 20 µg/ml solution) 

was used as a vehicle control throughout the experiment in addition to RPMI alone in 

the presence of infection. At 24 hrs and 72 hrs post treatment, the medium was 

removed from each well and transferred to conical tubes for centrifugation at 3800 

rpm for 10 mins. Meanwhile, 0.1 % v/v Triton-X 100/PBS lysis buffer was added to 

each well and incubated for 5mins at room temperature. After 5 mins, the cells were 

scraped from the wells and added to the corresponding supernatant. Sterile PBS (0.5 

ml) was used to wash each well which was also added to the corresponding 

supernatant. The suspension from each well was then mixed with a 25 G needle and 

1 ml syringe to re-suspend the Mtb. Dilutions of each suspension were prepared 

ranging from 10-1 to 10-3 and subsequently spread, in triplicate, on Middlebrook agar 

7H10 plates. The plates were sealed and incubated at 37˚C/5 % CO2. At 14 to 21 

days post-infection the numbers of CFU were counted on each plate allowing viability 

of Mtb be calculated for each treatment and time point (59).The number of 

mycobacteria phagocytosed 3 hrs post infection was also assessed using the 

technique described above to provide baseline infection levels.  
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2.3.11.5 Concentration response studies for IFN-Һ 

The effect of IFN-ɣ re-constituted in endotoxin free water and diluted in RPMI at 20 

ng/ml and 5 ng/ml on H37Ra infection was also assessed using the method described 

above. In addition, IFN-ɣ inducible-protein (IP-10) was used as a means of gauging 

treatment augmentation by recombinant IFN-ɣ in Mtb infection. IP-10 or CXCL10, is a 

pro-inflammatory chemokine induced by IFN-ɣ and released by innate immune cells, 

including macrophages, following infection (95, 96). IP-10 activity subsequent to 

treatment with IFN-ɣ at 20 ng/ml and 5 ng/ml for 24 hrs in uninfected and Mtb infected 

THP-1 macrophages was measured using Human CXCL10/IP-10 ELISA MAX™ 

(BioLegend). Briefly, NUNC Maxisorp™ 96 Microwell plates were coated with 

CXCL10/IP-10 antibodies after which samples and standards were added and tagged 

by a biotinylated anti-human CXCL10/IP-10 antibody. The addition of Avidin-

horseradish peroxidase and TMB substrate solution, a reaction which is stopped by 

Figure 2.2: Overview of the in vitro efficacy testing of anti-tubercular drug formulations 
using THP-1 derived macrophages. (A) Enumeration of colony forming units (CFU/ml) 
over a 24-day period and (B) assessment by the BacT/ALERT® system over a 45-day 
period. 
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2N H2SO4, allowed absorbance of the samples and standards to be read at 450nm 

and 570nm (BioTek®, Epoch™ Microplate reader). 

 

2.3.11.6 Bacillary viability via enumeration of CFU following MP treatment 

This preliminary study was designed to assess the benefit of combination treatment 

for Mtb infection. The treatments listed in Table 2.2 were used with RPMI alone as the 

control. All wells were infected with H37Ra for this study. These preliminary studies 

incorporating both ATD loaded (RIF-MP and ATRA-MP) and IFN-ɣ coated MPs 

manufactured by DESE were carried out as per the method outlined above in Section 

2.3.10.3. Based on the results from the concentration response studies, the desired 

concentration for each ATD loaded MP were calculated using the encapsulation 

efficiencies in Section 2.3.5 along with the corresponding quantities of UNL-MPs as 

controls. For RIF-MPs, 2.5 µg/ml and ATRA-MP 10 µg/ml were selected as the drug 

concentrations for this study. IFN-ɣ solution was added at a concentration of 5 ng/ml 

following a concentration response and IP-10 studies. Extracellular MPs were washed 

off 1 hr post-treatment in this study (65). 

 

 

 

Group Treatment 

1 RPMI 

2 ATD + unloaded-MPs 

3 ATD-MPs 

4 ATD+IFN-ɣ Solution + unloaded-MP 

5 ATD-MPs + IFN-ɣ Solution 

6 ATD Solution + IFN-ɣ coated unloaded-MPs 

7 IFN-ɣ coated ATD-MPs 

 

 

Table 2.2 Treatment groups for bacillary viability testing of anti-tubercular drug (ATD) -
microparticles (MP).  
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2.3.11.7 Assessment of bacterial growth following MP treatment using the 

BacT/ALERT®  

This automated system allows determination of the viability of microorganisms via a 

colorimetric sensor that is sensitive to CO2 levels in the culture media thus detecting 

the time to positivity (TTP) over a 42-day period following treatment. The TTP can be 

used to calculate the change in bacterial growth (%) in response to treatment based 

on the level of infection present at 3 h as shown in Figure 2.2. For this system, the 

media and lysed cells from each well were processed as per Section 2.3.11.3 and 0.5 

ml of the bacterial suspension added to the BacT/ALERT® process bottles before 

being placed in the BacT/ALERT® apparatus. The infected macrophages were 

incubated with each of the ATRA formulations throughout the Mtb replicating phase 

(192 hr) in order to allow a more appropriate assessment of its host-directed effects 

(161). 

 

2.3.12 Statistical analysis 

Statistical analysis of results was carried out using GraphPad Prism software, version 

7.03. Results were expressed as mean ± standard deviation or range where 

applicable in tables and figures. A two-way ANOVA was carried out on the release 

data pre- and post-sterilisation data followed by a Bonferroni post hoc test. The p 

value was considered significant when < 0.05. 
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2.4 Results 

2.4.1 Physico-chemical characterisation of MPs manufactured by DESE 

Optimisation of the protocol for manufacturing inhalable PLGA MPs by DESE through 

the variation of homogenisation and sonication parameters was required to achieve 

the ideal particle size for alveolar macrophage targeting. Using UNL-MP as the 

control formulation, batches were found to be between 2.24 ± 0.09 µm and 3.46 ± 

0.04 µm in size when examined by laser diffraction. However, the parameters which 

resulted in a reproducible particle size close to the optimum 0.8 – 2.7 µm included a 

sonication amplitude of 70%, a homogenisation level of 5 (21,500 rpm) and a 

homogenisation time of 2 min 30 sec. With an average particle size of 2.27 ± 0.05 µm 

these parameters were chosen for the manufacture of all subsequent batches of 

UNL-MPs. The average particle size and zeta potential of subsequent optimised 

batches of UNL-MPs can be seen in Table 2.3 below along with the SEM images 

(Fig. 2.3 (A) and (B)).  

 

Following the optimisation of UNL-MPs, rifampicin was encapsulated within PLGA 

MPs and the resultant RIF-MPs were characterised. RIF-MPs possessed a suitable 

size and surface charge with an average encapsulation efficiency of 12.55 ± 1.56 % 

(n=34) with 18.8 µg ± 2.34 per mg of MPs (Table 2.3). Within these results, the 

maximum encapsulation efficiency achieved (n=3) was 14.68 ± 0.95 % (22.02 µg/mg 

of MPs). A relatively homogenous morphology of RIF-MPs can be seen in the 

representative SEM images in Figure 2.2 (B) and (D). The average yield from RIF-

MPs batches were 50.6 ± 3.9 % which provided an average batch size of 29.1 ± 2.2 

mg (n=8). 

 

ATRA was also encapsulated within PLGA MPs and preliminary pharmaceutical 

characterisation was carried out using three different loading doses of ATRA (4 mg, 6 

mg and 10 mg) to assess the effect of drug loading on particle size and encapsulation 

efficiency. While the ATRA-MPs manufactured using the 4 mg loading dose had a 

suitable particle size of 2.40 ± 0.05 µm (see Table 2.4), these MPs had a lower 

encapsulation efficiency of 70.9 ± 13.8 % and a loading capacity of 63.2 ± 5.8 µg of 
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ATRA/mg of MPs in comparison to the MPs loaded with 6 mg of ATRA (77.5 ± 2.0 

%). No further batches of ATRA-MPs using 4 mg loading dose were manufactured. 

Although the 10mg loaded ATRA-MPs (n=5) resulted in double the amount of ATRA 

per mg of MPs (122.4 µg) the encapsulation efficiency was also lower and 

inconsistent (60.23 ± 6.0%) when compared to the 6mg loaded ATRA-MPs with an 

encapsulation efficiency of 77.5 ± 1.96 % equating to 96 µg of ATRA per mg of MPs. 

A loading dose of 6 mg of ATRA was therefore selected for the remaining batches of 

ATRA-MPs manufactured by DESE. Preliminary analysis of encapsulation efficiency 

to determine the optimal loading dose for ATRA was carried using UV spectroscopy, 

however, following the development of a HPLC method for ATRA, all subsequent 

samples have been analysed using HPLC, hence the discrepancy between 

encapsulation efficiencies in Table 2.3 and 2.4. This modification to analysis was 

introduced to eliminate potential inaccuracies in results caused by the insolubility of 

ATRA. Scanning election microscopy (SEM) of the ATRA-MPs allowed assessment 

of particle morphology and confirmation of particle size in Figure 2.3. Morphology is 

similar amongst UNL-MPs and RIF-MPs (Fig. 2.3 (A-D)) in the images below 

producing mostly smooth, spherical particles. ATRA-MPs, however, show distortion in 

particle shape at higher magnifications (Fig. 2.3 (F)). Resultant yield and batch size 

from ATRA-MP batches were calculated gravimetrically as 59.0 ± 4.9 % and 33.0 ± 

2.8 mg (n=9) respectively. 

 

 

Formulation Particle Size 
(µm) 

Zeta Potential 
(mV) 

Encapsulation 
Efficiency (%) 

µg/mg of MPs 
(µg) 

UNL-MP 2.42 ± 0.22 -24.85 ± 1.34 - - 

RIF-MP 2.55 ± 0.25 -27.2 ± 3.08 12.55 ± 1.56 18.8 ± 2.34 

ATRA-MP 2.63 ± 0.12 -26.16 ± 1.20 63.45 ± 2.35 76.1 ± 2.63 

Formulations include: unloaded-microparticles (UNL-MP) n=3; rifampicin-loaded 
microparticles (RIF-MP) size and zeta potential n=8; and encapsulation n=34; ATRA-loaded 
microparticles (ATRA-MP) size and zeta potential n=19, encapsulation n=8. 

 

Table 2.3: Physico-chemical characterisation of MPs manufactured by double emulsion, 
solvent evaporation (DESE).  

 



 

78 
 

 

 

 

 

 

 

 

 

 

ATRA Loading Dose  
(mg) 

Particle Size 
 (µm) 

Encapsulation  
Efficiency (%) 

µg/mg of MP  
(µg) 

4 2.40 ± 0.05 70.9 ± 13.8 63.2 ± 5.8 

6 2.8 ±0.42 77.5 ± 2.0 96 ± 8.9 

10 3.87 ± 1.50 60.2 ± 6.0 122.4 ± 11.4 

    ATRA-loaded MPs were manufactured as follows: 4 mg (n=3), 6 mg (n=5), 10 mg (n=11). 

 

 

Table 2.4: Optimisation of ATRA-loaded MPs manufactured by double emulsion, solvent 
evaporation (DESE): the effect of ATRA loading on particle size, encapsulation efficiency 
and loading capacity.  

 

Figure 2.3: Representative Scanning Electron Microscope (SEM) images of unloaded-
MPs (UNL-MP) at magnification (A) 2.52 kx and (B) 7.46 kx, rifampicin-loaded-MPs (RIF-
MP) at magnification(C) 2.54 kx and (D) 7.51 and ATRA-loaded MPs (ATRA-MP) at 
magnification (E) 2.50kx and (F) 7.42 kx manufactured by double emulsion solvent 
evaporation (DESE). 
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2.4.2 Release studies of RIF-MPs and ATRA-MPs manufactured by DESE  

The release of rifampicin from RIF-MPs was assessed by suspending 10 mg of RIF-

MPs in suitable media at pH 7.4 to try and mimic the physiological environment. 

Continual release of rifampicin was observed over the first 7 days of the study, after 

which the quantity released begins to plateau resulting in a biphasic release pattern 

(Fig. 2.4 (A)). A total of 42.3 ± 2.4 % of rifampicin was released from RIF-MPs over 

the duration of the study. 

 

The release of ATRA from ATRA-MPs in modified release media (PBS:EtOH, 8:2) 

was investigated. A sample of 10mg of ATRA-MPs were suspended in buffer, 

however, despite the modification of the buffer, to improve solubility, a total 

cumulative release of ATRA of only 2.73 % was detected in the release medium after 

15 days (Fig. 2.4 (B)). Regardless of the low levels of ATRA released, a two-phase 

pattern was also observed with little extra released after day seven.   

 

 

 

 

 

 

Figure 2.4: Cumulative release (%) of (A) rifampicin from rifampicin-loaded MPs (RIF-MP) 
in phosphate buffered saline (PBS) at pH 7.4 (n=3±SD) and (B) ATRA from ATRA-loaded 
MPs (ATRA-MP) in PBS containing ethanol (PBS:EtOH, 8:2) at pH 7.4 (n=3±SD). MPs 
were manufactured by double emulsion, solvent evaporation.  
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2.4.3 Surface modification of MPs manufactured by DESE with IFN-Һ 

Analysis of coating efficiency via enzyme-linked immunosorbent assay (ELISA), 

bicinchoninic acid (BCA) assay and Fourier transform infrared spectroscopy (FTIR) 

did not produce any definitive results. The use of sodium dodecyl sulphate-

polyacrylamide gel electrophoresis (SDS-PAGE) to analyse the coating supernatants 

showed that excess crosslinking possibly caused dimer and even trimer formation of 

the protein which could have led to the difficulty in analysis. However, the IFN-γ 

coated MPs were tested in vitro to assess if the formulation was efficacious. 

 

2.4.4 Stability of RIF-MPs and ATRA-MPs manufactured by DESE 

In order to estimate the stability of RIF-MPs and ATRA-MPs formulations the 

encapsulation efficiency was monitored over 73 and 104 days for RIF-MPs and 

ATRA-MPs respectively, with an emphasis on ATRA formulations due to the sensitive 

nature of this molecule. Rifampicin is also light sensitive thus increasing the potential 

for accelerated degradation therefore both formulations were stored in light protected 

containers at 2 - 8ºC for the duration of the study. Although RIF-MPs manufactured 

by DESE had lower levels of encapsulated drug (%) to start compared to ATRA-MPs 

there was a clear difference in stability profile amongst the formulations (Figure 2.5 

(A) and (B)). The average mass of rifampicin encapsulated remained steady at 15.5 ± 

1.3 µg per mg of MP (11.68 ± 0.9 % encapsulation efficiency) up to 73 days after 

manufacture (Fig. 2.5 (A)). The quantity of ATRA per mg of MPs, on the other hand, 

markedly decreased from 74.60 ± 6.7 µg (62.25 ± 5.8 % encapsulation efficiency) 

within the first two weeks post manufacture to 12.63 ± 2.5 µg (10.58 ± 2.2 % 

encapsulation efficiency) after two months and 5.12 ± 0.88 µg (4.23 ± 0.7 % 

encapsulation efficiency) after more than three months (Fig. 2.5 (B)). Comprehensive 

stability studies of the formulations are required but this preliminary information 

served as a basis for later studies including pre-clinical experiments.  
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2.4.5 Depyrogenation protocol for MP manufacture  

Results from this study show elevated levels of IL-6 after treatment with UNL-MPs, 

RIF-MPs and PLGA (raw) (Fig. 2.6) and did not appear in the TLR4 KO BM-DCs 

(HeJ) cells suggesting the presence of LPS in the samples. There also appeared to 

be a concentration related response in both the RIF-MP and rifampicin solution 

treated cells. LPS itself, however, elicited a much higher response (> 2000 pg/ml IL-6) 

compared to UNL-MPs (< 820 pg/ml IL-6). CpG was secreted by both HeN and HeJ 

cells as it activates TLR9 as opposed to TLR 4 and is used here as a marker of cell 

activity.  

 

Figure 2.5 Encapsulation efficiency (%) of (A) rifampicin-loaded MPs (RIF-MPs) up to 
73 days (n=3) and (B) ATRA-loaded MPs (ATRA-MPs) up to 104 days (n=4) post 
manufacture by double emulsion, solvent evaporation (DESE). Formulations were 
protected from light and stored at 2-8˚C through the study. 
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UNL-MPs and RIF-MPs were subsequently manufactured incorporating the 

depyrogenation protocol described in Section 2.3.9, using dry heat (180-200˚C, 3-4 

hours) to decontaminate all glassware and 0.5 M NaOH to decontaminate re-usable 

plastics. The raw materials used in manufacture were unchanged at this point. BMD-

DCs were then treated with varying concentrations of both UNL-MPs (Fig. 2.7 (A)) 

and RIF-MPs (Fig. 2.7 (B)) and incubated for 24 hrs at 37˚C/CO2 after which 

supernatants were removed for quantification of IL-6 by ELISA as before. After the 

incorporation of the depyrogenation protocol, the highest level of IL-6 secretion in 

response to MP treatment across both studies was 326.56 ± 65.1 pg/ml for UNL-MPs 

at 0.6 mg/ml (Fig. 2.7 (A-B)) in comparison to a high of 635.77 ± 182.5 pg/ml for UNL-

MP at 0.5 mg/ml in Figure 2.6. The use of a depyrogenation protocol brought the 

levels of IL-6 in both studies closer to that of the average of the control (media) 

(126.34 ± 72.7 pg/ml) and considerably lower than the positive LPS control. However, 

the results in Figure 2.7 suggest that the raw materials used during the manufacture 

Figure 2.6: IL-6 production in WT (HeN) and TLR4 KO (HeJ) bone marrow derived 
dendritic cells (BMD-DC) post treatment with MPs and raw materials not incorporating the 
depyrogenation protocol. Treatments included: Media (RPMI), unloaded-MPs (UNL-MP), 
rifampicin-loaded MP (RIF-MP), PLGA 503 H, rifampicin in solution, Lipopolysaccharide 
(LPS) and the TLR9 agonist (CpG). All MPs were manufactured by double emulsion, 
solvent evaporation (±SD, n=1). 
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of MPs (PLGA 503H and rifampicin solution) remain a potential source of endotoxin 

contamination. Interestingly, treatment with RIF-MPs led to the secretion of IL-6 in 

TLR4 KO mice (HeJ), as well as wild type (HeN) indicating the presence of an 

additional contaminant(s). Cell activity was validated again using the TLR 9 agonist 

CpG. 

 

 

 

 

 

 

 

 

 

2.4.6 Sterilisation of MPs by Һ-irradiation  

Following the development of a depyrogenation protocol and subsequent testing of 

MPs in the previous section (Section 2.4.5) a study examining the effect of 

sterilisation by ɣ-irradiation on UNL-MP and RIF-MPs was carried out. MPs were 

packaged in quantities required for analysis at 5 mg and 10 mg for size and 

encapsulation respectively. Both formulations were characterised before being 

Figure 2.7: IL-6 Production in WT (HeN) and TLR4 KO (HeJ) bone marrow derived 

dendritic cells (BMD-DCs) post treatment with MPs incorporating the depyrogenation 

protocol. (A) Unloaded-MPs (UNL-MP) commencing at 1.25 mg/ml decreasing in two-fold 

dilutions to 0.07 mg/ml, (B) Rifampicin-loaded MPs (RIF-MP, commencing at 1.25 mg/ml 

decreasing in two-fold dilutions to 0.07 mg/ml). Control treatments used were Media 

(RPMI), Lipopolysaccharide (LPS) and TLR9 agonist (CpG). All MPs were manufactured by 

DESE (± SD, n=1). 
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shipped to STERIS Applied Sterilization Technologies, Westport, Co Mayo where the 

batches were subject to 25 kGy of ɣ-irradiation.  Each sample was re-characterised 

where sample weight and morphology were examined post-sterilisation, along with 

encapsulation efficiency and the release of rifampicin from RIF-MPs. The effect of ɣ-

irradiation on sample weight can be seen in Table 2.5 with a reduction of 20-34 % in 

each sample weight post-sterilisation as well as a 2.5 % decrease in encapsulation 

which, considering the low encapsulation efficiency to begin, is a considerable 

change. SEM images showed no apparent difference in size or morphology of UNL-

MPs or RIF-MPs before or after sterilisation (see Figure 2.8). 

 

 

 

Sample Pre-Sterilisation Post-Sterilisation 

 Sample Weight  

UNL-MP 5 mg 3.30 mg 

UNL-MP 5 mg 4.03 mg 

RIF-MP 10 mg 8.04 mg 

Encapsulation Efficiency 

RIF-MP 14 % 11.3 % 

 

Table 2.5: Physico-chemical characterisation of unloaded-MPs (UNL-MP) and 
rifampicin-loaded MP (RIF-MP) pre- and post- terminal sterilisation by ɣ-irradiation (25 
KGy). 



 

85 
 

              

 

 

 

 

The effect of ɣ-irradiation on polymer (PLGA 503 H) integrity and, hence, MPs, was 

determined by carrying out by assessing the release of rifampicin from MPs pre- and 

post sterilisation. The release study was carried out in physiological conditions (PBS 

pH 7.4) over a seven day period and results were plotted together in Figure 2.9. A 

similar release profile was found with only a significant difference in results at day 1 of 

the study, suggesting the PLGA 503 H remained largely unchanged following 

sterilisation.  

Figure 2.8 Representative Scanning Electron Microscope (SEM) images of unloaded-MP 

(UNL-MP) (A) pre-sterilisation and (C) post-sterilisation and rifampicin-loaded MP (RIF-MP) 

(B) pre-sterilisation and (D) post-sterilisation by ɣ-irradiation (25 kGy). 
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2.4.7 In vitro efficacy testing 

2.4.7.1 Concentration response studies for ATDs alone 

The concentration response study for rifampicin was carried out twice and the results 

are plotted in Figure 2.10 (A) and (B) below (note: the results were not combined due 

to the differences in the levels of infection). Despite differences in the levels of 

infection, the results in Fig. 2 .10 (A) and (B) show a reproducible reduction in the 

mycobacterial burden following rifampicin treatment at varying levels of infection 

(MOI) in comparison to the untreated and vehicle controls. Little or no colonies were 

visible 21 days following harvesting of the Mtb from cells plating on agar, signifying 

the powerful ability of rifampicin to sterilise Mtb even at the lowest concentration of 

2.5 µg/ml. A higher number of viable Mtb colonies were observed at 72 hrs following 

treatment with RPMI plus DMSO (0.1 %) when compared to RPMI alone, an effect 

which appears to be diminished with the addition of rifampicin. 

 

 

 

Figure 2.9: Cumulative (%) release of rifampicin from rifampicin-loaded MP (RIF-MP) 
pre- and post-sterilisation by ɣ-irradiation (25 kGy). The release study was carried out in 
phosphate buffered saline (PBS) at pH 7.4 (n=3 ± SD). 
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ATRA concentration response studies also resulted in a reduced bacterial burden at 

most concentrations with the exception of ATRA 5 µg/ml in Figure 2.11 (A), a result 

which was not evident at a higher level of infection (Fig. 2.11 (B)). ATRA reduced the 

bacterial viability at all concentrations in comparison to the untreated and vehicle 

controls and at 0-15 Mtb per cell, compared to Fig. 2.11 (A) where the MOI was 0-7 

Mtb per cell. DMSO in RPMI resulted in levels of Mtb viability close to that of RPMI 

alone in Figure 2.11 (A), however, when repeated the number of colonies were 

Figure 2.10 Rifampicin concentration response studies. Baseline infection levels were 

measured at 3 hrs post-infection of THP-1 derived macrophages with H37Ra which was 

followed by the addition of increasing concentrations of rifampicin solution (2.5 µg/ml to 20 

µg/ml). Bacterial viability was determined 24 hrs and 72 hrs post-infection via enumeration 

of colony forming units (CFU/105 cells) on Middlebrook 7H10 agar. RPMI and DMSO 0.1 

% were used as the untreated and vehicle control respectively (A) MOI: 0-12/cell (n=1), 

(B) MOI:0-8/cell (n=1).  
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reduced at 72 hrs (Fig. 2.11 (B)). These results from Figure 2.10 and Figure 2.11 

were used to select the concentration of MPs required for later efficacy studies. 

 

 

 

 

 

 

 

 

A concentration response study for IFN-ɣ was also required to ascertain an effective 

concentration for efficacy studies involving IFN-γ coated MPs. IFN-γ solution was 

added to THP-1 derived macrophages, previously infected with Mtb, at concentrations 

of 20 ng/ml and 5ng/ml to evaluate the consequence on immune response and, 

hence, bacterial survival (Fig. 2.12 (A)). Interestingly the higher concentration of IFN-ɣ 

Figure 2.11 ATRA Concentration response studies. Baseline infection levels were 

measured at 3 hrs post-infection of THP-1 derived macrophages with H37Ra which was 

followed by the addition of increasing concentrations of ATRA solution (2.5 µg/ml to 20 

µg/ml). Bacterial viability was determined 24 hrs and 72 hrs post-infection via 

enumeration of colony forming units (CFU/105 cells) on Middlebrook 7H10 agar. RPMI 

and DMSO 0.1 % were used as the untreated and vehicle control respectively. (A) MOI: 

0-7/cell (n=1), (B) MOI:0.15/cell (n=1). 
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produced an increase in bacterial viability compared to no treatment suggesting a 

potential toxic effect to the macrophages. An alternative method of evaluating the 

immunostimulatory effect was explored by measuring secretion of the chemokine, 

IFN-ɣ inducible-protein (10 kDa), also known as IP-10 or CXCL10. Supernatants were 

collected 24 hrs post treatment with IFN-ɣ at 20 ng/ml and 5 ng/ml in both infected 

and uninfected THP-1 derived macrophages. Results from an IP-10 ELISA are shown 

in Figure 2.12 (B) and show an expected increase in IP-10 in infected conditions with 

a marginal increase after treatment with the higher concentration of IFN-ɣ (20 ng/ml) 

when compared to 5 ng/ml and untreated cells.  

 

 

  

 

 

 

 

Figure 2.12 IFN-ɣ Concentration response studies in THP-1 derived macrophages. (A) 

Baseline infection levels were measured at 3 hrs post-infection (H37Ra) which was followed 

by the addition of IFN-ɣ solution (5 ng/ml and 20 ng/ml). Bacterial viability was determined 24 

hrs and 72 hrs post-infection via enumeration of colony forming units (CFU/105 cells) on 

Middlebrook 7H10 agar. MOI:0-6/cell (n=1) (B) IP-10 levels were also examined 24 hours post 

treatment with IFNɣ (20 ng/ml and 5 ng/ml), RPMI and LPS in uninfected and infected cells 

(n=2).  
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2.4.7.2 Bacillary viability and bacterial growth assessment following MP 

treatment  

The individual and combined effect of the ATDs with MPs was studied to assess 

whether a drug delivery system combining each component had a superior effect over 

administering them individually. In addition, recombinant IFN-γ was added to a 

number of treatment groups to evaluate its effectiveness as an adjunct in solution or 

coated on the MP. Bactericidal effects post-treatment with rifampicin-based 

formulations are shown in Figure 2.13 (A) with a reduction in bacterial viability 

following all treatments in comparison to the untreated control at 24 hrs. Rifampicin 

solution plus UNL-MPs (RIF+UNL-MP), rifampicin and IFN-ɣ solution plus UNL-MP 

(RIF+IFN-ɣ+UNL-MPs) and IFN-ɣ coated RIF-MPs (RIF-IFNɣ-MP) produced the 

greatest response. This was echoed at 72 hrs post-infection with no bacterial colonies 

detectable when THP-1 derived macrophages were treated with rifampicin and IFN-ɣ 

solution and UNL-MP each added separately. Although no apparent trends are visible 

in this preliminary efficacy experiment which was only carried out once, RIF-MPs (+/- 

coating) can reduce Mtb viability. As mentioned earlier, attempts to quantify the 

coating efficiency through techniques including ELISA, BCA and FTIR were 

unsuccessful and analysis will be explored further in Chapter 3. 

 

ATRA based treatments resulted in a less favourable outcome (Fig. 2.13 (B)) when 

compared to rifampicin (Fig. 2.13 (A)) with all of treatments resulting in higher levels 

of infection than the untreated control at 24 hrs. There was some improvement at 72 

hrs post-infection with all but one treatment (ATRA-MP) reducing bacterial viability to 

less than that of the control. The treatment combinations which appear to produce the 

greatest effects were ATRA solution plus UNL-MPs (ATRA+UNL-MP), ATRA and 

IFN-ɣ solution plus UNL-MPs (ATRA+IFN-ɣ+UNL-MP) and ATRA solution plus IFN-ɣ 

coated UNL-MPs (ATRA+UNL-IFNɣ-MP) suggesting that ATRA solution is 

contributing to the most to the antibacterial effects.  Due to the time taken to achieve 

the results below (minimum of 24 days per experiment) an alternative assay to 

assess Mtb growth was introduced which will be discussed below in order to progress 

the project. 
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Figure 2.13 In vitro MP efficacy studies. Baseline infection levels were measured at 3 hrs 
post-infection of THP-1 derived macrophages with H37Ra which was followed by the 
addition of the anti-tubercular formulations. Bacterial viability was determined 24 hrs and 72 
hrs post-infection via enumeration of colony forming units (CFU/105 cells) on Middlebrook 
7H10 agar. (A) Treatment groups included combinations of rifampicin solution (RIF) 2.5 
µg/ml, IFN-ɣ solution (IFN-ɣ) 5 ng/ml, unloaded-microparticles (UNL-MP) equivalent to 2.5 
µg/ml and rifampicin-loaded MP (RIF-MP) equivalent to 2.5 µg/ml with and without IFN-ɣ 
coating. MOI: 0-7/cell (n=1). (B) Treatment groups included ATRA solution (ATRA) 10 
µg/ml, IFN-ɣ solution (IFN-ɣ) 5 ng/ml, unloaded-microparticles (UNL-MP) equivalent to 10 
µg/ml and ATRA-loaded MP (ATRA-MP) equivalent to 10 µg/ml with and without IFN-ɣ 
coating MOI: 0-13/cell (n=1). All MP treatments were made using double emulsion solvent 
evaporation and extracellular MPs were washed off 1 hr post-treatment. RPMI was used as 
the untreated control. ND=not detected.  
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With the advent of host-directed therapies for the treatment of conditions such as TB, 

consideration must be given to appropriate analytical methods and timepoints. In 

Figure 2.14 below THP-1 derived macrophages were infected with H37Ra and on this 

occaison the cells were treated with ATRA solution and ATRA-MPs at two 

concentrations for up to 8 days (192 hr). One goal of this particular study  was to 

allow the host directed therapy time to take effect thus the treatment was assessed 

throughout the Mtb replicating phase. The effect of formulation and concentration was 

also evaluated here in addition to an alternative assay of bacterial viability analysis 

using the BacT/ALERT® System. Similar systems have been used by our group and 

others in the field (118, 162). Both the BacT/ALERT® (Fig. 2.14 (A)) and CFU (Fig. 

2.14 (B)) systems produced comparable results, indicating that the BacT/ALERT® 

can be used to help speed up analysis later. Secondly all ATRA treatments reduced 

bacterial viability in comparison to the control with the greatest difference visble at 

192 hrs with ATRA solution and ATRA-MPs at 20 µg/ml appearing somewhat more 

effective. 

 

 

 

 

 

 

2.5 Discussion 

Figure 2.14 Comparison of methods of analysis for bacterial viability. Baseline infection 
levels were measured at 3 hrs post-infection of THP-1 derived macrophages with H37Ra 
which was followed by the addition of the ATRA formulations. Bacterial viability was 
determined 24 hrs, 72 hrs and 192 hrs post-infection via (A) measuring the change in 
bacterial growth (%) using the BacT/ALERT® System and (B) enumeration of colony forming 
units (CFU/105 cells) on Middlebrook 7H10 agar. Treatment groups included ATRA solution 
and ATRA loaded-MP (ATRA-MP) at 10 µg/ml and 20 µg/ml. MPs were made using double 
emulsion, solvent evaporation, MOI: 1-4/cell (n=1). 
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For any inhaled treatment to be successful a number of critical requirements must be 

met and in the case of inhalable microparticles, the physico-chemical characteristics 

of particles dictate the efficiency of the treatment both in vitro and in vivo. Factors 

such as size, morphology and surface charge determine where and how the particles 

deposit in the lung – by inertial impaction, sedimentation or diffusion – and in turn the 

fine particle fraction (FPF) of the formulation  (145). Particle size and shape also 

impacts the degree of phagocytosis of inhaled particles, and hence interaction with 

alveolar macrophages (65, 143). Our group had previously shown the ability of 

unloaded and antibiotic-loaded inhalable MPs manufactured by DESE to control 

bacterial infection and stimulate the immune system (59, 66). Thus, the goal of this 

chapter of experiments was in the first instance to develop inhalable PLGA MPs 

capable of loading and coating with both pathogen-directed and host-directed ATDs 

in accordance with the QTPP outlined in Table 2.1. The optimised MPs were then 

characterised, and the method of development later modified to ensure the sterility of 

formulations ahead of preliminary in vitro efficacy testing. 

 

The DESE method was refined to produce ATD-loaded MPs within this optimal range 

for alveolar macrophage (AM) targeting (144, 145) (Table 2.3). RIF-MPs were inside 

the QTPP desired range of 0.8 – 2.7 µm, with an average particle size of 2.55 ± 0.25 

µm, which were in-line with the literature and suitable for alveolar deposition (59, 90). 

ATRA-MPs also had an average particle size between 2 - 3 µm and were similar in 

size to that of Çirpanli et al. (126) and Daşkin and Gündüz (127) where PLGA ATRA-

MPs were designed for oncology and dermatology applications. The particle sizes for 

UNL-MP, RIF-MP and ATRA-MP were confirmed by SEM which also revealed the 

smooth and spherical morphology of the UNL-MPs and RIF-MPs. ATRA-MPs on the 

other hand displayed rough particle surfaces which is discussed further in Chapter 3. 

There is conflicting information in the literature surrounding ideal surface charge of 

microparticles for AM uptake. The cell membranes are negatively charged, yet 

negatively charged particles continue to be phagocytosed (163, 164). Positively 

charged particles are also taken up successfully by AMs (65) and other important 

cells in the immune response to infection such as dendritic cells (165). This can be 
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dependent on opsonic coating of the particles as well as size, with the uptake of 1 µm 

particles improved by the presence of gelatin, protamine sulphate, poly-L-lysine (65, 

165). Therefore, having substantial surface charge, whether positive or negative, 

appears advantageous for AM uptake compared to a neutral surface charge. The 

UNL-MPs, RIF-MPs and ATRA-MPs manufactured by DESE all displayed negative 

surface charge.  

 

Establishing the average encapsulation efficiency and corresponding quantity of ATD 

per mg of MPs is not only required from a characterisation perspective but is also 

essential in preparation for in vitro and in vivo studies for dosing purposes. Despite 

the low encapsulation efficiency achieved in RIF-MPs it is comparable to that 

achieved by our own group (16.75 ± 0.49 %) (59) and similar to other studies in the 

literature with encapsulation efficiencies of rifampicin as low as 12.2 % (no error 

given) and rifapentine at 7.89 ± 1.0 % (59, 64, 90). Low entrapment of rifampicin is 

likely due to its partial solubility in aqueous environments leading to possible ‘leakage’ 

from organic to aqueous phases of the emulsion during the DESE process. An 

encapsulation efficiency of 62.25 ± 5.8 % was attained for ATRA-MPs which is in-line 

with the QTPP and literature (125-127), where ATRA-MPs manufactured by single 

emulsion solvent evaporation achieved encapsulation efficiencies of 54.9 – 88.8%. 

When compared to RIF-MPs, the considerably higher encapsulation efficiencies 

obtained for ATRA-MPs is important for efficacy studies as the indirect 

pharmacological effect of ATRA is likely to require higher doses than the traditional 

antibiotics that target the Mtb directly. Average MP yield for both ATRA-MPs and RIF-

MPs manufactured by DESE was >50 %, which was as expected (126). Keeping 

batch yield to a maximum is important to allow appropriate analysis both in vitro and 

in vivo in a timely manner. Despite the promising yield here, the quantities (≈ 30 mg) 

are not sufficient for in vivo testing where large quantities of the formulations are 

required to treat all of the animals in the study therefore scale up will be discussed in 

Chapter 3. 

The concept of controlled release treatment systems for TB is to allow time for uptake 

of the MPs by the AM and, therefore, delivery of cargo to the site of mycobacteria 

infection and support slow release of the ATD over time (53). Having information 
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regarding drug release rate and pattern is therefore important for the design of 

efficacy and safety testing. The release pattern of molecules encapsulated in PLGA 

particles is generally described as biphasic, with an initial release of the drug from the 

particle surface into the media followed by a slower release of drug trapped within the 

matrix by diffusion (64, 90, 146). The rate at which release occurs depends on 

numerous factors including polymer composition, molecular weight, crystallinity as 

well as drug type, carrier shape and size and pH of the media (146). Here, the 

release from RIF-MPs was controlled yet progressive, releasing 42.3 ± 2.4 % of 

encapsulated rifampicin by day 14 which is consistent with the literature (59, 81, 90, 

154). In contrast, the release of ATRA from ATRA-MPs in physiological buffer (pH 

7.4) was poor. The difference in release patterns can almost certainly be attributed to 

the ionisation and solubility of both drugs. Rifampicin is characterised as a zwitterion, 

carrying both a positive and negative charge when ionised and two associated pKas 

(1.7 and 7.9) which means it has sufficient solubility in aqueous media to model 

release into physiological buffer. ATRA, however, is amphiphilic in nature carrying a 

negative charge only when ionised. The pKa of ATRA was found to be approximately 

6 – 8 depending on the concentration of solution (166) and even lower in some of the 

literature reviewed (109). ATRA will therefore only be ionised and, hence, soluble in 

polar, aqueous solutions at a pH above its pKa which explains the relatively low levels 

of ATRA found at pH 7.4. 

 

Consideration of this preliminary ATRA release study result raised two questions, 

firstly what could be done to circumvent the solubility issues in the release media and 

assess release more accurately. Secondly, is an increase in solubility necessary once 

a controlled release profile has been established? The first issue will be addressed by 

evaluating the drug remaining inside ATRA-MPs made by spray drying in Chapter 3 

as opposed to testing actual drug found in the release medium thus not relying on 

solubility (125). In relation to the second question raised, will in vitro assessment of 

ATRA-MPs provide more accurate results in a physiological environment? A study on 

the effect of pH on “retinoic acid-induced teratogenesis” (166) (eye defects and apical 

plate defects) was carried out in vitro in pond snail embryos treated at pH 5 and pH 9 

with ATRA. Both eye and apical plate defects were observed at both pH 5 and pH 9 
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but the eye defects were 6-fold higher at pH 5 than pH 9. In the case of the apical 

plate sub section, defects were observed at both pH 5 and pH 9 which were 6-fold 

higher then untreated controls at both pHs. These results were said to be due to an 

electronic gradient at the site of action for eye defects where the negatively charged 

ion was repelled at pH 9 but the neutral ATRA remained present at pH 5 thereby 

causing affect in both instances (166). Therefore, there may not be a need for ATRA 

to be ionised in vitro/in vivo to exert its anti-infective effect. Additionally, if the PLGA 

particles quickly exit the phagolysosome due to a change in charge on the surface of 

the particle, as described by Panyam et al., then perhaps the increase in the pH of 

the cytosol may be sufficient to ionise the ATRA if required (167).  

 

The stability of ATD-loaded MPs over time was studied through the assessment of 

encapsulation efficiency at various time points post-manufacture. This was important 

in this study due to the experiments being carried out across multiple sites in both 

Ireland and the UK. Despite the low encapsulation efficiencies in RIF-MPs the 

rifampicin content remained steady over a 73 day period. This was not the case for 

ATRA-MPs whereby the quantity of ATRA encapsulated decreased by 53 % over the 

same period and continues to diminish thereafter. Cirpanli et al. saw a much slower 

degradation pattern when ATRA-MPs manufactured by a single emulsion were 

examined over 6 months, at varying temperatures (4 - 40ºC) (126), however, as the 

instability of vitamin A is well known (168) numerous factors could be contributing to 

the reduction in encapsulated ATRA over time, which will be discussed later.  

 

It can be difficult to prepare sterile products containing low levels of endotoxins in an 

academic research environment, and is therefore often overlooked, however, several 

steps can be introduced to try reduce contamination. The objective here was to 

embed a number of key steps early in the process to accelerate pre-clinical 

development. With the use of a novel and highly sensitive LPS endotoxin assay 

(148), MPs and the raw materials were tested for LPS contamination before and after 

the incorporation of a depyrogenation protocol. The results in Figure 2.5 show 

elevated levels of IL-6 secreted from WT BMD-DCs (HeN) following treatment with 
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UNL-MPs, RIF-MPs (prior to depyrogenation) and PLGA (raw) while IL-6 from TLR4 

KO BMD-DCs (HeJ) remain low confirming the presence of LPS. Following changes 

to the MP manufacturing process to incorporate depyrogenation, there is a two-fold 

reduction in IL-6 levels secreted from WT BMD-DCs (HeN) (Fig. 2.6 (A)), thus 

indicating reduced activation of TLR4 by LPS. However, despite this improvement the 

levels of IL-6 secreted by BMDCs treated with the MPs remain higher than the 

untreated control (media) indicating the presence of contamination.  A means of 

overcoming this issue would be to use a licenced medicinal product for the active 

ingredient, however, most licenced product contains additional excipients that may 

interfere with results, and therefore this option was avoided in this instance. Where 

the MPs were modified through the addition of the cytokine IFN-ɣ to the surface, GMP 

(Good Manufacturing Practice) grade recombinant protein was used where feasible. 

Interestingly, rifampicin solution and RIF-MPs also stimulated the release of IL-6 in 

the TLR4 KO strain (HeJ) (Fig. 2.6 (B)) which implies the presence of contaminants or 

PAMPs other than LPS. Examples of PAMPs that elicit an inflammatory response via 

an alternative TLR include TLR2: lipoproteins, TLR3: double-stranded  RNA and 

TLR5: flagellin (149). This result substantiates the use of licenced medicinal products 

or GMP grade products as raw materials where feasible. 

 

In addition, a preliminary study assessing the effect of terminal sterilisation by ɣ-

irradiation on MP physico-chemical characteristics was also carried out. This method 

of sterilisation is considered favourable for polymeric carriers due to relatively low 

temperature exposure during the process, in comparison to heat or steam sterilisation 

(150, 151). A reduction in both sample weight and encapsulation efficiency of RIF-

MPs was seen post-sterilisation which is likely due to the degradation of both the 

polymer and cargo (150). The release profile of rifampicin from the RIF-MPs only 

differed at one time point pre- and post-sterilisation (Fig. 2.8), with the size and 

morphology of the MPs unaffected in the SEM images (Fig. 2.7) which corresponds to 

other studies involving PLGA (157).  Importantly, a study by Williams et al. examined 

the effect of ɣ-irradiation on the physico-chemical properties of both MPs and raw 

PLGA polymer resulting in a marked decrease in stability of polymers sterilised by ɣ-

irradiation after only 4-weeks of storage (169). Sterilisation procedures will therefore 
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need to be taken into account if this method was to be used in conjunction with long-

term storage of the product. For this project, the depyrogenation protocol was used 

for the remainder of the studies but sterilisation was discontinued due to cost and 

feasibility, however, the results here are a good basis for future studies. 

 

Rifampicin is a well-established treatment for drug-sensitive TB and its addition to MP 

systems as a potential inhaled TB therapy has been well published (59, 61, 90, 163, 

170) . The inclusion of rifampicin in this study allows further optimisation and 

assessment of efficacy in parallel to adjunctive therapies. In order to establish the 

optimal concentration of rifampicin for incorporation into PLGA MPs in this study, 

concentration response studies were carried out in THP-1 derived macrophages 

infected with Mtb (H37Ra). Likewise, corresponding concentration response studies 

were carried out using ATRA to allow a direct comparison of bactericidal or 

bacteriostatic activity of the ATDs. Rifampicin was effective in reducing bacterial 

viability at all concentrations in comparison to RPMI and DMSO controls (Fig. 2.10 (A) 

and (B)). ATRA, however, produced more varied results (Fig 2.11 (A) and (B)), which 

could be related to its mechanism of action or the higher level of infection present 

compared to the rifampicin study. An earlier study by Crowle et al. showed inhibition 

of bacterial growth at 3 µg/ml of ATRA and more recently, Wheelright et al. 

demonstrated inhibition at 3 ng/ml of ATRA, with both studies conducted using 

primary human monocytes (116, 121). Concentrations of 2.5 µg/ml and 10 µg/ml were 

chosen for rifampicin and ATRA respectively to proceed with preliminary MP 

experiments, with a view to reducing concentrations in future studies if effective. A 

concentration response study of IFN-ɣ alone was also carried out (Fig. 2.12) where 5 

ng/ml of IFN-ɣ reduced bacterial viability in comparison to the untreated control and a 

higher dose of IFN-ɣ (20 ng/ml). IFN-ɣ at concentrations between 5 ng/ml to 25 ng/ml 

are used to treat or pre-treat murine cell lines infected with TB in the literature (171-

173), however, as IFN-ɣ differs in its regulation of nitric oxide, a facilitator of bacterial 

inhibition by IFN-ɣ, amongst species (174, 175), the lower concentration of 5 ng/ml 

IFN-ɣ was selected to continue with MP experiments. 
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Preliminary testing of MP formulations including free ATDs, UNL-MPs, ATD-Loaded 

MPs and IFN-ɣ coated MPs followed the concentration response studies as an 

indicator of formulation efficacy as well as project progress. All rifampicin-based 

formulations resulted in a marked decrease in bacterial viability (Fig. 2.13 (A)) when 

compared to the untreated control, particularly at 72 hrs post-infection. No colonies 

were observed when the infected macrophages were treated with all three individual 

components (rifampicin + IFNɣ + UNL-MP) for 72 hrs and almost a 3-log decrease in 

CFU/105 cells was achieved with RIF-MPs coated with IFN-ɣ (RIF-IFNɣ-MP). 

Treatment of infected THP-1 derived macrophages for 72 hrs with various ATRA-

formulations, on the other hand, resulted in poor bacterial control initially (Fig. 2.13 

(B)).  Interestingly, the control of bacterial growth was marginally better at 72 hrs with 

treatments containing ATRA in solution which may be attributed firstly to the fact that 

the ATRA is a host-directed therapy, and therefore the gradual, pharmacological 

effect of ATRA needs to be taken into consideration. Two studies by Greenstein et al. 

assessing the effects of retinoic acid, and other agents, against Mtb complex using 

radiometric culture studies (Bactec and MGIT) showed little to no growth of bacteria 

using the cumulative growth index (cGI) when retinoic acid was used at 0.1 µg/ml, 4 

µg/ml, 16 µg/ml and 64 µg/ml, however, these experiments were carried out in culture 

only (118, 176). Building on this information, an additional study was carried out using 

ATRA solution and ATRA-MPs at 10 µg/ml and 20 µg/ml only, over an extended 

timeline and using two methods of measuring bacterial viability. Many positives can 

be drawn from the results in Figure 2.14 (A) and (B) with similar results across the 

two methods, CFU enumeration and BacT/ALERT, and a successful control of 

bacterial growth by all ATRA treatments when evaluated over 8 days (192 hr). The 

efficacy of ATRA in Figure 2.14 (A) and (B) is more comparable to the literature both 

extracellularly, in radiometric culture, and intracellularly, providing a good foundation 

for further efficacy testing.    

 

2.6 Conclusion 

The work in this chapter was designed to discover new and alternative anti-TB 

treatments by optimising established protocols. Aspects of the QTPP were attained 
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for each of the MP formulations. UNL-MPs, RIF-MPs and ATRA-MPs had particle 

sizes close to the desired target within the range for alveolar deposition and had a 

spherical, homogenous morphology. Although the encapsulation of rifampicin 

remained low and similar to previous studies by the group, the novel cargo ATRA was 

loaded into PLGA MPs with an encapsulation efficiency of 63.45 ± 2.35 %. Release 

studies uncovered further differences between formulation with RIF-MPs showing a 

steady release of rifampicin over 14 days, whereas ATRA release was very limited in 

physiological buffer which was probably due to its limited solubility. Modification to the 

manufacturing protocol resulted in MPs with lower levels of LPS contamination and so 

a depyrogenation protocol will be adopted in alternative manufacturing methods in the 

project. Finally, the preliminary efficacy testing of ATD formulations (+/- MP) in an in 

vitro model of infection showed promise in the ability to reduce bacterial load over 

time. However, there were limitations to this study including the lengthy nature of the 

Mtb infection experiments and the limited scale of manufacture of the MPs. Scale-up 

of MP formulations will be discussed in Chapter 3 in preparation for pre-clinical testing 

in Chapters 4 and 5 where alternative in vitro assays were used, including the 

BacT/ALERT® introduced in this chapter. 
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Chapter 3 

Development of a scalable method for the manufacture of inhalable 

anti-tubercular drug loaded microparticles.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

102 
 

3.1 Introduction  

For a formulation to progress from proof of concept to clinical trials and eventually 

production of a licenced product, batch scale-up and reproducibility must be 

considered. Issues associated with the double emulsion, solvent evaporation method 

(DESE), as seen in Chapter 2, include small batch size and low encapsulation of 

aqueous soluble drugs. These characteristics can adversely affect or prohibit pre-

clinical testing where increasing the numbers of subjects is required to obtain 

validated data (132). Alternative methods of MP manufacture were therefore explored 

in this project including spray drying and electrospraying. In addition, when moving 

from pharmaceutical manufacture to in vitro and in vivo studies there is an increase in 

demand on costs and resources therefore the treatment being tested should be of the 

highest possible quality. Microbiological decontamination of microparticles (MP) was 

addressed in Chapter 2 and is applied again here along with optimisation of the MP 

coating protocol to coincide with the introduction of scalable manufacturing methods.   

 

Spray drying is a popular alternative method of manufacturing drug-loaded particles 

suitable for inhalation (90, 94, 95) as it facilitates medium to large scale production in 

a quick, one-step process. Spray drying can be used with aqueous (open system) or 

organic solvents (closed-loop) and is therefore also compatible with a wide range of 

active ingredients and excipients. The closed-loop system allows the safe operation 

of the spray-dryer with organic solvents using an inert gas for atomisation. In addition, 

the closed-loop system is suitable for products sensitive to oxidation, such as ATRA. 

Like the DESE method there are a number of parameters which can be altered during 

the spray-drying process to tailor the process including atomisation of the feed 

solution/emulsion, spray feed rate, inlet temperature, aspirator pump flow rate and the 

formulation. Once optimised it provides good reproducibility between batches not 

always possible with DESE production. Maximum encapsulation of the selected cargo 

can also be reached when suitable parameters are applied (90, 95). In this chapter, a 

third anti-tubercular cargo, linezolid, was introduced with an aim to increase the 

number and type of treatment options available to MDR-TB patients. Although the 

manufacture of rifampicin-loaded PLGA MPs by spray drying has been described 
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many times in the literature (61, 90, 94, 95, 177), there were no previously published 

studies using spray drying to encapsulate ATRA or linezolid into PLGA MPs. Each of 

the three ATDs were therefore encapsulated, using spray drying as the primary 

method of manufacture, and characterised. 

 

Electrohydrodynamic (EHA) methods, such as electrospraying and electrospinning, 

have garnered attention recently for the manufacture of both particles and other 

tissue engineering systems due to the ability to produce polymer based structures of 

many shapes and sizes making suitable platforms for targeted drug delivery (100, 

178). Electrospraying is specifically used in the manufacture of particles and can be 

readily scaled-up by increasing the number of nozzles. It is considered a less harsh 

method of producing MPs compared to spray drying which is important when 

formulating sensitive active pharmaceutical ingredients (APIs) (100, 178). 

Electrospraying was introduced into the current project as the final aspect of 

manufacturing using a Spraybase® system.  

 

Following optimisation of the spray drying process, thermal analysis of the ATD-

loaded PLGA MPs was carried out in addition to particle size and morphology, 

encapsulation efficiency and release studies to evaluate the effect of the selected 

cargoes on the formulation and its behaviour (64, 82, 93, 179-182). Thermal analysis 

is particularly important here for two reasons, firstly knowledge of formulation stability 

is crucial as cold chain transport and storage. Refrigeration might not be an option for 

treatments designed for conditions such as tuberculosis and HIV where significant 

proportions of the patient population are in Africa and Asia (20, 182). Secondly, the 

heat used during the drying stage of spray drying can affect characteristics of the 

polymer including the glass transition temperature (Tg) and rate of degradation which 

in turn can affect release of the cargo as well as stability. The Tg of PLGA is the 

temperature at which the amorphous region of the polymer begins to transition from a 

glassy to rubbery state, allowing movement of the polymer chains. The encapsulated 

cargoes have the potential to affect transition temperatures as the presence of such 

could interfere with rigidity particularly where high encapsulation is achieved. Sterile 
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manufacture was also considered and so the depyrogenation protocol in Chapter 2 

was incorporated into the spray drying process. The British Pharmacopeia (BP) 

recommends methods utilising lysate of amoebocytes from the horseshoe crab to 

determine levels of endotoxins in products developed for parenteral administration 

(183). Although endotoxin testing for products intended to be administered by 

inhalation is not currently recorded in the BP, there is a trend developing in the 

literature to test polymeric MPs using the Limulus Amebocyte Lysate (LAL) assay (61, 

184, 185).  Following the in-depth analysis of both the raw materials and MPs using 

an immunological based assay (section 2.3.9) scaled-up, spray dried MPs were 

analysed using the LAL assay in this study. 

 

The popularity of biopharmaceuticals incorporating recombinant proteins and other 

biologicals led to the development of highly efficient therapeutics, however, they can 

be difficult to formulate due to environmental sensitivities (143). Coating of MPs using 

the recombinant human protein interferon-ɣ (IFN-ɣ) was presented in Chapter 2 with 

an aim to co-deliver the biomolecule with anti-tubercular small molecules and thereby 

enhance in vitro and in vivo activity of MPs through its immunomodulatory effects. 

Here, the coating of MPs was confined to those carrying traditional antibacterial drugs 

(rifampicin and linezolid) in order to assess the potential of IFN-ɣ as an adjunctive 

therapy. Covalent coupling of ligands including proteins to particles has been 

investigated in the literature (186-189), however, not in the case of inhaled treatments 

nor using cytokines. Therefore, adjustments to standard protocols were required in 

order to produce optimal results. Two specific issues arose during earlier 

development, namely (i) measurement of the coating efficiency, as the protein is 

covalently bonded to the MP surface therefore difficult to quantify and (ii) scale, 

particularly in preparation for in vivo testing. A new protein coating protocol was 

developed and optimised herein to try and overcome the issues mentioned.  

 

Other key considerations when developing a formulation for inhalation include aerosol 

properties, device design, and analytical testing standards (132). For this drug 

delivery system to be successful the device and carrier must allow sufficient delivery 
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of the encapsulated drug to the site of action. With Mtb residing in the alveolar 

macrophages (AM), the target site for inhalable anti-tubercular treatments is the lower 

respiratory tract. As discussed previously, this means the particles must be a suitable 

size (1-5 µm) but importantly must possess powder flow properties to ensure that the 

microparticles leave the inhalation device and can be readily drawn down through the 

respiratory tract with the patient’s breath. Based on the translational research to date, 

the most widely used formulation in the testing of inhaled treatments for Mtb infection 

is the dry powder inhaler (DPI) (53) which, as mentioned in Chapter 1, is related to 

dosage capacity, stability and portability. Additional excipients might be required in 

the formulation of a DPI to improve the aerosol characteristics and so must be 

considered during development. Aerosolisation properties were examined in this 

chapter by evaluating the delivered dose uniformity using the Dosage Unit Sampling 

Apparatus (DUSA) for DPIs. 
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3.1.1 Chapter aim and objectives 

In order to produce inhalable microparticles suitable for administration in both an in 

vitro and in vivo model of Mtb infection several key factors must be addressed 

including batch scale, quality and aerosolisation of the formulation. The aim of this 

study was therefore to develop scalable methods of manufacturing MPs to produce 

an optimal formulation suitable for pre-clinical testing. 

 

The specific objectives of this chapter were: 

Objective 1 To develop a spray drying protocol for the manufacture of inhalable ATD-

loaded MPs whilst maintaining optimal parameters for alveolar macrophage targeting 

to increase batch size and introduce an electrospraying method. 

Objective 2 To pharmaceutically characterise the scaled-up MP formulations of 

rifampicin, ATRA and Linezolid for size, morphology, encapsulation efficiency, release 

profile and perform thermal analysis. 

Objective 3 To modify the surface of rifampicin- and linezolid-loaded MPs using IFN-

ɣ and quantify the coating efficiency. 

Objective 4 To assess the aerosolisation properties of ATD-MPs delivered from a 

DPI. 
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3.2 Materials  

Poly(D, L-Lactide -co-glycolide) (PLGA) Resomer® RG 503 H 50:50 Mw:24,000 – 

38,000 Da, Poly(D, L-Lactide -co-glycolide) (PLGA) Resomer® RG 752 H 75:25 Mw 

4,000 – 15,000 Da, rifampicin ≥97 % (HPLC), all-trans-Retinoic Acid (ATRA) ≥98 % 

(HPLC), linezolid ≥ 98 % (HPLC), sodium hydroxide pellets (≥ 98 %), N-(3-

Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDAC),  N-

Hydroxysuccinimide (NHS), 2-(N-Morpholino) ethanesulfonic acid (MES) Hydrate, 

Tris base, phosphate buffered saline (PBS), Tween®80, D-Mannitol (≥ 98 %) and 

HPLC grade solvents were all purchased from Sigma Aldrich ( St Luis, USA). 

Endotoxin free water (BBraun, Ireland). Recombinant Human Interferon gamma GMP 

(R & D Systems, Oxford, UK).      

    

 

3.3 Methods   

3.3.1 Quality Target Product Profile (QTPP) 

The characteristics required for MPs manufactured by spray drying and 

electrospraying were summarised into a QTPP as shown in Table 3.1 below. Targets 

were based on the literature and previous studies by our group (59, 65, 96, 152, 184). 
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Microparticle Target Evaluation 

Size  0.8 – 2.7 µm ImageJ software 

Morphology Spherical, homogenous Scanning electron microscopy  

Encapsulation 
efficiency 

> 20 % UV spectroscopy/High 
Performance Liquid 
Chromatography  

Batch size  > 100 mg Gravimetric analysis 

Drug release Controlled release >  
10 days 

UV spectroscopy/High 
Performance Liquid 
Chromatography 

Sterility Sterile formulation Limulus Amebocyte Lysate (LAL) 
assay 

 

3.3.2 MP manufacture by spray drying  

Spray drying was carried out with the assistance of Dr Aidan Fagan-Murphy from Prof 

Cryan’s research group using the Buchi Mini Spray-dyer B-290, as depicted in Figure 

3.1 (A) (96), with a B-295 closed loop system (Fig. 3.1 (B)) and using nitrogen as the 

inert gas. Poly (D, L-Lactide-co-glycolide) (PLGA) and two of the cargoes have low 

aqueous solubility and therefore require the use of organic solvents for dissolution. As 

mentioned earlier, many parameters can be changed throughout the spray drying 

process and therefore a considerable amount of optimisation was required to achieve 

the characteristics required for alveolar macrophage targeting as laid out by Lawlor et 

al. (59, 65, 144) and listed in Table 3.1. 

 

Table 3.1: The Quality Target Product Profile (QTPP) for the development of inhalable 
Poly (D, L-Lactide-co-glycolide) (PLGA) microparticles (MPs) by spray drying and 
electrospraying. 
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3.3.2.1 Optimisation of spray drying process 

Using rifampicin as the initial model cargo due to the previously published spray 

drying parameters (61, 90, 94, 95, 177), the spray drying process was optimised to 

manufacture RIF-MPs for this project. In the first instance, a range of suitable 

solvents including acetonitrile, dichloromethane and methanol were tested both 

individually and as mixtures (acetone:methanol) (95). Dichloromethane (DCM) was 

selected as the solvent of choice due to its low boiling point (39.9 - 40˚C) and thus 

quick drying. Next, the drug to polymer ratio was evaluated at 1:3, 1:5 (90) and 1:10 

(drug:polymer) (94). The ratio of 1:10 allowed sufficient encapsulation of rifampicin 

and was therefore preferred. The final aspect of the formulation that was adjusted 

was the concentration of polymer in the solution with 0.5 % w/v (90), 1.5 % w/v and 2 

% w/v (94) tested. A concentration of 2 % w/v was chosen to maintain appropriate 

particle size and morphology for alveolar deposition. Regarding the system operation, 

the aspirator rate was tested at 75 – 100 %, atomisation rate at 473 L/hr -742 L/hr 

Figure 3.1: (A) The spray drying process from solution feed and atomisation using 
compressed air or inert gas to particle collection. Sosnik et al. (2015) Adv. Colloid Interface 
Sci. (96) (B) Buchi mini spray dryer B-290 and B0295 inert loop combined, Buchi B-290 
Operation Manual; version H. 
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(Nitrogen), spray feed rate at 4-6 ml/min and inlet temperature adjusted between 50 - 

60ºC with an aim of producing application MPs within the QTPP (Table 3.1). 

 

3.3.2.2 Manufacture of ATD-loaded MPs by spray drying 

Following extensive optimisation and analysis of homogeneity of size, morphology 

and encapsulation the parameters in column A, Table 3.2 were chosen for the 

manufacture of unloaded-MPs (UNL-MP), and rifampicin-loaded MPs (RIF-MP) using 

PLGA Resomer® RG 503 H 50:50 Mw: 24,000 – 38,000 Da. The same settings (Table 

3.2 A) were then used to fabricate linezolid-loaded MPs (LIN-MP) via spray drying 

and were found to produce LIN-MPs within the properties listed in the QTPP (Table 

3.1). Manufacture of ATRA-loaded MPs (ATRA-MPs) by spray drying posed 

additional difficulties owing to its limited solubility. After the discovery of crystal-like 

structures on the surface of the ATRA-MPs alterations to the formulation parameters 

were tested including the substitution of DCM with acetone and the formation of an 

emulsion prior to feeding through the system. The solubility of ATRA in the feed 

solution was eventually improved by increasing the polymer to drug ratio and 

sonicating (Branson 2510 Ultrasonic) the feed solution for 45 mins prior to spraying. 

The final parameters used in the manufacture of ATRA-MPs are listed in Table 3.2, 

column B.  

 

After the entire feed solution was dispensed, the glassware was allowed to cool whilst 

also ensuring the organic solvent had evaporated completely before opening the 

system. Once cooled, the particles were collected from the cyclone and stored at 2 - 

8ºC and used within one month. All feed solutions were mixed in sealed glass bottles 

to prevent evaporation of DCM with a gap in the cap to allow the silicon tubing to fit 

through. The system was flushed with DCM alone before and after running the feed 

solution to prevent polymer accumulation and tubing was changed every 15 hrs of 

use to avoid degradation by DCM. Finally, the manufacturing process was carried out 

in darkened conditions and incorporated the depyrogenation protocol described in 

Chapter 2 (Section 2.3.9). Briefly, all consumables were purchased sterile or 

endotoxin-free where feasible and stored appropriately to avoid contamination. The 
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glassware and re-usable plastics were soaked in 0.5 M NaOH rinsed with endotoxin-

free water and dried with sterile gauze prior to use. The drying chamber and any 

additional equipment including the spray dryer nozzle and tubing were rinsed with 0.5 

M NaOH and endotoxin-free water. 

 

 

 

 

 

3.3.3 MP manufacture by Electrospraying  

(Note: The following protocol was developed and all microparticles were 

manufactured by Dr Aidan Fagan-Murphy, a postdoctoral researcher in Prof Sally-

Ann Cryanôs research group, RCSI). 

 

RIF-MPs were prepared by electro hydrodynamic atomisation (EHA) using a 

Spraybase® electro spraying system attached to a syringe pump similar to the image 

in Figure 3.2 (100). The MP manufacture protocol involved dissolving 30 % w/v 

(PLGA 75:25, Mw 4-15,000 Da) and 3 % w/v rifampicin in a solution of 47.5 % v/v 

ethyl acetate, 47.5 % v/v acetonitrile and 5.0 % v/v ethanol by sonicating the mixture 

for 20-30 mins (Branson Ultrasonic). The solution was drawn up into a 1 ml syringe 

and loaded in the Spraybase® syringe pump. A 0.3 mm internal diameter feed tube 

was used to connect the loaded syringe to the 30 G emitter which was placed at a 

height of 4.0 cm from the grounded collecting dish. A flow rate of 5 µL/min was 

Parameter A B 

Drug:polymer 1:10 1:15 

Polymer concentration 2 % (in DCM) 2 % (in DCM) 

Nitrogen rate 670 L/hr (55 mm) 670 L/hr (55 mm) 

Aspirator rate 100 % 100 % 

Feed rate 4 ml/min (15 %) 4 ml/min (15 %) 

Inlet temperature 50˚C 50˚C 

Table 3.2. Spray drying process parameters optimised for the manufacture of (A) unloaded-
MPs (UNL-MP), rifampicin-loaded MPs (RIF-MP), linezolid-loaded MPs (LIN-MP) and (B) 
ATRA-loaded (ATRA-MPs) using PLGA 503 H. 
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employed to deliver the solution to the emitter. At the same time an applied potential 

of 5.0 - 5.4 kV was made between the emitter and grounded collecting dish. The 

EHA-RIF-MPs were collected and stored in darkened containers at 2 - 8˚C before 

characterisation for size, morphology and encapsulation efficiency. 

 

 

 

 

 

 

3.3.4 Size and morphology of MPs manufactured by spray drying and 

electrospraying 

Particle size and morphology of spray dried and electrosprayed MPs were both 

assessed using scanning electron microscopy (SEM) images. ImageJ software (1.49 

v) was employed to verify particle size by first determining the area of a sample of 

MPs thus allowing calculation of the diameter. SEM was carried out using Zeiss Ultra 

secondary electron detector at an electron voltage of 5.0 Kv. Prior to analysis each 

sample was mounted on carbon stubs and gold palladium coated (10 nm).  

 

Figure 3.2: The electrospraying device and process. Yousaf et al. (2016) Int J 
Nanomedicine (100). 
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3.3.5 Yield 

The yield of UNL-MP, RIF-MP, ATRA-MP and LIN-MP batches manufactured by 

spray drying and EHA-RIF-MPs was calculated gravimetrically from the weight of 

MPs recovered versus quantities of the starting materials (drugs and excipients). 

 

3.3.6 Encapsulation Efficiency  

3.3.6.1 Rifampicin encapsulation efficiency 

The encapsulation of RIF-MPs manufactured by spray drying and electrospraying 

was calculated using the same method described in Chapter 2, Section 2.3.5.1. 

Briefly, 10 mg of RIF-MPs were dissolved in 10 ml of acetonitrile. A 1 in 10 dilution 

was carried out prior to determination of the sample concentration using a UV 

spectrometer at 485 nm. 

 

3.3.6.2 ATRA encapsulation efficiency 

The encapsulation of ATRA in spray dried MPs was calculated using the same 

method described in Chapter 2, Section 2.3.5.2. Briefly, 10 mg of ATRA-MPs were 

dissolved in 10 ml of acetone. A 1 in 10 dilution was carried out prior to determination 

of the sample concentration using high performance liquid chromatography (HPLC) at 

485 nm. 

 

3.3.6.3 Linezolid encapsulation efficiency 

The encapsulation efficiency of spray dried LIN-MPs was assessed by first dissolving 

10 mg of each LIN-MP batch in 10 ml of acetonitrile. A 1 in 10 dilution was carried out 

prior to analysing the samples by UV at an absorbance of 259 nm (Libra Biochrom 

S22) using a high-precision quartz cuvette. This wavelength was determined following 

a UV wave scan and the generation of comparative calibration curves in both 

methanol and acetonitrile (190). Acetonitrile was selected as the solvent of choice for 

analysis of encapsulation efficiency thereafter (Appendix). The encapsulation 

efficiency was subsequently calculated using the formula in Chapter 2, Section 

2.3.5.1.  
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3.3.7 Release studies of MPs manufactured by spray drying  

3.3.7.1 Rifampicin release studies 

Following the introduction of a new method of manufacture of RIF-MPs from DESE to 

spray drying, a change in the protocol for release studies of RIF-MPs was also 

established as the resultant spray dried RIF-MPs demonstrated a high degree of 

static energy and hydrophobicity. RIF-MPs (10 mg) were suspended in 5 ml of 

release medium within a 15 ml centrifuge tube which was held in a shaking water 

bath at 37˚C for 14 days. The release studies of spray dried MPs were carried out in 

triplicate in the medium containing PBS and Tween® 80 (0.025%) at pH 7.4 and pH 

5.8  (191, 192) on this occasion to mimic the physiological environment and the 

intracellular pH within the alveolar macrophage respectively. The addition of the 

emulsifying agent Tween® 80 allowed the re-suspension of the spray dried MPs. 

Each tube was centrifuged before removing the entire 5 ml and replacing with fresh 

media at pre-determined intervals starting from 4 hrs and continuing daily thereafter 

up to 14 days. The samples were subsequently analysed by UV spectroscopy at 485 

nm and the concentration of rifampicin was calculated using calibration curves of 

rifampicin in each release medium (see appendix). A cumulative release (%) versus 

time curve was plotted and in addition, the results were fitted to the Higuchi model 

and Korsmeyer-Peppas model of kinetics and linear regression analysis was 

compared at both pH 7.4 and pH 5.8. 

 

3.3.7.2 ATRA Release studies 

The results from the study involving ATRA release from DESE MPs (Chapter 2, 

section 2.3.6.2) raised questions regarding the solubility of ATRA in the release 

medium which could potentially lead to inaccurate results. An alternative approach 

was therefore taken whereby the quantity of ATRA remaining inside the ATRA-MP at 

each time point was quantified as opposed to the quantity released. To do this 10 mg 

of spray dried ATRA-MPs were suspended in tubes containing 5 ml of PBS 

supplemented with Tween® 80 (0.025%) at pH 7.4 and pH 5.8 corresponding to each 
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time point and placed in a shaking water bath at 37˚C (191, 192). No ethanol was 

used on this occasion. When each time point was reached, the MPs were removed 

from the water bath, centrifuged and the supernatant was separated from the pellet to 

allow quantification of ATRA remaining encapsulated. The results were plotted 

against time with the quantity of ATRA remaining (%) on the left y-axis and estimated 

ATRA released, plotted on the right y-axis. 

 

3.3.7.3 Linezolid Release Studies 

Linezolid release studies from spray dried LIN-MPs were conducted as per the same 

protocol for spray dried RIF-MPs above. Analysis of the release media was carried 

out using UV spectroscopy at 259 nm in high precision quartz cuvettes and results 

were plotted as a cumulative release (%) against time using calibration curves of 

linezolid in release medium (see Appendix). Results were fitted to the Higuchi model 

and Korsmeyer-Peppas model of kinetics and linear regression was compared at pH 

7.4 and pH 5.8.  

 

3.3.8 Thermal analysis 

Thermal analysis of spray dried ATD-loaded MPs was carried out using the following 

methods:  

 

3.3.8.1 Differential Scanning Calorimetry (DSC) 

Differential scanning calorimeter (DSC) was carried out using the Q100 DSC (TA 

Instruments, USA) which was calibrated using indium. Samples of 5 to 7 mg of MPs 

as well as unformulated PLGA 503 H were loaded into aluminium hermetic pans and 

sealed with a lid. The samples were subsequently exposed to temperatures of -10 ˚C 

to 250˚C increasing at 10˚C/min under a nitrogen flow rate of 50 ml/min using the 

heat-cool-heat cycle. Glass transition temperatures (Tg) were based on results from 

the second heating (TA Q-Series Universal Analysis). 
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3.3.8.2 Thermogravimetric Analysis (TGA) 

The degradation pattern of MPs was measured using the TGA Q50 (TA Instruments, 

USA) set up in ramp mode.  Samples of ATD-MPs (8-10 mg) were heated from room 

temperature (22˚C) up to 500˚C under a nitrogen flow rate of 50 ml/min. Analysis of 

the resultant thermograms was carried out using TA Q-Series Universal Analysis. 

 

3.3.9 Limulus Amebocyte Lysate (LAL) Assay 

The Pierce™ LAL Chromogenic Endotoxin Quantification kit (Thermo Fisher 

Scientific, MA, USA) was used to measure endotoxin in preparations. Unloaded and 

ATD-loaded spray dried MPs manufactured using the depyrogenation protocol were 

suspended in endotoxin-free water at a concentration of 0.5 mg/ml and sonicated to 

aid suspension (Branson Ultrasonic). The pH of each MP suspension was measured 

by taking a sample of each suspension to avoid contamination by the pH probe. The 

endotoxin standards were then prepared, and the method proceeded as per the kit 

protocol, testing each sample in duplicate. The average absorbance readings for 

each sample were recorded allowing quantification of endotoxin levels in units in 

EU/ml using the standard curve of endotoxin standards. The British Pharmacopeia 

(BP) details a formula which should be used to calculate the maximum endotoxin 

level for each formulation based on dose and route of administration. As there is no 

formula for inhaled formulations the results of this study were compared to rifampicin 

administered by the intravenous route. 

 

3.3.10  Surface modification of spray dried MPs with IFN-Һ 

Following issues with the quantification of the IFN-ɣ coating in Chapter 2 a new 

protocol was subsequently developed by adapting the MagnaMedics Diagnostics BV 

(Netherlands) “Covalent Coupling on MagSi-S COOH beads by Carbodiimide 

method” (193) to suit PLGA MPs. This method included a N-(3-Dimethylaminopropyl)-

N′-ethylcarbodiimide hydrochloride (EDAC) to N-Hydroxysuccinimide (NHS) ratio of 

1:1. Optimisation of the amount of IFN-ɣ required (100 µg, 50 µg and 10 µg) and 

protein incubation times (2 hrs and 12 hrs) was carried out along with washing 
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parameters to produce the final protocol as follows. ATD-loaded MPs (7.5mg) were 

suspended in 1ml of freshly prepared 0.1 M 2-(N-Morpholino) ethanesulfonic acid 

(MES) buffer pH 5.5, sonicated (Branson Ultrasonic) and washed once at 13000 rpm 

for 15 mins (Hettich Centrifuge Rotina 35R). After removal of the supernatant, the 

MPs were re-suspended in 0.1 M MES buffer (0.5 ml) containing EDAC:NHS (1:1) 

and placed in a sonic water bath for 45 mins to allow activation of the carboxylic acid 

groups on the MP surface. After centrifugation and removal of the EDAC: NHS 

solution the MPs quickly re-suspended in 0.5 ml of PBS containing 10 µg of IFN-ɣ 

and shaken for 2 hrs to allow the covalent coupling reaction to proceed. After 2 hrs 

the MPs were centrifuged, washed once in PBS-Tween 0.05% and then re-

suspended in 0.1 M Tris buffer (1 ml) and shaken for 30 mins, to quench the reaction 

on this occasion. Finally, the MPs were washed once more with PBS-Tween 0.05 % 

before being suspended in 750 µl of endotoxin free water and freeze dried overnight.  

 

During coating, supernatants from each centrifugation step were collected and stored 

at -20˚C for later IFN-γ measurement. Analysis of the supernatants was carried out 

using a Human IFN-g ELISA MAX™ Deluxe (Biolegend®, CA, USA) as per the kit 

protocol. The samples were diluted 1 in 1000 (first wash) and 1 in 100 (remaining 

washes) and the concentration of IFN-ɣ in each sample was calculated using the 

standard curve generated from the ELISA MAX™ kit. The coating efficiency was 

therefore determined based on the amount of IFN-ɣ added at the start of the reaction 

versus how much remained in the supernatant of each batch (187). Coating was 

carried out on RIF-MPs and LIN-MPs manufactured by spray drying. 

 

3.3.11 Aerosolisation of spray dried ATRA-MPs 

In order to prepare the MPs for aerosolisation using a DPI device, spray dried ATRA-

MPs were first mixed with mannitol in an effort to increase flowability (59). Excipients 

such a lactose, leucine and mannitol are often used in dry powder formulations to 

improve aerosol performance (59, 88, 194). Mannitol was chosen in this case as it 

was previously shown by our group to half the mass median aerodynamic diameter 

(MMAD) of an MP formulation from 6.65 µm to 3.45 µm (59). Thus, MPs were mixed 
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with mannitol at a concentration of 5 % w/w (10 mg/ml) and suspended in endotoxin-

free water, sonicated (Branson Ultrasonic) and then freeze dried overnight (Labconco 

Freeze dryer). Once dry, 32.7 ± 3.2 mg of the MP-mannitol powder (Fig. 3.3 (A)) was 

then loaded into two size 3 (Gelatin) capsules. Using the Seebri® Breezehaler® 

(Novartis) (Fig. 3.3 (B-C)), each formulation was assessed with the Dosage Unit 

Sampling Apparatus (DUSA) (Copley Scientific, UK) (Fig. 3.4 (A-B)) operated at an 

air flow rate of 28.3 L/min for 4.3 sec (98). Following actuation, the capsules, inhaler, 

DUSA and associated glass fibre filter were all rinsed with PBS-Tween 0.05 % to 

collect the MPs. The quantity of ATRA in each fraction was calculated by assessment 

of encapsulated drug in the pellet after centrifugation.  

 

 

 

 

 

 

 

 

Figure 3.3: The spray dried microparticle formulation designed for aerosol studies including 
(A) representative SEM image of spray dried MPs plus mannitol and (B), (C) Seebri® 

Breezehaler® (Novartis) device used. 
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3.3.12 Statistical analysis 

Statistical analysis of results was carried out using GraphPad Prism software, version 

7.03. Results were expressed as mean ± standard deviation in tables and figures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4: Aerosol studies using the Dosage Unit Sampling Apparatus (DUSA). (A) DUSA 
with Seebri® Breezehaler® attached and (B) open DUSA including glass fibre filter for 

collection of emitted dose.  
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3.4 Results 

3.4.1 Physico-chemical characterisation of spray dried MPs 

Extensive optimisation of the spray drying process including the formulation and 

spray dryer system parameters was carried out to ensure the ATD-loaded MPs were 

within the QTPP (Table 3.1) and, hence, suitable for inhalation. Using RIF-MPs as the 

control formulation variations of aspirator rate, atomisation rate, spray feed rate, inlet 

temperature as well as drug:polymer, polymer concentration and solvent were all 

investigated. The resultant spray dried RIF-MPs batches were examined by SEM for 

size, morphology, batch homogeneity and particle separation and encapsulation 

efficiency to determine the optimal parameters. The average particle size of the spray 

dried RIF-MPs was 3.2 ± 0.3 µm and the range of encapsulation efficiencies was 51.5 

% (n=23). After repeating the process for a number of batches the ideal spray drying 

parameters were defined and a Standard Operating Procedure (SOP) for the 

manufacture of RIF-MPs was used to prepare all further batches for characterisation 

and pre-clinical testing. 

 

The optimised spray dried RIF-MPs had a reproducible particle size of 1.91 ± 0.4 µm 

(Table 3.3) that were clearly dry and separate in structure showing a chiefly 

homogenous morphology (Fig. 3.3). Crucially, the encapsulation of rifampicin 

increased from 12.55 ± 1.56 % (DESE RIF-MPs) to 91.5 ± 6.8% when RIF-MPs were 

manufactured by spray-drying and although the yield only reached 24.4 ± 6.9 % (n=6) 

it was equivalent to 268.7 ± 75.4 mg.  The scaled-up RIF-MPs therefore complied 

with the physico-chemical characteristics outlined in the QTPP providing adequate 

formulation for pre-clinical testing. A preliminary stability assessment of spray dried 

RIF-MP formulations was carried out in a similar manner to the assessment on DESE 

RIF-MP in Chapter 2 (section 2.3.8) to determine the stability of the formulation for 

multi-site testing. Using the encapsulation efficiency as an indicator of stability, the 

quantity of rifampicin encapsulated within spray dried RIF-MPs was found to remain 

steady over a 22-day period (Fig. 3.6). All batches of RIF-MPs used for in vitro and in 

vivo efficacy testing were freshly prepared and used within one month post-

manufacture.    
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Spray dried UNL-MPs and LIN-MPs were also manufactured using the parameters 

optimised for spray dried RIF-MPs. UNL-MPs showed promising results from the 

scale up of manufacture with a suitable geometric particle size (Table 3.3) and 

morphology (Fig. 3.5) for targeted delivery to the lower airways. The introduction of a 

third anti-tubercular cargo, linezolid, did not pose any significant issues. Spray dried 

LIN-MPs were similar in size (Table 3.3) and morphology (Fig. 3.5) to all other 

formulations and within the QTPP. The encapsulation efficiency of linezolid within 

LIN-MPs was also reasonably high at 69.1 ± 14.7 % although there was some 

variation between batches. LIN-MP batches resulted in the greatest yield (25.0 ± 8.4 

%), however, due to the high cost of linezolid the starting quantities used were 

smaller compared to the other formulations meaning the actual quantities produced 

were less (68.9 ± 23.1 mg). The preliminary stability assessment of spray dried LIN-

MPs (Fig. 3.6) indicated that the content of linezolid appeared to remain stable over 

23 days. 

 

To spray dry ATRA-MPs, further optimisation of the manufacturing process was 

required given its limited solubility. Drug:polymer was adjusted from 1:10 to 1:15, 

which considerably reduced the number of crystal-like structures visible on the ATRA-

MP surface. Once the process was modified, the manufacture of ATRA-MPs resulted 

in a particle size, morphology (Table 3.3) and encapsulation efficiency that were 

within the QTPP range including a smooth particle surface (Fig. 3.5).  However, there 

was a significant deviation amongst batches which is due to the poor stability of 

ATRA-MPs. Like the results of the stability studies in Chapter 2 (section 2.3.8), when 

the spray dried ATRA-MPs were assessed over 6 months, due to the sensitive nature 

of ATRA, the quantity of ATRA encapsulated dropped from 71.42 % at day 3 to 17.77 

% at day 28 (Fig. 3.7). Therefore, given its instability even a delay in analysis would 

significantly impact the encapsulation efficiency and a delay in use could in turn 

impact the efficacy of the ATRA-MPs. For this reason, spray dried ATRA-MPs were 

generally used within 14 days post manufacture for in vitro studies, however, for in 

vivo studies ATRA-MPs were often used between 14-28 days due to logistics of 

manufacturing, characterising and transporting to Imperial College, London. The yield 
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for spray dried ATRA-MPs was low in comparison to the others, however, the actual 

quantity of MPs collected (316.7 ± 81.9 mg) was over 10-times that of DESE MPs. 

 

 

Formulation Size 
(µm) 

Encapsulation 
Efficiency (%) 

µg per mg MPs 
(µg) 

UNL-MP 1.91 ± 0.4 - - 

RIF-MP 1.77 ± 0.1 91.5 ± 6.8 91.5 ± 6.8 

LIN-MP 1.79 ± 0.04 69.1 ± 14.7 69.1 ± 14.7 

ATRA-MP 2.07 ± 0.5 55.1 ± 17.1 36.9 ± 11.5 

Formulations include: unloaded-MPs (UNL-MP) (n=3); rifampicin-loaded MPs (RIF-MP) size       
(n=3), encapsulation (n=14); linezolid-loaded MP (LIN-MP) size (n=3), encapsulation (n=8) 
and ATRA-loaded MPs (ATRA-MP) size (n=3), encapsulation (n=11). 

 

 

 

 

 

A B 
Table 3.3: Physico-chemical characterisation of MPs manufactured by spray-drying.  

Figure 3.5: Representative Scanning Electron Microscope (SEM) images of MPs 
manufactured by spray drying including unloaded-MPs (UNL-MP) at (A) 2.53kx and (B) 
5.58kx, rifampicin-loaded MPs at (RIF-MP) at (C) 2.53 kx and (D) 5.58 kx, linezolid-loaded 
MP (LIN-MP) at (E) 2.53 kx and (F) 5.58 kx and ATRA-loaded MPs (ATRA-MP) at (A) 2.53 
kx and (B) 5.35 kx.  
 

A B 
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Figure 3.6: Encapsulation efficiency (%) of (A) RIF-MPs up to 22 days and (B) LIN-MPs up 
to 23 days post manufacture by spray drying following storage at 2-8˚C (n=1).  

Figure 3.7: Encapsulation efficiency (%) of ATRA-MPs up to (A) 197 days and (B) 28 days 
post manufacture by spray drying following storage at 2-8˚C. Light shaded area and dark 
shaded area indicate the in vitro and in vivo usage of ATRA-MPs post manufacture. 
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3.4.2 Physico-chemical characterisation of electrosprayed RIF-MPs 

 Using rifampicin as a control formulation, EHA-RIF-MP were manufactured using the 

parameters in section 3.3.3 and characterised ahead of in vitro testing. EHA-RIF-MPs 

had a particle size 1.94 ± 0.46 µm, an encapsulation efficiency of 93.2 ± 3.6 % and a 

yield of 65.6 ± 7.6 % for the electro sprayed particles making it an attractive 

manufacturing option, particularly where high cost raw materials are concerned.  SEM 

images RIF-MPs (EHA) displayed a spherical and homogenous batch morphology 

(Fig. 3.8). The remaining pharmaceutical characterisation of electro sprayed RIF-MPs 

was outside the scope of this study. 

 

 

 

 

3.4.3 Release studies of MPs manufactured by spray drying 

3.4.3.1 Rifampicin release studies   

Release studies of spray dried RIF-MPs were carried out in order to assess the ability 

of the carrier to control release of the cargo over a 10-day period as per the QTPP. 

The pH inside the target site, the alveolar macrophage, is said to vary between pH 

6.2 in the early phagosome and pH 4.5 in the lysosome (195) therefore pH 5.8 was 

selected to reflect the macrophage while pH 7.4 was used to mimic the more general 

physiological environment. The release of rifampicin from spray dried RIF-MPs at pH 

7.4 in Figure 3.9 is progressive and primarily single phase, however, the release at 

pH 5.8 appears lower. Analysis of the release behaviour of rifampicin in both the 

Figure 3.8: Representative Scanning Electron Microscope (SEM) 
images of electrosprayed PLGA microparticles containing 
rifampicin (RIF-MP EHA).   
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neutral and acidic environments was further assessed by fitting the results to the 

Higuchi and Korsmeyer-Peppas models of release kinetics (Table 3.4). Although both 

models resulted in R2 close to 1.0, the release exponents (n) for the Korsmeyer-

Peppas model are less than 0.5 and therefore outside the range of this model. 

 

 

 

 

 

 

Model Parameter pH 7.4 pH 5.8 

Higuchi R2 0.9406 0.9740 

 K 12.90 4.082 

Korsmeyer-Peppas R2 0.9935 0.8985 

 K 7.0843 5.1451 

 n 0.2355 0.1679 

 

3.4.3.2 Linezolid release studies 

The release of linezolid at both pH 7.4 and pH 5.8 was biphasic but there was 

approximately 40 % difference noted between release at pH 7.4 and pH 5.8 

throughout the study, with 71.2 ± 3.4 % remaining at day 14 in pH 7.4 and 32 ± 4.8 % 

Table 3.4: Release kinetics of rifampicin-loaded MPs (RIF-MP) manufactured by spray 
drying. The release study was carried out over a 14-day period in phosphate buffered 
saline (PBS) containing Tween® 80 0.025% at pH 7.4 and pH 5.8. R2: correlation 
coefficient, K: rate constant and n: release exponent.  

Figure 3.9: Cumulative release (%) of rifampicin from rifampicin-loaded MP (RIF-
MPs) manufactured by spray drying over a 14-day period in phosphate buffered 
saline (PBS) containing Tween® 80 0.025% at pH 7.4 and pH 5.8 (n=3 ± SD).  
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remaining at day 14 in pH 5.8 (Fig. 3.10).  The results from the linezolid release study 

were also fitted to both the Higuhci and Korsmeyer-Peppas models of kinetics (Table 

3.5) resulting in an R2 considerably less than 1.0 in all instances. Linezolid release is 

therefore not suited to either model in this study. 

                 

 

 

 

 

 

 

Model Parameter pH 7.4 pH 5.8 

Higuchi R2 0.6152 0.5975 

 K 4.940 5.999 

Korsmeyer-Peppas R2 0.5960 0.5351 

 K 55.7186 11.2980 

 n 0.03522 0.1512 

 

3.4.3.3 ATRA release studies 

As described in the methods, the manufacture as well as characterisation of spray 

dried ATRA-MPs posed some difficulties, therefore to assess release, the quantity of 

the ATRA remaining within the MP at each time point was measured. The results 

Table 3.5: Release kinetics of linezolid-loaded MPs (LIN-MP) manufactured by spray drying. 
The release study was carried out over a 14-day period in phosphate buffered saline (PBS) 
containing Tween® 80 0.025 % at pH 7.4 and pH 5.8. R2: correlation coefficient, K: rate 
constant and n: release exponent.  

Figure 3.10: Cumulative release (%) of linezolid from linezolid-loaded MP (LIN-MPs) 
manufactured by spray drying over a 14-day period in phosphate buffered saline (PBS) 
containing Tween® 80 0.025 % at pH 7.4 and pH 5.8 (n=3 ± SD).  
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were plotted on a graph (Fig. 3.11) showing decreasing quantities of encapsulated 

ATRA over 14 days allowing estimation of the release pattern. ATRA-MPs appeared 

to release the encapsulated cargo at a steady rate in both pH 7.4 and pH 5.8 with 

38.9 % of ATRA released over 14 days at pH 7.4 and 44.8 % over 14 days at pH 5.8. 

 

 

 

 

 

 

3.4.4 Thermal analysis 

3.4.4.1 Differential Scanning Calorimetry (DSC) 

Thermal analysis by DSC provides information on chemical and physical effects of 

drug loading on the polymeric carrier, in this case spray dried PLGA MPs. Glass 

transition temperatures (Tg) for unloaded and ATD-loaded MPs were recorded 

following a heat-cool-heat cycle (Table 3.6 and Figure 3.12). The results indicate that 

the formation of MPs using PLGA 503 H increases the crystalline structure and hence 

the Tg from 39.95˚C for raw PLGA up to 41.7˚C for UNL-MPs which is closer to the 

reference range of 44 - 48 ˚C. Conversely, the encapsulation of rifampicin and ATRA 

reduced the Tg, indicating an interaction between the PLGA and cargo.  

Figure 3.11: Encapsulated ATRA (%) remaining within ATRA-loaded MPs over a 14-
day period suspended in phosphate buffered saline (PBS) containing Tween® 80 0.025 
% at pH 7.4 and pH 5.8 (n=3 ± SD). 
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Formulation Glass transition temperature (Tg/˚C) 

PLGA 503 H 38.95 

UNL-MP 41.74 

RIF-MP 23.27 

ATRA-MP 26.65 

3.4.4.2 Thermogravimetric analysis (TGA) 

TGA analysis gives an indication as to the effect of the drug on the actual degradation 

of the polymeric microparticle by also heating to high temperatures (22 - 500˚C) (Fig. 

3.11). The influence of ATD loading on degradation and hence weight loss (%) 

Figure 3.12: Differential Scanning Calorimetry (DSC) thermogram of PLGA 503 H, 

unloaded-MPs (UNL-MPs), rifampicin-loaded MPs (RIF-MPs) and ATRA-loaded MPs 

(ATRA-MPs) manufactured by spray drying.  

 

Table 3.6: Thermal analysis using differential scanning calorimetry (DSC) of PLGA 503 H, 
unloaded-MPs (UNL-MPs), rifampicin-loaded MPs (RIF-MPs) and ATRA-loaded MPs 
(ATRA-MPs) manufactured by spray drying.  
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following heating to 500˚C can be seen in Figure 3.13 and Table 3.7 with ATRA 

loading having a significant effect reducing the starting temperature for degradation 

by over 45˚C.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.13: Thermogravimetric Analysis (TGA) thermogram of unloaded-MPs (UNL-

MPs), rifampicin-loaded MPs (RIF-MPs) and ATRA-loaded MPs (ATRA-MPs) 

manufactured by spray drying.  
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Formulation Weight loss (%) (Start-End Temp) 

UNL-MP 99.99 (240.89-374.79˚C) 

RIF-MP 100 (238.24-386.93˚C) 

ATRA-MP 99.58 (195.45-372.28˚C) 

 

 

3.4.5 Limulus Amebocyte Lysate (LAL) Assay  

Once the manufacture of MPs progressed to spray drying, the depyrogenation 

protocol (Chapter 2, Section 2.3.9, Option 1, NaOH rinsing) was adapted for the 

equipment required and the LAL test was used to assess endotoxin contamination. 

Results were compared to rifampicin administered by intravenous injection which was 

calculated to have an endotoxin limit of 0.5 EU using the formula from the BP below 

(Equation 3.1) where K is the threshold pyrogenic dose of endotoxin per kilogram of 

body mass and M is the maximum recommended bolus dose of a product per 

kilogram of body mass. The spray dried UNL-MPs, RIF-MPs, LIN-MPs and ATRA-MP 

all had endotoxin levels below the rifampicin threshold indicating that the closed loop 

system utilised in solvent based spray drying combined with the depyrogenation 

protocol was sufficient to prevent endotoxin contamination.  

 

 

 

 
Equation 3.1 Calculation of endotoxin limit as per the British Pharmacopoeia (BP); 
K=threshold pyrogenic dose of endotoxin per kg of body mass and M=maximum 
recommended bolus dose of a product per kg of body mass.  

 

 

Table 3.7: Thermogravimetric Analysis (TGA) of PLGA 503 H, unloaded-MPs (UNL-MPs), 
rifampicin-loaded MPs (RIF-MPs) and ATRA-loaded MPs (ATRA-MPs) manufactured by 
spray drying.  

Calculation of endotoxin limit = K/M 
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3.4.6 Surface Modification of MPs  

Preliminary assessment of IFN-γ coated MPs provided an indication of how efficient 

the new protocol was with greater than 95.6 % coating and 12.7µg IFN-ɣ/mg of MP. 

This efficiency was clear from the SEM images of MPs (post-coating) (Fig. 3.14 (B)) 

showing areas of protein clusters not seen in the pre-coating image (Fig 3.14 (A)). 

 

 

 

 

 

With an apparent coating efficiency of > 95 % there was an opportunity to reduce the 

quantity of protein required per reaction whilst maintaining sufficient IFN-ɣ for in vitro 

and in vivo dosing. This would lead to a significant reduction in expense due to the 

high cost of recombinant proteins. Starting quantities of 100 µg, 50 µg and 10 µg of 

IFN-γ were each tested with 12.5 mg of MPs resulting in 10 µg being the most 

efficient providing 99.8 ± 0.2 % coating efficiency. This equates to 1.3 µg of IFN-ɣ per 

mg of MPs and the presence of protein was evident in SEM images of all three 

quantities of IFN-ɣ (Fig. 3.15). 10 µg of IFN-γ was therefore used when coating MPs 

for the efficacy studies in vitro. 

 

Figure 3.14: Representative Scanning Electron Microscope images of rifampicin-loaded 

MPs (RIF-MPs) before coating (A) and after coating (B) with interferon-ɣ (IFN-ɣ). 
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3.4.7 Aerosolisation studies  

The results of the aerosolization study showed that spray dried ATRA-MPs have 

promising characteristics with 53.7 ± 21.5 % of the dose emitted. There was, 

however, some variation between samples which could be due to agglomeration of 

MPs following storage (2 - 8˚C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.15: Representative Scanning Electron Microscope (SEM) images of the coated 
rifampicin-loaded spray dried MPs with different starting quantities of IFN-γ.  
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3.5 Discussion 

A scalable process is critical in order to advance any product through the various 

stages of pre-clinical development. Where Therapeutic Aerosol Bioengineering (TAB) 

is concerned, consideration must be given to multifaceted aspects of the formulation 

such as the cargo and/or coating carrier along with the prerequisite characteristics of 

an inhaled formulation. Here, spray drying was primarily used in the scale-up of the 

formulations and the resultant MPs were characterised whilst the particle coating 

protocol was reviewed, and the aerosol properties were evaluated. The introduction of 

spray drying for the manufacture of the MPs required significant optimisation. Despite 

the number of studies in the literature featuring spray dried RIF-MPs (61, 90, 94, 95, 

177), the process needed to be tailored to meet the QTPP of this project both for the 

antibiotics and again for ATRA due to its labile and lipophilic nature (Table 3.2). 

 

Following the selection of optimal parameters including the spray feed solution and 

system settings batches of UNL-MPs, RIF-MPs, LIN-MPs and ATRA-MPs were 

produced for subsequent characterisation. The results for each formulation produced 

(Table 3.3, Figure 3.5) demonstrate that the physico-chemical characteristics were 

within the QTPP, maintaining or enhancing the characteristics required for targeting 

the AM via inhalation. Favourably, the RIF-MP encapsulation efficiency increased 

significantly using spray drying, almost reaching maximum encapsulation efficiency (≈ 

100 %) as quoted in the literature (90, 95, 177) for similar formulations. Average 

ATRA encapsulation decreased when manufacture transitioned from DESE to spray 

drying. However, the ratio of drug to polymer was 1:15 for ATRA-MPs in comparison 

to 1:8.3 (drug:polymer) when manufactured by DESE and 1:10 (drug:polymer) for 

RIF-MPs. This change in ratio had a negative effect on encapsulation but was 

unavoidable, in this case, to achieve a suitable balance between solubility and 

encapsulation. Additionally, the standard deviation of the encapsulation efficiency for 

ATRA-MPs was 17.1%, which was likely a direct consequence of the labile nature of 

ATRA. LIN-MPs were manufactured using the same parameters as RIF-MPs resulting 

in a reasonable encapsulation efficiency (69.1 ± 14.7 %) but also displaying a degree 

of variability. Regardless of these issues, the overall encapsulation efficiency 
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achieved for each of the three APIs was within the QTPP and deemed adequate for 

progression into in vitro and in vivo testing. 

 

Although the weight of MPs that can be produced in a single spray drying operation is 

far greater than that of DESE, the actual yield is low with 25.0 ± 8.4 % being the 

highest yield in this study across all four formulations. This is within the standard 

range for laboratory scale spray drying and is generally only increased in industrial 

scale processing (96).The yield for batches of UNL-MPs, RIF-MPs and ATRA-MPs 

were calculated gravimetrically and were >100 mg as stipulated in the QTPP. LIN-

MPs had a lower yield (68.9 ± 23.1 mg) which was as expected due to the starting 

quantities used but sufficient for pre-clinical testing. Subsequent to scale-up, ATD-

loaded spray dried MPs underwent preliminary assessment, similar to DESE MPs in 

Chapter 2, to estimate a suitable time period within which the MPs could be used for 

in vitro and in vivo testing. For ATRA-MPs, the pattern was like that seen in Chapter 2 

where there was a marked decrease in encapsulated drug over time therefore it 

would appear that ATRA is the issue as opposed to the polymeric carrier.  When the 

results of the thermal analysis in Section 3.4.4 were examined ATRA not only 

reduced the Tg of the polymer, it also affects the degradation of the polymer when 

assessed by TGA (Fig. 3.11). These results indicate that the ATRA is potentially 

accelerating the degradation of the polymer (196). When physico-chemical properties 

of ATRA-MPs were compared to that of other acidic drugs such as N-acetylcysteine 

and fusidic acid in PLGA carriers in the literature, two-phase systems are evident 

(196, 197). Microdroplets of the cargoes were found on the MP surface (196, 197) 

similar to the crystals on the ATRA-MP surface and Tg were also similar to ATRA-

MPs (197).The likely cause of the acceleration  of polymer degradation therefore is 

the presence of extra carboxylic acid groups both from the polymer and retinoic acid 

as it is widely accepted that ATRA is susceptible to oxidation (198).  

 

Rifampicin-loaded PLGA MPs were also manufactured using the 

electrohydrodynamic atomisation (EHA) method known as electrospraying. The 

smooth, spherical particles were comparable in size and encapsulation efficiency to 
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spray dried RIF-MPs; however, the formulation yield was three times higher making it 

a promising, alternative option to MP manufacture. The use of electrospraying for the 

manufacture of MPs for inhalation is a relatively new concept  but the results 

achieved here are an improvement on an earlier study by Hong et al. where 

rifampicin-loaded PLGA MPs, manufactured by electrospraying using chloroform as 

the solvent of choice, resulted in collapsed and largely irregular shaped particles 

(199). The potential of these EHA RIF-MPs will be further evaluated for efficacy 

against Mtb infection in Chapter 4.  

 

This release profile of rifampicin from spray dried RIF-MPs differed somewhat from 

that of the DESE RIF-MPs in Chapter 2 with a more rapid cumulative release, 

particularly at pH 7.4, compared to the biphasic release of DESE RIF-MPs. This is 

likely to be attributable to the method of particle manufacturing resulting in the cargo 

settling closer to the MP surface of spray dried MPs as the solvent evaporates during 

the drying step. The release profile exhibited by the spray dried RIF-MPs also differs 

from studies in the literature involving a variety of rifamycins where a burst release is 

often followed by sustained and elevated release of drug (63, 64, 90). This difference 

could also be related to the addition of the non-ionic surfactant Tween® 80 which 

allowed wetting of the MPs but can also accelerate release of the cargo (191). 

Despite the addition of Tween®80 aiding dissolution, the spray dried MPs continued to 

agglomerate at the lower pH of 5.8 thereby reducing the surface area from which the 

cargo can release. Spray dried MPs simply consist of PLGA and the cargo once the 

organic solvent has evaporated producing a more solid particle than MPs prepared by 

DESE that contain pores created by the presence of poly vinyl alcohol (PVA) (191). 

The agglomeration coupled with a more solid particle structure could therefore create 

a sufficient barrier to reduce release from spray dried MPs at pH 5.8 and be one 

explanation for the apparent limited release. The release profile of LIN-MPs was an 

initial burst release of 66.8 ± 4.4 % of the therapeutic cargo on day 1 at pH 7.4, 

followed by minimal release thereafter. This profile differs from that of RIF-MPs and 

can be explained by a solubility of 3 mg/ml for linezolid in water and also a molecular 

weight of 337.35 for linezolid compared to the rifampicin Mw of 822.94 allowing rapid 

surface desorption and diffusion from MPs. A very similar pattern was seen when the 
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release of linezolid from electrospun poly (ϵ-caprolactone) (PCL) fibres was examined 

(200). Again, there is a clear difference in results seen at pH 7.4 and pH 5.8 similar to 

RIF-MPs which is possibly related to MP agglomeration. The Higuchi model and 

Korsmeyer-Peppas models of kinetics were subsequently applied to the results of 

rifampicin and linezolid release studies from spray dried MPs in an attempt to 

compare RIF-MPs and LIN-MPs (63, 201). According to the results in Table 3.4, 

rifampicin release at pH 7.4 and 5.8 is best fitted to the Higuchi model with the R2 

close to 1.0 which implies diffusion-controlled release from a matrix (201). Neither 

model is suitable to describe Linezolid release in this case (Table 3.5), however, the 

pattern observed for LIN-MPs is closer to the biphasic profile expected for spray dried 

MPs (90). 

 

An alternative approach to the study of ATRA release from spray dried MPs resulted 

in a method less reliant on the solubility of ATRA in the release medium. The results 

in Fig. 3.11 suggest a steady release of ATRA from the ATRA-MPs which matches a 

similar study by Jeong et al. (125). Interestingly, Jeong et al. also examined the effect 

of drug loading on the release of ATRA from MPs made by solvent evaporation and 

found that increasing drug loading had a negative effect on release which was 

attributed to crystallisation and phase separation (125). These findings justify the 1:15 

(drug:polymer) drug loading ratio of ATRA to PLGA in order to aid solubility and 

hence control release. Caution must be taken, however, in light of the results from the 

preliminary stability studies and therefore the data generated here can only be used 

as an estimation of release. Overall, despite issues regarding solubility throughout, 

ATRA has been successfully encapsulated within PLGA microparticles manufactured 

by two different methods (DESE and spray drying). When the release data and 

literature are taken together, we can predict a controlled release pattern at both acidic 

and neutral pH but only when the efficacy of ATRA-MPs are tested in vitro and in vivo 

will a more definitive conclusion be reached.  

 

As previously discussed, PLGA is widely used in research due to its biocompatibility 

and ability to encapsulate conventional drugs and proteins as well as its mechanical 

strength which can offer protection of the cargo and control its release (146, 180). In 
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this study, we compared the thermal properties of PLGA 503 H raw material to UNL-

MPs and ATD-loaded MPs manufactured by spray drying firstly using differential 

scanning calorimetry (DSC). The rise in Tg following UNL-MP formation can be 

explained by the spray drying process itself during which droplets are formed 

containing the polymer and solvent and as the solvent dries tightly packed polymer 

chains remain to form the microparticle matrix (64, 90). This increase in Tg  from raw 

material to UNL–MPs was noted by Gaignaux et al. (93) and in the development of 

other polymeric applications such polylactic acid-polyethylene glycol nanoparticles 

(181) and  PLGA electrospun fibrous meshes (180). In contrast, the addition of 

rifampicin and ATRA significantly reduces the Tg to 23.27 ˚C and 26.65˚C respectively 

which can be attributed to the high encapsulation efficiencies of rifampicin (91.5 ± 6.8 

%) and ATRA (55.1 ± 17.1) within the PLGA MPs. These ATDs act as plasticisers 

leading to movement within the polymer chains. A similar trend for Tg  was seen with 

the incorporation of rifabutin into poly(lactic acid) spray dried MPs (63) and spray 

dried PLGA MPs containing rifapentine where the Tg  of the formulation was reduced 

by the presence of the drug (64). This low Tg could explain the release pattern for 

RIF-MPs discussed above where there is an increase in diffusion and hence release 

from spray dried MPs compared to MPs manufactured by DESE. In a study where 

ATRA was incorporated into electrospun PLGA fibres and films the Tg for ATRA-

loaded films was 27.83 ˚C in comparison to 44.77 ˚C for the PLGA raw material 

(75:25, Mw 120,000), however, in this instance the authors attribute a decrease in Tg 

to the method of manufacture (Solvent casting) (180). These results raise concern for 

the stability of the ATD loaded MPs as the Tg for both formulations are now close to 

room temperature meaning that the crystalline structure of the MPs may begin to 

break down if stored at room temp and even more so if the product is distributed in 

hot climates. Using TGA, a weight loss of 99.58 – 100 % (Table 3.10) was recorded 

for all three formulations which is due to the degradation of polymer (202).The 

temperature range over which the degradation occurs, however, is lower for ATRA-

MPs in comparison to both the UNL-MP and RIF-MP. This is likely due to the fact that 

ATRA melts at approximately 180˚C and therefore interferes with the degradation of 

the PLGA carrier as discussed earlier (203). The melting point of rifampicin on the 
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other hand is listed by the manufacturer as 183 - 188˚C but this has little effect on the 

polymer.  

 

The standard method for bacterial endotoxin testing of medicinal products as 

developed by the Pharmacopoeial Discussion Group (PDG) and the WHO and 

incorporated into regulations by the FDA and the European Medicines Agency (EMA) 

is the LAL test. The quantity of bacterial endotoxin present in a sample is calculated 

as EU) depending on dose and administration of the medicinal product, allowing 

comparison to international limits (149, 157, 183). When the results of the LAL assay 

were compared to the endotoxin limit for rifampicin administered by intravenous 

infusion (0.5 EU) the findings suggest that spray dried MPs are suitable for pre-

clinical testing. 

 

Aerosolised IFN-ɣ has been administered off-label via nebulisation in the adjunctive 

treatment of TB for some time now with encouraging results (69-71, 204, 205). One of 

goals of this project was to try and combine the immunomodulatory effects of IFN-ɣ 

with traditional anti-tubercular drugs in a single inhalable particle in one formulation to 

enable co-localised delivery and thereby efficacy. Modification of the coating protocol, 

primarily with regard to the ratio of coupling agents, resulted in 99.9% coating 

efficiency when tested on MPs made by spray drying. This result is superior to the 

previous coating efficiency established by the group (35 %) and meets the criteria laid 

out in the QTPP (206). There was also a 10-fold reduction in the starting quantity of 

IFN-ɣ used. When Ertl et al. covalently coupled the lectin protein wheat germ 

agglutinin (WGA) to PLGA microspheres manufactured by spray drying using a 1:1.1 

ratio of EDAC:NHS, 1.5 ± 0.2 µg of WGA was found to be surface bound, however, 

the coating efficiency was only 3.9 ± 1.6 % with 100 µg of protein and 10mg of MPs 

used (207). The coating efficiency was increased (44.2 ± 10.3 %) in this particular 

study by adjusting the EDAC:NHS ratio to 1:0.7. Therefore, it seems that the ratio of 

coupling agents is central to efficient coating. This in turn can benefit pre-clinical 

testing where increased coating efficiency decreases the quantity of MPs required 

provided that the cargo is encapsulated in adequate quantities. In Chapter 4, the 



 

139 
 

effect of IFN-ɣ coated MPs manufactured by spray drying on bacterial viability is 

evaluated.   

 

Aerosol properties of spray dried ATRA-MPs were assessed here by measuring dose 

uniformity using a DUSA resulting in 53.7 ± 21.5 of the ATRA-MPs emitted using the 

Seebri® Breezehaler® (Novartis). An aerosol study by Parumasivam et al. resulted in 

85.7 ± 1.4% of spray dried rifapentine-loaded MPs being emitted and a fine particle 

fraction (FPF; MPs with a MMAD less than 5 µm) of 56.3 ± 3.1% (64). When 

compared to the results for this study, the emitted dose from the DUSA is less for 

ATRA-MPs and crucially the FPF could not be calculated. Nevertheless, the emitted 

dose of ATRA-MPs is better than some licenced DPIs where the total emitted dose 

was traditionally expected to be only 20 to 30 % (208, 209). ATRA-loaded niosomes 

formulated for nebulisation did show promising aerosol characteristics with MMAD 

between 3.7 ± 0.3 µm and 3.58 ± 0.03 μm, however, no successful dry powder 

formulations of ATRA have been published to date.  

 

3.6 Conclusion 

Following the promising in vitro efficacy testing using ATD-MPs manufactured by 

DESE and previous studies by our group (59, 66) and in preparation for the next 

stage of the project, the main aim of this chapter was the scale up of MP manufacture 

and process optimisation. A protocol for the manufacture of ATD-loaded MPs using 

electrospraying was also developed using rifampicin as the model cargo, however, 

the primary focus was spray drying. Spray-drying processes were developed for the 

manufacture of each of the three ATDs (RIF-MP, ATRA-MP and LIN-MP), which 

resulted in larger batch sizes being made whilst maintaining optimal particle 

parameters for inhalation and AM targeting. To date, no other studies involving the 

incorporation of linezolid into spray dried MPs for the treatment of TB have been 

published and in fact very few other studies on the development of drug delivery 

systems for linezolid have been published either. After successful incorporation of the 

depyrogenation protocol into the spray drying process, the global standard LAL assay 

was utilised to test bacterial endotoxin levels in the spray dried MP formulation. The 
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antibiotic-loaded spray dried MPs were also successfully coated with the pro-

inflammatory cytokine IFN-γ following the introduction of a new protocol which 

allowed quantification of the coating efficiency. Finally, the aerosol properties of spray 

dried PLGA ATRA-MPs, of which there was no previous evidence in the literature, 

showed promise for the development of a targeted ATRA treatment. Thus, a scaled-

up process for the manufacture MPs has been successfully developed here, suitable 

for pre-clinical assessment in Chapter 4 and 5. 
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Chapter 4 

Pre-clinical assessment of antibiotic-loaded microparticles as a 

targeted treatment for Mycobacterium tuberculosis infection 
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4.1 Introduction   

The benefit of pre-clinical testing for established, re-purposed drugs apart from dose 

optimisation is somewhat disputed. However, translational research is required in 

order to understand important cellular mechanisms affected and to develop an 

effective drug delivery system (37). In this chapter the efficacy of antibiotic-loaded 

MPs manufactured in Chapter 3, RIF-MPs and LIN-MPs, is assessed against Mtb 

infection in vitro and in vivo. There are many studies in the literature assessing the 

effects of nonencapsulated and encapsulated rifampicin using in vitro (59, 61, 210) 

and in vivo (60, 211, 212) TB models. However, there were few studies published on 

the use of linezolid in any Mtb model when the project began (112, 113), therefore a 

thorough assessment was required, particularly given its use in MDR-TB. Our own 

group have previously investigated the uptake and efficacy of both unloaded and 

(ATD-loaded MPs as a potential, inhalable drug delivery system (59, 65, 66) but 

assessment was limited to in vitro models of infection. The purpose of this study, 

therefore, was to broaden the scope of antibiotics that were screened and to apply a 

multi-disciplinary approach to pre-clinical assessment including expertise in both in 

vitro and in vivo models. As discussed already, an inhaled treatment for TB with the 

ability to control release of a cargo could have the potential to reduce the dose and 

toxicities currently associated with these antibiotics. Assessment of the efficacy and 

toxicity of MPs following pulmonary administration is therefore crucial and will be 

examined in vivo in this chapter. In addition, the benefit of co-delivering IFN-ɣ will be 

evaluated as an adjunctive therapy to the traditional antibiotics.  

 

With an overall aim of seeking an effective treatment for Mtb infection, bacillary 

growth and viability were assessed post-treatment in an in vitro TB models, similar to 

that used in the literature (62, 64, 66, 210). This allowed efficient screening of 

potential anti-tubercular treatments. A murine model commonly used in Mtb 

experiments involving both traditional antibiotics and host directed therapies (120, 

210, 213) was later used to assess the efficacy of MP treatments in vivo. However, It 

is important to note that this model lacks the development of necrotic lesions seen in 
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other strains such as C3HeB/FeJ mice (214), as discussed in Chapter 1 (section 

1.9.2).  

 

Current treatments for Mtb infection are notorious for their adverse effect profiles with 

increasing severity as the treatments move from drug sensitive TB to MDR-TB (3), as 

discussed in Chapter 1. Thus, any method of mitigating these adverse effects would 

be of great benefit to the patient and would thereby increase adherence to the TB 

treatment regimen. Toxicity studies, which can pre-empt such adverse effects, are of 

fundamental importance during the pre-clinical development of any formulation. The 

formulation must adhere to the specifications set out by the regulator as determined 

by a wide range of in vivo studies including carcinogenicity and reproductive toxicity in 

order to reach clinical testing (215). For inhaled treatments, the local effects on the 

lungs are important including the immune response elicited and any subsequent 

effects on lung architecture. Prior to this in vitro toxicity testing is often carried out on 

cell lines or primary cells which can uncover interspecies differences and possibly 

identify key pathways that could lead to toxic outcomes (216). Hirota et al. has 

already outlined the biocompatibility of rifampicin-loaded PLGA MPs assessed on rat 

alveolar macrophages (NR8383) for greater than four days compared to polystyrene 

latex MPs which led to a considerable reduction in viability after two days of 

incubation (61). Similarly, no toxicity issues arise in the case of rifapentine-loaded 

PLGA MPs (64). Few studies published discuss the toxicity of linezolid in vitro apart 

from the known issues relating to mitochondrial protein synthesis which lead to nerve 

degeneration and myelosuppression (217). With a focus on the airways, in vitro 

cytotoxicity studies herein were carried out in THP-1 derived macrophages which 

were followed later by histological examination in vivo, as discussed below.  

 

A fine balance of pro- and anti-inflammatory stimulation is required throughout the 

various stages of Mtb treatment to contain the bacteria and limit pathological 

destruction (8). In an attempt to understand the immune response to RIF-MPs and 

LIN-MPs treatments within a Mtb infection model, the secretion of cytokines was 

measured in vitro and mRNA expression of cytokines in lung homogenate was 
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evaluated in vivo.  While we have already shown the potential of UNL-MPs in 

stimulating the immune response to Mtb in favour of the host through the induction of 

autophagy and the transcription factor NFĸB, MPs did not encourage the secretion of 

pro-inflammatory cytokines (66). Other groups have also demonstrated that UNL-MPs 

lack (218) or even reduce the local inflammatory response in models such as 

experimental autoimmune encephalitis and inflammatory bowel disease (219). The 

route of delivery as well as delivery platform can also affect cytokine levels as seen in 

a study comparing antibiotic-loaded MPs delivered by the inhaled and oral route 

which resulted in an increase in TNF-α only in the inhaled MP treatment group (67). 

Nonetheless, the question under consideration in this study is, in combination with a 

suitable cargo, will the PLGA MPs produce an alternative immune response to 

conventional treatments in the battle against TB. For this reason, the levels of the pro-

inflammatory cytokines elicited by anti-tubercular formulations with and without MPs 

in vitro were compared to the transcript levels of corresponding genes produced in 

vivo, in addition to inducible nitric oxide synthase (iNOS) and interleukin-17 (IL-17). 

 

To date, the focus of this study has largely been the macrophage; however, 

histological examination can reveal the involvement of additional cell populations in 

vivo such as neutrophils and lymphocytes as well as granuloma development (214, 

220). In addition, information regarding the local response to treatments not usually 

administered by inhalation is significant from a toxicological point of view as 

mentioned above. Despite BALB/C mice not developing necrotic lesions (214, 221) 

clusters of cells can form in their lungs signifying a response to infection (221). Here, 

samples were taken when the mice were culled and Mtb harvested (21 days post-

infection) allowing analysis of the effects of rifampicin and linezolid-based treatments 

in early disease. 
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4.1.1 Chapter aim and objectives 

The aim of this study was to widen the current repertoire of antibiotics studied in the 

development of an inhaled treatment for TB, with the inclusion of linezolid, and to 

evaluate the efficacy of LIN-MPs against Mtb infection in comparison to RIF-MPs. In 

addition, the co-delivery of the pro-inflammatory cytokine, IFN-ɣ, alongside rifampicin 

and linezolid was considered. Using the ATD-loaded MPs developed in Chapter 3, 

primarily by spray drying, the specific objectives of this chapter were: 

 

Objective 1 To assess the efficacy of rifampicin and linezolid formulations in an in 

vitro model of Mtb infection. 

Objective 2 To carry out toxicity studies and assess the immunomodulatory 

properties of rifampicin and linezolid formulations in an in vitro model of Mtb infection. 

Objective 3 To assess the efficacy of rifampicin and linezolid formulations in an in 

vivo model of Mtb infection. 

Objective 4 To assess the immunomodulatory properties of rifampicin and linezolid 

formulations using the antibiotic formulations in an in vivo model of Mtb infection. 

Objective 5 To carry out histological examination of the effect of rifampicin and 

linezolid formulations on the lungs in an in vivo model of Mtb infection. 
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4.2 Materials 

The THP-1 cell line and Mycobacterium tuberculosis strain H37Ra were obtained 

from the American Type Culture Collection (ATCC, Virginia, USA). Mycobacterium 

tuberculosis strain H37Rv was obtained from Christophe Guilhot, Institut de 

Pharmacologie et Biologie Structurale, CNRS Toulouse, France. All materials 

required to prepare Middlebrook 7H9 medium, Middlebrook 7H10 agar and 7H11 

agar were purchased from Becton Dickinson (BD, USA). RPMI 1640 Medium and 

Foetal Bovine Serum (Bio-Sciences Ltd., Dublin, Ireland). Rifampicin ≥97% (HPLC), 

Linezolid ≥98% (HPLC), Dimethyl Sulfoxide Hybri-Max, sterile filtered (DMSO), 

Tween® 80, Asparagine, staurosporine, puromycin, propidium iodide solution, 

bisBenzimide H 33258 and H33342 were all obtained from Sigma Aldrich Co. LLC, St 

Louis, MO, USA. Recombinant Human Interferon gamma GMP (R & D Systems, 

Oxford, UK). Recombinant Murine Interferon gamma (ProspecBio, Israel). 

Lipopolysaccharide (Alexis). Glycerol (Fisher Scientific, UK). Modified Auramine O 

stain and decolourizer were from Scientific Device Laboratory (distributed by Cruinn). 

 

 

4.3 Methods 

4.3.1 MP Manufacture 

All MP treatments used in the following experiments were manufactured by spray 

drying as per the optimised methods described in Chapter 3, section 3.3.1. unless 

otherwise stated. MPs made by electro spraying (EHA) were prepared as per section 

3.3.3.  

 

4.3.2 Cell culture and infection 

For cell culture, Mtb culture and infection see sections 2.3.11 in Chapter 2. 

 



 

147 
 

4.3.3 Efficacy studies following treatment with rifampicin and linezolid 

formulations 

THP-1 cells were cultured and differentiated using 100 nM PMA at density of 1 X105 

cells/ml as described in Chapter 2 (Section 2.3.11.1). Following determination of the 

appropriate MOI the THP-1 derived macrophages were infected with Mtb strain 

H37Ra (section 2.3.11.3) and incubated for 3 hrs at 37˚C/5 % CO2. In the first 

instance, a concentration response study was carried out for linezolid in the range of 

0.625 µg/ml to 5 µg/ml using the BacT/ALERT® system to correspond with the 

concentration response studies for rifampicin completed in Chapter 2. Evaluation of 

the various spray dried MP formulations followed. For rifampicin treatment groups, 

efficacy of the formulations was assessed firstly by the BacT/ALERT® system 

(BioMérieux), after which the results were confirmed by enumeration of CFU as 

described in section 2.3.11.4. For linezolid treatment groups, efficacy was assessed 

by the BacT/ALERT® system only. The treatment groups used for each anti-

tubercular drug are listed in Table 4.1 below with all wells infected throughout the 

course of this study. The concentration of rifampicin solution was reduced to 0.6 

µg/ml following analysis of the preliminary in vitro efficacy testing (Chapter 2). 

Linezolid solution was used at a concentration of 1.25 µg/ml based on the 

concentration response studies carried out. IFN-ɣ solution was added to the 

conventional antibiotic treatment groups at 5 ng/ml to assess its benefit and as a 

control for IFN-ɣ coated MP groups. RIF-MPs and LIN-MPs with and without IFN-ɣ 

were then added to provide the same concentration as the corresponding cargoes in 

solution. Based on delivering an effective antibiotic dose and the degree of coating 

achieved during manufacture the quantity of IFN-ɣ present was 8.5 ng/ml and 23.5 

ng/ml for RIF-MPs and LIN-MPs respectively. MPs were not washed off post-

treatment to mimic physiological conditions where possible and the addition of 

Tween®80 0.025 % to RPMI (RPMI 1640 Medium and Foetal Bovine Serum) was 

required to re-suspend the MP formulations. 
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 Rifampicin treatment 
groups (concentration) 

Linezolid treatment groups 
(concentration) 

Group 1 RPMI 
 

RPMI 

Group 2 Rifampicin solution 
(0.625 µg/ml) 

Linezolid solution 
(1.25 µg/ml) 

Group 3 Rifampicin+IFN-ɣ solution 
(0.625 µg/ml+5 ng/ml) 

Linezolid+IFN-ɣ solution 
(1.25 µg/ml+5 ng/ml) 

Group 4 RIF-MPs 
(=0.625 µg/ml rifampicin) 

LIN-MPs 
(=1.25 µg/ml linezolid) 

Group 5 IFN-ɣ coated RIF-MPs 
(=0.625 µg/ml rifampicin) 

IFN-ɣ coated LIN-MPs 
(=1.25 µg/ml linezolid) 

 

4.3.4   Efficacy studies following treatment with RIF-MPs manufactured by 

different particle manufacturing methods 

Using rifampicin as a control cargo, a study of the effect of two MP manufacturing 

methods was also carried out. The treatment groups for this study included rifampicin 

solution and RIF-MPs manufactured either by spray drying (SD-RIF-MPs) and 

electrospraying (EHA-RIF-MPs).  

 

4.3.5 Cytotoxicity studies following treatment with rifampicin and linezolid 

formulations  

Here, a single cell line (THP-1) was differentiated into macrophages on 48-well 

plates, as described previously, and treated with the same groups and time points 

used in the efficacy testing (see Table 4.1) for rifampicin and linezolid formulations. 

Treatments were administered both in the absence and presence of Mtb infection 

(H37Ra) using the potent Protein Kinase C inhibitor, staurosporine (0.4 µg/ml), as a 

positive control for cell death. After incubation at 37˚C/5 % CO2 for 24 hrs and 72 hrs 

the DNA in the nuclei of the viable THP-1 derived macrophages was stained blue with 

Hoechst (33258 0.5 mg/ml, 33342 0.2 mg/ml) whilst the nucleic acid of the dead cells 

was stained red with propidium iodide (PI) (0.05 mg/ml) due to the permeability of the 

cell membranes. The plates were then imaged and analysed immediately using the 

Cell Viability application on the Cytell Cell Imagine System (GE Healthcare, UK). 

Table 4.1 Treatment plan for in vitro efficacy studies incorporating anti-tubercular 
formulations.  
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4.3.6 Cytokine response following treatment with rifampicin and linezolid 

formulations 

A Meso Scale Discovery (MSD®) human pro-inflammatory 7-plex assay was 

performed using the supernatants from THP-1 derived macrophages treated with the 

groups listed in Table 4.1 in the absence or presence of Mtb (H37Ra) infection to 

allow evaluation of extracellular cytokine levels post-treatment. Lipopolysaccharide 

from Escherichia coli was employed as a positive control. The MSD tissue culture kit 

comprises of a 96-well MULTI-SPOT® plate, where each spot on the bottom of the 

wells is coated with antibodies specific to the cytokines selected. Following addition of 

samples and standards to each well, cytokine levels were determined by measuring 

electrochemiluminescent light intensity after labelling with the detection antibody, 

MSD SUFLO-TAG™ Reagent. Plates were read on a SECTOR Imager 2400 and 

results were analysed using DISCOVERY WORKBENCH assay analysis software 

(MSD). The seven human pro-inflammatory cytokines isolated in this assay were IL-

1β, IL-12p70, IFN-ɣ, IL-6, IL-8, IL-10 and TNF-α. 

 

4.3.7 In vivo efficacy studies following treatment with rifampicin and linezolid 

formulations 

The following in vivo methods were designed by the project team (RCSI, Imperial and 

St Jamesôs Hospital) and carried out by Dr Nitya Krishnan and Dr Brian Robertson at 

the Department of Medicine, Imperial College London. Treatment groups, including 

microparticle treatments, were designed, manufactured, characterised by PhD 

student Gemma OôConnor before being transported to Imperial College 

 

4.3.7.1 Animals 

All animal procedures were performed under the licence issued by the UK Home 

Office (PPL/708653) and in accordance with the Animal Scientific Procedures Act of 

1986. Six to eight-week-old female BALB/c mice (Charles River Ltd, UK) were 
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maintained in biosafety containment level 3 facilities according to institutional 

protocols. 

 

4.3.7.2 Mycobacterium tuberculosis (Mtb) Infection and treatment  

Mtb strain, H37Rv was cultured in Middlebrook 7H9 liquid media supplemented with 

0.2 % glycerol, 0.05 % Tween®80 and 10 % oleic acid-albumin-dextrose-catalase 

(OADC). Mice were infected with between 9.0x102 and 9.1x103 CFU of H37Rv per 

mouse via the intranasal route (n=5 mice per group). Two days after infection, three 

mice were humanely culled to determine the number of bacteria implanted in the 

lungs.  Following 14 days of infection, mice were treated with various rifampicin and 

linezolid formulations via the intra-tracheal route in a final volume of 50 µl. Each 

treatment was repeated three times with 48 hrs between each dose. Three days after 

the final dose (day 21), mice were humanely culled, and lungs aseptically removed 

and homogenised in PBS. The organ homogenates were serially diluted and plated 

on Middlebrook 7H11 agar plates supplemented with 0.5 % glycerol and 10 % OADC. 

The number of CFU was enumerated three weeks later (Fig. 4.1). 

 

 

 

 

 

 

Figure 4.1: Overview of the in vivo efficacy testing of anti-tubercular drug 

formulations using BALB/C mice over a 42-day period.  
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4.3.7.3 In vivo bacterial viability studies following treatment with rifampicin and 

linezolid formulations 

A dose response study of rifampicin solution preceded MP efficacy studies. Two 

doses (12 mg/kg and 20 mg/kg) were tested following a review of the literature (60, 

94, 211, 212, 222, 223) and the marketing authorisation for rifampicin where the 

maximum adult daily dose administered by intravenous infusion is 20 mg/kg (224). 

After consideration of the literature and the encapsulation efficiency of LIN-MPs 

achieved by spray drying (69.1 ± 14.7 %) only one dose of linezolid (17 mg/kg) was 

selected and tested which was based on the adult daily dose by intravenous infusion 

(113, 225, 226). Owing to a lack of in vivo data in the literature, Interferon-ɣ dose was 

also selected based on current clinical regimens – maximum adult dose 1.5 µg/kg 

(Immukin®) (227). Once the dose response studies were completed, efficacy testing 

of the various antibiotic formulations listed in Table 4.2 were carried out across a 

number of in vivo experiments. Three doses of each treatment (one dose every 48 

hrs) were administered per experiment. The MP vehicle (NaCl 0.9% + 0.05% 

Tween®80) (60) and unloaded-MPs (UNL-MPs) at the concentration equivalent to that 

of the RIF-MPs were used as control treatments. MPs were manufactured by spray 

drying in the School of Pharmacy at the RCSI and were transported to Imperial 

College, London by cold-chain (Expert Air Ltd).   

Note: an in vivo experiment involving IFN-ɣ coated MPs was carried out but was 

unsuccessful due to an issue with the bacterial strain used, therefore the results were 

not included in this chapter. 
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Rifampicin treatment groups 
(Dose) 

Linezolid treatment groups 
(Dose) 

NaCl 0.9% + 0.05% Tween®80 
 

NaCl 0.9% + 0.05% Tween®80 

Rifampicin solution 
(20 mg/kg) 

Linezolid solution 
(17 mg/kg) 

Rifampicin+IFN-ɣ solution 
(20 mg/kg +1.5 µg/ml) 

Linezolid+IFN-ɣ solution 
(17 mg/kg+1.5 µg/ml) 

RIF-MPs 
(=20 mg/kg) 

LIN-MPs 
(=17 mg/kg) 

UNL-MPs 
(=20 mg/kg) 

-------- 

 

 

4.3.8 Transcription of pro-inflammatory cytokine genes following treatment with 

rifampicin and linezolid formulations in vivo 

Lung lysates (1 ml) were re-suspended in TRIzol (ThermoFisher Scientific) and total 

RNA was extracted using the PureLink RNA Mini kit (ThermoFisher Scientific) 

according to the manufacturer’s protocol. Residual DNA from the sample was 

removed using PureLink DNase (ThermoFisher Scientific). cDNA was generated from 

1 µg of RNA using the high-capacity cDNA reverse transcription kit (ThermoFisher 

Scientific) according to the manufacturer’s instructions. Reaction without reverse 

transcriptase served as the negative control. For real-time PCR, each 20 µl reaction 

mix contained 10 µl of TaqMan universal master mix (Applied Biosystems), 1 µl of 

TaqMan primer and probe, 1 µl of cDNA and 8 µl of water. Real-time PCR was 

performed using a SteponePlus PCR machine (Applied Biosystems). Commercially 

available primers (Applied Biosystems) were used for real-time PCR including iNOS, 

IFN-ɣ, IL-1β, IL-6, IL-8, IL-10, IL-12A, IL-12B, IL-17 and TNF-α. Each sample was 

assayed in duplicate from 5 mice per group. For each gene, expression values were 

normalised to the housekeeping gene, GAPDH and expressed as ΔCT.  

 

Table 4.2 Treatment groups tested in the in vivo efficacy studies incorporating anti-
tubercular formulations.  
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4.3.9 Histological examination of the lung following treatment with rifampicin 

and linezolid 

The samples for histological examination were prepared by Dr Nitya Krishnan at 

Imperial College, London. Examination of the samples was carried out by by Dr 

Joseph Cassidy at the Pathobiology Section, UCD School of Veterinary Medicine, 

University College Dublin. 

 

The left lung of each mouse was fixed in 10 % neutral buffered formalin (Sigma-

Aldrich, United Kingdom) for histopathological analysis. Histosections approximately 5 

µm thickness were cut from the paraffin embedded tissues and then stained with the 

haematoxylin and eosin (H&E) and Ziehl-Neelsen (ZN) stain in each case. The 

histosections were examined and graded following light microscopy. Lesion grading 

took into account lesion distribution, size, the constituent cell morphology, evidence of 

cell necrosis and density of acid-fast organisms. Control and treatment groups were 

given a semi-quantitative lesion ‘score’ on a three-point scale (+, mild; ++, moderate, 

and +++, severe) based on the above histopathological criteria.  Between three and 

five mice were examined per control and treatment group and photomicrographs of 

representative lesions taken in each case.   

 

4.3.10 Statistical analysis 

Statistical analysis of results was carried out using GraphPad Prism software, version 

7.03. Results were expressed as mean ± standard deviation in tables and figures. A 

two-way ANOVA was carried out on all toxicity, in vitro efficacy and cytokine data 

followed by a Bonferroni post hoc test. For in vivo analysis, where there was only one 

treatment group compared to the control a t-test was used. When there was more 

than one treatment group, a one-way ANOVA was carried out followed by a Tukey 

multiple comparison test. The p value was considered significant when < 0.05. 
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4.4 Results     

4.4.1 In vitro efficacy studies  

4.4.1.1 Efficacy studies following treatment with rifampicin formulations 

Representing one of the current first line anti-tubercular treatments, rifampicin-based 

formulations were tested initially resulting in effective bactericidal activity. No bacterial 

growth was detected in the majority of treatment groups up to 42 days as determined 

by the TTP (Table 4.3). The results of the BacT/ALERT® study were later confirmed 

by enumeration of CFU following treatment with identical formulations which showed 

a considerable reduction in CFU at both 24 hrs and 72 hrs post-treatment (Fig. 4.2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(A) 

(B) 
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 Time to Positivity (Days) 

Treatment I II III 

3 hrs 

RPMI 11.33 11.16 8.82 

24 hrs 

RPMI 10.66 17.99 10.32 

RIF Sol Not detected Not detected 36.34 

RIF + IFN-ɣ Sol Not detected Not detected Not detected 

RIF-MP Not detected Not detected 24.66 

RIF-IFNɣ-MP 39.33 35.99 27.83 

72 hrs 

RPMI 10.33 9.33 7.16 

RIF Sol Not detected Not detected Not detected 

RIF + IFN-ɣ Sol Not detected Not detected Not detected 

RIF-MP Not detected Not detected 32.5 

RIF-IFNɣ-MP Not detected Not detected Not detected 

 

Table 4.3: The bactericidal effects of rifampicin formulations against Mtb infection. Baseline 
infection levels were measured at 3 hrs post-infection of THP-1 derived macrophages with 
H37Ra which was followed by the addition of treatment, Bacterial growth (%) was 
determined 24 hrs and 72 hrs post infection via Time to Positivity (TTP) results that were 
measured using the BacT/Alert® 3D system. Treatment groups included rifampicin solution 
(0.625 µg/ml) +/- IFN-ɣ solution (5 ng/ml) and rifampicin-MPs (RIF-MP) (=0.625 µg/ml 
rifampicin) +/- IFN-ɣ coating. (I) MOI:1-4/cell, (II) MOI: 1-5/cell and (III) MOI: 1-7/cell (n=3). 
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4.4.1.2 Efficacy studies following treatment with linezolid formulations 

With the introduction of the anti-tubercular cargo, linezolid, an in vitro concentration 

response study was required. On this occasion, the studies were carried out using the 

BacT/ALERT® system only, whereby TTP was measured allowing calculation of the 

change in Mtb growth (%) following treatment. A concentration-dependent response 

was observed over the range of 0.6 µg/ml to 5 µg/ml for linezolid treatments with a 

reduction or eradication of Mtb growth in comparison to the control (RPMI) (Fig. 4.3). 

Figure 4.2: Rifampicin formulations reduce bacterial viability. Baseline infection levels 
were measured at 3 hrs post-infection of THP-1 derived macrophages with H37Ra 
which was followed by the addition of the rifampicin formulations. Bacterial viability was 
measured 24 hrs and 72 hrs post-infection infection via enumeration of colony forming 
units (CFU/105 cells) on Middlebrook 7H10 agar. Treatment groups included rifampicin 
solution (0.625 µg/ml) +/- IFN-ɣ solution (5 ng/ml) and rifampicin-MPs (RIF-MP) (=0.625 
µg/ml rifampicin) +/- IFN-ɣ coating. RPMI only was used as the untreated control. 
MOI:1-10/cell (n=1).  
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Following the determination of the appropriate concentration, the efficacy of linezolid 

solution, with or without IFN-γ, LIN-MP uncoated or coated with IFN-γ (LIN-IFNγ-MP) 

was determined using the BacT/ALERT® system. As shown in Figure 4.4, all 

treatments reduced or eliminated bacterial growth. The addition of IFN-ɣ in solution 

seemed to produce a greater effect then linezolid alone (Fig.4.4) at 72 hrs, a result 

which may be attributed to the pro-inflammatory influence of the cytokine, however, 

Figure 4.3: Linezolid concentration response studies. Baseline infection levels were 
measured at 3hrs post-infection of THP-1 derived macrophages with H37Ra which was 
followed by the addition of increasing concentrations of linezolid solution (0.6 µg/ml to 5 
µg/ml). Bacterial growth (%) was determined 24 hrs and 72 hrs post-infection via Time 
to positivity (TTP) results which were measured using the BacT/ALERT® 3D system 
(BioMérieux) (A) RPMI was used as the untreated control, MOI:1-8/cell, (B) MOI:1-
7/cell.  
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no results were statistically significant. There was also no apparent difference in 

efficacy between uncoated LIN-MPs and IFN-γ coated LIN-MPs. 

 

 

 

 

 

 

 

 

 

 

4.4.1.3 Efficacy studies following treatment with RIF-MPs manufactured by 

different particle manufacturing methods  

To understand the effect, if any, of MP manufacturing methods on ATD-MP efficacy, 

rifampicin-loaded MPs manufactured by two different methods; spray drying (SD-RIF-

MP) and electro spraying (EHA-RIF-MP) were investigated. The in vitro efficacy of 

these two formulations was compared in the TB infection model. By 72 hr post-

infection, both MP formulations and rifampicin solution significantly reduced bacterial 

viability in comparison to the untreated control (Fig. 4.5) (**p < 0.01). No difference in 

efficacy was seen between treatment groups in this experiment.  

Figure 4.4: The effect of linezolid treatment on Mtb growth. Baseline infection levels were 
measured at 3 hrs post-infection of THP-1 derived macrophages with H37Ra which was 
followed by the addition of linezolid formulations. Bacterial growth (%) was determined 24 
hrs and 72 hrs post infection via Time to positivity (TTP) results that were measured using 
the BacT/Alert® 3D system. Treatment groups included linezolid solution (1.25 µg/ml) +/- 
IFN-ɣ solution (5ng/ml) and linezolid-MPs (=1.25 µg/ml linezolid) +/- IFN-ɣ coating and 
RPMI as the untreated control, MOI: 1-4/cell, 1-6/cell, 1-9/cell (n=3).  
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4.4.2 In vitro cytotoxicity studies 

4.4.2.1 In vitro cytotoxicity studies following treatment with rifampicin 

formulations 

In uninfected THP-1 derived macrophages rifampicin formulations had little effect on 

viability, with the average proportion of PI positive cells less than 10% for each 

treatment group apart from the positive control (staurosporine) (41.2 ± 6.7 %) which 

was significantly higher than all other groups (Fig. 4.6 (A)). However, cell death began 

to rise in the presence of infection, particularly at 72 hrs post-infection where the 

treatment group containing rifampicin plus IFN-ɣ (in solution) resulted in a significant 

increase in the number of PI positive cells compared to rifampicin solution (**p < 

0.01), RIF-MPs (*p < 0.05) and RIF-IFNɣ-MP (*p < 0.05), which was comparable to 

the untreated control (Fig. 4.6 (B)). While a proportion of cell death is inevitable in the 

presence of Mtb, effective anti-tubercular treatments can reduce the incidence of cell 

death. Rifampicin plus IFN-γ solution did not improve rates of cell death on this 

Figure 4.5: Comparison of the effect of MP manufacturing methods on bacterial viability. 
Baseline infection levels were measured at 3 hrs post-infection of THP-1 derived 
macrophages with H37Ra which was followed by the addition of the treatment. Bacterial 
viability was measured 24 hrs and 72 hrs post-infection via enumeration of colony forming 
units (CFU/105 cells) on Middlebrook 7H10 agar. Treatment groups included rifampicin 
solution (0.625 µg/ml), RIF-MPs made by spray drying (SD-RIF-MP, =0.625 µg/ml) and RIF-
MPs made by electrospraying (EHA-RIF-MP, =0.625 µg/ml). RPMI only was used as the 
untreated control, MOI: 1-6/cell (n=3) and **p < 0.01. 
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occasion. On the other hand, the bactericidal effect of rifampicin solution alone and 

RIF-MPs (+/- IFN-ɣ coating) appears to have induced Mtb killing thereby reducing the 

incidence of cell death following treatment. 

 

 

 

 

 

 

 

 

 

 

4.4.2.2 In vitro cytotoxicity studies following treatment with linezolid 

formulations 

The linezolid cytotoxicity studies reflect that of rifampicin with low levels of % PI cells 

24 hrs post-treatment in uninfected and infected cells and even at 72 hrs in uninfected 

cells (Fig. 4.7 (A)). When the THP-1 derived macrophages were infected with H37Ra 

and treated for 72 hrs, the proportion of PI positive cells increased across all groups 

with the most significant difference seen when IFN-ɣ was added to linezolid in 

solution (Fig. 4.7 (B). Linezolid solution plus IFN-ɣ solution was significantly more 

toxic than Linezolid solution alone (*p < 0.05) and LIN-MPs (**p < 0.01), however, 

Figure 4.6: The effect of rifampicin formulations on cell death. The proportion of dead cells 
(%) as determined by propidium iodide (dead cells) and hoecsht (total cell counts) staining 
24 hrs (A) and 72 hrs (B) post-treatment of THP-1 derived macrophages with rifampicin 
solution (0.625 µg/ml) +/- IFN-ɣ solution (5 ng/ml) and rifampicin-MPs (RIF-MP) (=0.625 
µg/ml rifampicin) +/- IFN-ɣ coating. RPMI and staurosporine (0.4 µg/ml) were utilized as the 
untreated and positive controls respectively. Toxicity studies were carried out in the 
presence and absence of Mtb infection (H37Ra) and analysed using the Cell Viability 
application on the Cytell Cell Imaging System (GE Healthcare, UK) (n=2) with *p < 0.05 and 
**p < 0.01.  
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linezolid solution and LIN-MPs did not alter cell viability in comparison to the 

untreated control in this experiment.  

 

 

 

 

 

 

 

 

 

 

 

4.4.3 In vitro cytokine assessment  

4.4.3.1 In vitro cytokine assessment following treatment with rifampicin 

formulations 

Cytokine levels were measured in the presence and absence of infection (H37Ra). 

The results in Figure 4.8 show that the addition of IFN-ɣ to rifampicin solution 

enhanced the pro-inflammatory response to infection with a significant increase in IL-

1β at 72 hrs (Fig. 4.8 (B)), extracellular IFN-γ at 24 hrs and 72hrs (Fig. 4.8 (E-F)) and 

TNF-α at 72 hrs (Fig. 4.8 (M-N)) compared to other rifampicin treatments. The 

supernatant of cells treated with rifampicin plus IFN-ɣ in solution also increased levels 

of extracellular IFN-ɣ in uninfected cells at 24 hrs and 72 hrs (Fig. 4.8 (E-F)). This is 

Figure 4.7: The effect of linezolid formulations on cell death. The proportion of dead cells 
(%) as determined by propidium iodide (dead cells) and hoecsht (total cell counts) staining 
24 hrs (A) and 72 hrs (B) post-treatment of THP-1 derived macrophages with linezolid 
solution (1.25 µg/ml) +/- IFN-ɣ solution (5 ng/ml) and linezolid-MPs (LIN-MP (=1.25 µg/ml 
linezolid) +/- IFN-ɣ coating. RPMI and staurosporine (0.4 µg/ml) were utilized as the 
untreated and positive controls respectively. Toxicity studies were carried out in the 
presence and absence of Mtb infection (H37Ra) and analysed using the Cell Viability 
application on the Cytell Cell Imaging System (GE Healthcare, UK) (n=3) with *p < 0.05 
and **p < 0.01. 
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not surprising as the recombinant IFN-ɣ added to the cultures has presumably 

accumulated with endogenous IFN-ɣ. In addition, rifampicin in solution +/- IFN-ɣ 

significantly decreases levels of the anti-inflammatory IL-10 in the infected cells at 72 

hrs in comparison to the untreated control (Fig. 4.8 (L)). RIF-MPs +/- IFN-ɣ treatment, 

on the other hand, resulted in a significant increase in IL-10 in comparison to the 

rifampicin solution +/- IFN-ɣ and comparable levels to the untreated control thereby 

reducing inflammation (Fig. 4.8 (L)). 
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Figure 4.8: Cytokine secretion following treatment of THP-1 derived macrophages with 
rifampicin formulations. The quantity (pg/ml) of cytokine in the media was measured 24 hrs 
and 72 hrs post-treatment with rifampicin solution (0.625 µg/ml) +/- IFN-ɣ solution (5 ng/ml) 
and rifampicin-MPs (RIF-MP) (equivalent to 0.625 µg/ml rifampicin) +/- IFN-ɣ coating. (A-B) IL-
1β, (C-D) IL-12p70, (E-F) IFN-γ, (G-H) IL-6, (I-J) IL-8, (K-L) IL-10 and (M-N) TNF-α. Cytokine 
studies were carried out in the presence and absence of Mtb infection (H37Ra) using a MSD® 
human pro-inflammatory 7-plex assay (n=2) with *p < 0.05, **p < 0.01 and ***p < 0.001. 
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4.4.3.2 In vitro cytokine response following treatment with linezolid 

formulations 

The immune response to linezolid treatments was also assessed in uninfected and 

infected THP-1 derived macrophages 24 hrs and 72 hrs post-treatment. Like 

rifampicin treatment, the pro-inflammatory IL-1β was significantly increased in Mtb 

infected cells at 72 hrs in comparison to linezolid solution alone (Fig. 4.9 (B)) and 

extracellular IFN-ɣ increased across all conditions (Fig. 4.9 (E-F)) following treatment 

with linezolid plus IFN-ɣ in solution. In addition, linezolid plus IFN- ɣ also significantly 

increased IL-12p70 when compared to LIN-MPs in infected cells at 24 hrs (Fig. 4.9 

(C)). Despite no significant result, IL-8 secretion appears to be increased across all 

treatment groups (Fig. 4.9 (I-J)) and whilst there is large variation between groups, 

linezolid +/- IFN-ɣ solution also appeared to increase TNF-α (Fig. 4.9 (N)) in infected 

cells. No significant differences in IL-10 were observed which is most likely due to 

variation amongst groups (Fig. 4.9 (K-L)). 
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Figure 4.9: Cytokine secretion following treatment of THP-1 derived macrophages with 
linezolid formulations. The quantity (pg/ml) of cytokine in the media was measured 24 hr 
and 72 hr post-treatment with linezolid solution (1.25 µg/ml) +/- IFN-ɣ solution (5 ng/ml) 
and linezolid-MPs (LIN-MP) (equivalent to 1.25 µg/ml linezolid) +/- IFN-ɣ coating. (A-B) IL-
1β, (C-D) IL-12p70, (E-F) IFN-ɣ, (G-H) IL-6, (I-J) IL-8, (K-L) IL-10 and (M-N) TNF-α. 
Cytokine studies were carried out in the presence and absence of Mtb infection (H37Ra) 
using a Meso Scale Discovery (MSD®) human pro-inflammatory 7-plex assay (n=3) with 
*p < 0.05, **p < 0.01 and ***p < 0.001.  
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4.4.4 In vivo efficacy studies following treatment with rifampicin and linezolid 

formulations 

4.4.4.1 Dose response studies 

Alongside the in vitro studies discussed above, in vivo efficacy studies were carried 

out at Imperial College, London and commenced with a dose response study 

assessing rifampicin solution at two doses and linezolid at one dose only. Treatment 

with rifampicin solution at 20 mg/kg resulted in a significant reduction in CFU/ml in the 

lung (Fig. 4.10 (A)) and was therefore selected as the appropriate dose for the 

subsequent MP efficacy testing in vivo. The addition of IFN-ɣ at 1.5 µg/ml to 

rifampicin solution also significantly reduced the CFU/ml (Fig. 4.10 (B)) (**p > 0.01), 

as was seen in vitro with the same treatment, however, this was similar to rifampicin 

alone at a dose of 20 mg/kg as seen in Figure 4.10 (A) (*p > 0.05).    

              

 

 

 

 

 

 

 

 

 

 

Figure 4.10: Rifampicin dose response study. BALB/c mice infected with Mtb (H37Rv) were 
treated 14 days post-infection with(A) three repeated doses of vehicle only (NaCl 0.9 % + 
0.05 % Tween®80), rifampicin solution (12 mg/kg) and rifampicin solution (20 mg/kg), each 
dose administered 48 hrs apart. (B) Rifampicin (20 mg/kg) was also administered with IFN-
ɣ in solution (1.5 µg/ml) to assess efficacy of the selected doses. Bacterial viability was 
measured by harvesting Mtb from the lungs of the animals 21 days post-infection and 
plating on Middlebrook 7H11 agar, colonies were counted a further 21 days later, *p < 0.05, 
**p < 0.01 (n=5).  
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Treatment with linezolid solution at 17 mg/kg (equivalent to the adult daily dose by 

intravenous infusion) resulted in no significant difference bacterial viability in 

comparison to the control group treated with the vehicle (NaCl 0.9 % + 0.05 % 

Tween®80) (Fig. 4.11). Based on the encapsulation efficiency achieved in for LIN-

MPs in Chapter 3 (69.1 ± 14.7 %) an increase in dose was not achievable within the 

scope of this study and so in vivo assessment of LIN-MPs proceeded at a dose 

equivalent to the current licenced dose (17 mg/kg) with the aim of reducing doses 

using a targeted drug delivery system. 

                

 

 

 

 

 

 

4.4.4.2 In vivo efficacy studies with RIF-MPs 

In order to assess the efficacy of encapsulating rifampicin within a PLGA MP for 

targeted alveolar macrophage delivery in vivo, RIF-MPs containing the appropriate 

dose selected from the dose response study (20 mg/kg) were administered 

intratracheally to BALB/c mice infected with the virulent Mtb strain H37Rv. The 

equivalent concentration of rifampicin solution (20 mg/kg) and UNL-MPs 

(=concentration of RIF-MP) were administered in a series experiments to evaluate the 

effect of the carrier on Mtb infection. Following three doses of each treatment the 

Figure 4.11: Linezolid dose response study. BALB/c mice infected with Mtb (H37Rv) 
were treated 14 days post-infection with three doses of vehicle only (NaCl 0.9 % + 0.05 % 
Tween®80) and linezolid solution (17 mg/kg), each dose was administered 48 hrs apart. 
Bacterial viability was measured by harvesting Mtb from the lung of the animals and 
plating on Middlebrook 7H11 agar 21 days post-infection, colonies were counted a further 
21 days later (n=5).  
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results show that while UNL-MPs had no antibacterial effect (Fig. 4.12 (B)) both 

rifampicin in solution and RIF-MPs have comparable efficacy by significantly reducing 

bacterial viability in comparison to the vehicle control in each experiment (Fig. 4.12 

(A, C)) (***p < 0.001). These results suggest that the cargo (rifampicin) is having the 

greatest effect but the exact mechanism of each formulation will be discussed in 

combination with immunomodulatory and histology data later.  

 

 

 

 

 

 

 

 

 

Figure 4.12: Rifampicin-loaded MP efficacy studies. BALB/c mice infected with Mtb 
(H37Rv) were treated 14 days post-infection with (A) vehicle only (NaCl 0.9 % + 0.05 % 
Tween®80) and rifampicin solution (20 mg/kg) (B) vehicle only and unloaded-MPs (UNL-
MPs) (=conc. of RIF-MPs) and (C) vehicle only and rifampicin-loaded MPs (RIF-MPs) 
(=20 mg/kg rifampicin). Three doses of each treatment were administered 48 hrs apart. 
Bacterial viability was measured by harvesting Mtb from the lungs of the animals 21 days 
post-infection and plating on Middlebrook 7H11 agar, colonies were counted a further 21 
days later, ***p < 0.001 (n=5). 
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4.4.4.3 In vivo efficacy studies with LIN-MPs 

Linezolid based formulations, including linezolid +/- IFN-ɣ solution and LIN-MPs, at 

doses equivalent to 17mg/kg for linezolid and 1.5 µg/kg for IFN-ɣ were also assessed 

in the BALB/c model of Mtb infection (H37Rv) in vivo.  The results in Figure 4.13 were 

obtained following the administration of three repeated doses delivered 

intratracheally. Despite no significant reduction in bacterial viability in any treatment 

group when compared to the vehicle control group (Fig 4.13), there appeared to be a 

reduction in CFU/ml in the treatment groups particularly where linezolid is 

administered alongside IFN-ɣ in solution. 

 

              

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.13: Linezolid-loaded MP efficacy study. BALB/c mice infected with Mtb (H37Rv) 
were treated 14 days post-infection with vehicle only (NaCl 0.9% + 0.05% Tween®80), 
linezolid solution (17 mg/kg), linezolid plus IFN-ɣ in solution (17 mg/kg + 1.5 µg/ml) and 
linezolid-loaded MPs (LIN-MP) (=17 mg/kg). Three doses of each treatment were 
administered 48 hrs apart. Bacterial viability was measured by harvesting Mtb from the 
lung of the animals and plating on Middlebrook 7H11 agar 21 days post-infection, colonies 
were counted a further 21 days later (n=5).  
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4.4.5 Transcription of pro-inflammatory cytokine genes following treatment with 

rifampicin and linezolid formulations in vivo  

In conjunction with the in vivo efficacy testing, expression of pro-inflammatory 

cytokine genes in lung homogenates were assessed following treatment with 

rifampicin and linezolid formulations. Extensive assessment was carried out using 

genetic probes selected based on the in vitro cytokine panel with the addition of IL-17 

and inducible nitric oxide synthase (iNOS) gene. Note: only significant results are 

displayed in the sections below, non-significant results are shown in the Appendix. 

 

4.4.5.1 Transcription of pro-inflammatory cytokine genes following treatment 

with rifampicin formulations  

Immunomodulation as a result of treatment was first examined in samples from the 

lungs of BALB/c mice infected with H37Rv and treated with rifampicin solution alone 

which were compared to the vehicle control group. Rifampicin solution was found to 

increase the expression of pro-inflammatory IL-1β, IL-6, IL-8, IL-12A (***p < 0.001) 

and TNF-α (*p < 0.05), however, it decreased the expression of IL-12B (Fig. 4.14). 

Both IL-12A and IL-12B expression are required to synthesise IL-12 protein.  

 

In a separate experiment rifampicin plus IFN-ɣ in solution produced a similar pro-

inflammatory response increasing iNOS (**p < 0.01), IL-1β (***p < 0.001), IL-6 (***p < 

0.001), IL-8 (***p < 0.001), IL-17 (**p < 0.01) and TNF-α whilst decreasing the gene 

for what is considered anti-inflammatory, IL-10 (Fig. 4.15) (*p < 0.05). Rifampicin plus 

IFN-ɣ also decreased expression of IL-12B (Fig. 4.15) (**p < 0.01). As IFN-ɣ itself is a 

mostly pro-inflammatory cytokine these results are not surprising. Interestingly 

endogenous IFN-ɣ levels were not significantly raised in the lung following the 

addition of recombinant IFN-ɣ in this study (data not shown). 
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Figure 4.14: Rifampicin solution promotes inflammation in the murine lung. In vivo mRNA 
transcription following treatment of Mtb (H37Rv) infected BALB/C mice with vehicle (NaCl 
0.09 %+Tween®80 0.05 %) and rifampicin in solution (20 mg/kg). Real time PCR analysis 
was carried out on lung homogenates 21 days post-infection and expressed relative to 
GAPDH (Δ CT). (A) IL-1β, (B) IL-6, (C) IL-8, (D) IL-12A, (E) IL-12B and (F) TNF-α with *p < 
0.05 and ***p < 0.001 (n=5). 
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Figure 4.15: Rifampicin solution plus recombinant IFN-ɣ promotes inflammation in the 
murine lung. In vivo mRNA transcription following treatment of Mtb (H37Rv) infected BALB/C 
mice with vehicle (NaCl 0.09 %+Tween®80 0.05 %) and rifampicin plus IFN-ɣ in solution (20 
mg/kg + 1.5 µg/kg). Real time PCR analysis was carried out on lung homogenates 21 days 
post-infection and expressed relative to GAPDH (Δ CT). (A) iNOS, (B) IL-1β, (C) IL-6, (D) IL-
8, (E) IL-10, (F) IL-12B, (G) IL-17 and (H) TNF-α with *p < 0.05, **p < 0.01 and ***p < 0.001 
(n=5). 
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In contrast to rifampicin alone and rifampicin in solution plus IFN-ɣ, RIF-MPs did not 

have a major effect on the pro-inflammatory gene expression profile in the lungs of 

the BALB/C mice and in fact significantly decreased the expression of pro-

inflammatory IL-6 (Fig.4.16 (B)) (*p < 0.05).  UNL-MP treatment resulted in minor 

changes to the level of expression only significantly increasing the anti-inflammatory 

IL-10 in comparison to the vehicle control (Fig. 4.16 (A)) (*p < 0.05).  

 

 

 

 

 

 

 

 

 

4.4.5.2 Transcription of pro-inflammatory cytokine genes following treatment 

with linezolid formulations 

Treatment of Mtb-infected BALB/C mice with linezolid alone had no significant effect 

on gene expression when compared to the vehicle control group. Linezolid plus IFN-ɣ 

in solution (Fig. 4.17) produced similar effects to that of rifampicin plus IFN-ɣ in 

solution (Fig. 4.15) increasing levels of IL-1β (*p < 0.05), IL-6 (***p < 0.001), IL-8 (*p < 

0.05) in comparison to the control, whilst decreasing the expression of IL-12B (Fig. 

4.17 (D)) (*p < 0.05). In the case of IL-1β (*p < 0.05), IL-6 (***p < 0.001) and TNF-α 

Figure 4.16: Rifampicin-loaded MPs and unloaded-MP reduce the propensity for 
inflammation in the murine lung. In vivo mRNA transcription following treatment of Mtb 
(H37Rv) infected BALB/C mice with(A) vehicle (NaCl 0.09 %+Tween®80 0.05 %) and 
unloaded-MPs (UNL-MP) (=conc. of RIF-MPs) and (B) vehicle and rifampicin-loaded (RIF-
MPs) (=20 mg/kg rifampicin). Real time PCR analysis was carried out on lung 
homogenates 21 days post-infection and expressed relative to GAPDH (Δ CT), *p < 0.05 
(n=5). 
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(**p < 0.01) linezolid plus IFN-ɣ solution also significantly increased expression 

compared to linezolid in solution alone. These results combined suggest that 

recombinant IFN-ɣ potentiates the effect of linezolid solution. LIN-MPs significantly 

increased levels of TNF-α when compared to linezolid solution (Fig. 4.17 (E)) (*p < 

0.05) as did linezolid plus IFN-ɣ in solution (**p < 0.01).  
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Figure 4.17: Linezolid plus IFN-ɣ promotes inflammation in the murine lung. In vivo mRNA 
transcription following treatment of Mtb (H37Rv) infected BALB/C mice with vehicle (NaCl 
0.09 %+Tween®80 0.05 %), linezolid solution (17 mg/kg), linezolid plus IFN-ɣ in solution (17 
mg/kg + 1.5 µg/ml) and linezolid-loaded MPs (=17 mg/kg). Real time PCR analysis was 
carried out on lung homogenates 21 days post-infection and expressed relative to GAPDH 
(Δ CT). (A) IL-1β, (B) IL-6, (C) IL-8, (D) IL-12B and (E) TNF-α with *p < 0.05, **p < 0.01 and 
***p < 0.001 (n=5). 
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4.4.6 Histological examination following treatment with rifampicin and linezolid 

formulations 

Maintaining the integrity of the lungs is critical both during and after Mtb treatment 

therefore histosections of the lungs from BALB/C mice treated with rifampicin or 

linezolid formulations via inhalation were examined 21 days post-infection. Samples 

were prepared at Imperial College, London and examined by Dr Joseph Cassidy from 

the Pathobiology Section, UCD School of Veterinary Medicine, University College 

Dublin. 

 

4.4.6.1 The effect of rifampicin formulations on lung histology 

Pulmonary delivery of rifampicin in solution plus IFN-ɣ in solution reduced the extent 

of local inflammation from severe (+++) to mild (+) in Mtb infected (H37Rv) lungs 

(4.18 (A)). The vehicle control group showed more extensive necrosis and neutrophil 

infiltration compared to less extensive necrosis and increased perivascular 

lymphocyte accumulation in the rifampicin plus IFN-ɣ group. There were also less 

acid-fast bacteria present in the rifampicin plus IFN-ɣ group. RIF-MPs also reduced 

inflammation (++, moderate) but not to the extent of rifampicin plus IFN-ɣ (Fig. 4.18 

(B)). Results were variable in both the RIF-MP and control group with no apparent 

differences in necrotic lesions, lymphocyte accumulation or bacterial density. Results 

will be discussed alongside the corresponding bacterial viability data in the 

discussion. 
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Figure 4.18: Representative images of the left lung from BALB/C mice 21 days post-

infection with Mtb (H37Rv) following treatment with (A) vehicle (NaCl 0.09 %+Tween®80 

0.05 %) and rifampicin plus IFN-ɣ in solution and (B) rifampicin-loaded MPs (RIF-MPs) 

(=20 mg/kg rifampicin). Samples were stained with hematoxylin and eosin (x2, x10, x20) 

and Ziehl–Neelsen (x40ZN) and the images are graded in decreasing severity of 

inflammation from left to right within (A) and (B) (+++, severe, ++, moderate and +, mild). 
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4.4.6.2 The effect of linezolid formulations on lung histology 

The administration of linezolid in solution alone, linezolid plus IFN-ɣ in solution and 

LIN-MPs intratracheally to BALB/c mice had no effect on the inflammation and hence 

associated necrosis in the infected lung (Fig. 4.19).  Based on the Ziehl–Neelsen 

staining, there were also no apparent differences in bacterial densities among groups. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.19: Representative images of the left lung from BALB/C mice 21 days post-

infection with Mtb (H37Rv) following treatment with vehicle (NaCl 0.09 % +Tween®80 0.05 

%) linezolid solution (17 mg/kg), linezolid plus IFN-ɣ in solution (17 mg/kg + 1.5 µg/ml) and 

linezolid-loaded MPs (LIN-MP) (=17 mg/kg linezolid). Samples were stained with 

hematoxylin and eosin (x2, x10, x20) and Ziehl–Neelsen (x40ZN) and the images are 

graded in decreasing severity of inflammation from left to right (+++, severe, ++, moderate 

and +, mild). 
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4.5 Discussion  

A targeted drug delivery platform with the potential to reduce the dosage and/or 

toxicity burden traditionally associated with tuberculosis treatment is an attractive 

proposition. Many studies have focused on the use of PLGA MP as a biocompatible 

carrier for antibiotics (59, 60, 62, 63, 95) while others have revealed the possible 

benefit of pulmonary administration of rifampicin, in the form of porous particles, over 

the oral and intravenous routes (54). One of the goals of this project therefore was to 

combine the technologies used in the literature with alternative ATDs to establish 

which therapeutic cargoes could be repurposed for inhaled treatment of TB and, 

ideally, MDR-TB. To date, linezolid has only been assessed in combination therapy 

and in solution (114, 217, 228) therefore the benefits of encapsulated linezolid as a 

standalone treatment as well as combined with the host directed therapy, IFN-ɣ, was 

evaluated here. Furthermore, if an inhaled treatment for TB reaches the market, it will 

be crucial that the local effects of the treatment on the lungs with respect to toxicity 

and inflammation are determined particularly given the immune component of the 

disease. With this in mind and coupled with the successful scale up of MP 

manufacture in Chapter 3, efficacy, toxicology and immunomodulatory assessment of 

antibiotic loaded MPs was carried out in both an in vitro and in vivo model of infection 

herein.  

 

Evaluation of the effect of locally-delivered, rifampicin-based formulations allowed 

expansion of the current body of work in the literature with inclusion of IFN-γ as an 

adjunctive treatment and the use of an alternative manufacturing methods, electro 

spraying. In addition, the use of rifampicin as a control cargo provided a comparison 

for linezolid formulations where few similar studies had been conducted previously. 

The efficacy data in Table 4.3 and Figure 4.2 along with the preliminary data in 

Chapter 2 (Figure 2.13) all display a similar trend in that effectiveness of rifampicin 

formulations in vitro increases over time with little to no detection of bacteria in many 

groups. This is particularly evident where rifampicin plus IFN-ɣ in solution repeatedly 

resulted in no detection of bacteria up to day 42 on the BacT/ALERT® and low levels 

of CFU/ml at both 24 hrs and 72hrs (Fig. 4.2). All other rifampicin treatments resulted 
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in either no detection of bacteria or extended control of bacterial growth with the time 

taken to reach positivity between 24.66 to 39.33 days and low levels of CFU/105 cells. 

This is not surprising given the sterilising effects of rifamycins and hence why many 

studies involving the development of inhaled MPs use rifamycins as model cargoes 

(107, 229). Hirota et al. demonstrated the bactericidal effects of rifampicin in solution 

and encapsulated within PLGA MPs (lactide:glycolide 75:25) against BCG in rat 

alveolar macrophages (NR8383) (61). There was a clear benefit of encapsulating the 

rifampicin in this study, decreasing the bacterial viability (CFU/ml) by 1/50 compared 

to 1/20 in solution; however, the treatments were examined over a seven-day period 

compared to three days in the present study (61). Our group has also previously 

studied the activity of drug loaded MPs in the same in vitro model using three different 

cargoes, including rifampicin which resulted in a significant decrease in bacterial 

viability after four days but with no significant difference between encapsulated 

rifampicin and rifampicin in solution (59). Lawlor et al. used 25 µg of both rifampicin in 

solution and encapsulated rifampicin whereas Hirota et al. used 5 µg/ml of rifampicin 

solution and the equivalent of 2.5 µg/ml and 0.25 µg/ml encapsulated rifampicin. It is 

promising that we can achieve bactericidal effects at concentrations at the lower end 

of the scale (0.625 µg/ml) a result which agrees with the project hypothesis to reduce 

overall dosage and ideally the incidence of multi-drug resistant strains of TB. The 

possible effect of particle manufacturing methods on efficacy was also evaluated 

comparing spray dried RIF-MPs (SD-RIF-MPs) and RIF-MPs manufactured by 

electrospraying (EHA-RIF-MPs) with the goal of determining if EHA is a suitable, 

alternative method for drug loaded particle manufacture. By 72 hrs all treatments 

significantly reduced the bacterial load to levels similar to that of rifampicin in solution 

which is promising for the novel electrosprayed MPs. Whilst other studies have 

compared the physico-chemical properties of MPs manufactured by DESE and spray 

drying (64, 90), this is the first time spray dried and electro sprayed MPs have been 

compared in a TB infection model.  

 

The apparent improvement of results with the addition of IFN-ɣ to rifampicin in 

solution substantiates the potential benefit of HDTs as adjuncts in the treatment of TB 

as seen with other adjunctive HDTs such as simvastatin (210).  As discussed in 
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chapter 1, IFN-ɣ is an essential pro-inflammatory cytokine that activates the Th1 

immune response to Mtb infection and induces phagolysosomal maturation in Mtb 

infected macrophages (131, 230, 231). In this case using IFN-ɣ in solution proved 

more beneficial than IFN-ɣ coated MPs. This could be attributed to a potential 

conformational change of the protein when bound to MPs or the requirement of the 

cytokine to be free in order to bind to the functional IFN-ɣ receptor ligand binding 

chains (IFNGR1 and IFNGR2), initiating the Jak-Stat pathway which leads to gene 

regulation and antigen presentation (131). Previous studies by our own group 

involving protein coated MPs, e.g. gelatin coated MPs, showed effective uptake in 

both THP-1 derived macrophages and alveolar macrophages. Therefore physico-

chemical properties such as surface charge should not be an issue (65) as we have 

also shown the effectiveness of gelatin coated RIF-MPs against H37Ra (59). To 

determine the true benefit of IFN-ɣ coated MPs, further cellular mechanistic studies 

would be required (230, 231) alongside bioactivity assays of the cytokine post-

coating. Assays could include a method similar to the concentration response studies 

in Chapter 2 (section 2.3.11.4) whereby the levels of IP-10 were examined following 

treatment of IFN-ɣ.  

 

The effect of the rifampicin formulations, nonencapsulated and encapsulated, was 

next assessed on the viability of THP-1 derived macrophages which was determined 

by PI assay. Apart from a predictable rise in toxicity in the presence of infection, each 

of the rifampicin treatments had a negligible effect on cell viability in uninfected cells 

and infected cells at 24 hrs, particularly when compared to the positive control 

(staurosporine). However, at 72 hrs post-infection rifampicin solution, RIF-MPs and 

IFN-γ coated MPs reduced cell death in the infected groups in comparison to the 

untreated control which is likely due to its antibacterial effects. Rifampicin in solution 

plus IFN-ɣ in solution on the other hand appeared to alter the effects of rifampicin in 

the presence of infection resulting in a proportion of PI positive cells comparable to 

that of the untreated control. The concentration of 5 ng/ml IFN-ɣ was selected based 

on earlier concentration response studies (Chapter 2) and the literature where 5–25 

ng/ml of IFN-ɣ has been used as a pre-treatment in murine macrophages (171-173). 

There is evidence that IFN-ɣ can cause necrosis and accelerate cell death when 
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macrophages are subject to a high bacterial load (MOI 25-50) (173). Whilst this 

toxicity experiment was carried out twice with an MOI of only 1-10 and 1–6 

respectively, members of our group have also seen increased toxicity following 

treatment of THP-1 cells and monocyte derived macrophages with IFN-γ at low MOI 

(unpublished data). In a review of adjunctive treatment of Mtb with IFN-ɣ there were 

adverse events reported following administration by inhalation in combination with 

standard TB treatment regimens leading to discontinuation of patients from trials but 

no deaths were reported (70). Despite the significant increase in toxicity compared to 

other rifampicin treatments the % of PI positive cells following treatment with 

rifampicin solution plus IFN-ɣ is only 23.3 ± 5.4 %. An encouraging outcome from this 

current study was the significant reduction in toxicity at 72hrs following treatment with 

RIF-MPs (+/- IFN-ɣ coating) in Mtb infected cells in comparison to the untreated 

control which is promising for the delivery platform and in line with previous viability 

studies (61, 64). 

 

As mentioned in Chapter 1, cytokines are released from alveolar macrophages, along 

with other immune activated cells in the airways, in response to infection. A number of 

these pro-inflammatory cytokines were measured by multi-plex ELISA in media 

following treatment of THP-1 derived macrophages with rifampicin-based treatments. 

Similar to the toxicity studies above, rifampicin formulations do not have an overall 

significant effect on pro-inflammatory cytokine release except where IFN-ɣ is added in 

solution. The rifampicin in solution plus IFN-ɣ in solution treatment significantly 

increases IL-1β and TNF-α in the supernatant of infected cells at 72 hrs as well as 

extracellular IFN-ɣ in the supernatant of all cells at 24 hrs and 72 hrs. Raised levels of 

IL-1β and TNF-α from THP-1 cells treated with IFN-ɣ has been noted in the past 

alongside increased IL-6 (52), however, the raised IFN-ɣ in the supernatant is likely 

due to the addition of recombinant IFN-ɣ as mentioned previously. In parallel, 

rifampicin in solution (+/- IFN-ɣ) significantly reduces IL-10 in comparison to the 

untreated control and RIF-MPs (+/- IFN-ɣ). IL-10 is released as a means of reducing 

the pro-inflammatory overload and thus reducing the propensity for cell death, 

however, IL-10 has also been shown to arrest phagolysosomal maturation leading to 

bacterial survival and enhanced growth (16). A balance between pro- and anti-
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inflammatory cytokine release in the period following infection is therefore sought and 

depending on the timeline post-infection a reduction of IL-10 could be either beneficial 

or detrimental to the host. The secretion of cytokines following treatment of cells with 

IFN-γ coated MPs is similar to that of uncoated RIF-MPs which could be attributed to 

the fact that the protein is covalently bound to the MPs and so does not affect 

extracellular secretion. Once phagocytosed, perhaps degradation of the MPs would 

allow the IFN-ɣ to dissociate and take effect. A study by Yadav et al. assessing 

macrophage activation in THP-1 derived macrophages via cytokine secretion saw 

similar levels of TNF-α but higher levels of IL-6 following treatment with rifabutin and 

isoniazid solution together, poly (l-Lactic acid) MPs containing rifabutin and isoniazid 

and unloaded MPs across a time course from 0–12 hr post-infection (232). Secretion 

of IFN-ɣ was also similar in all groups excluding rifampicin plus IFN-ɣ. The anti-

inflammatory cytokine IL-10 was secreted at low levels which was comparable to the 

present studies at 24 hrs but not at 72 hrs when RIF-MPs significantly raised levels 

compared to drug in solution. The macrophages in the study by Yadav et al. were 

described as Th1 classically activated which the authors note is coupled with 

caspase-dependant apoptosis in the drug-loaded MP group (232). Hirota et al. also 

showed low levels of IL-10 secretion from rat alveolar macrophages treated with 

rifampicin-loaded PLGA MPs cultured for up to 48 hrs coupled with minimal release of 

TNF-α and transforming growth factor-β1 (TGF-β1) in uninfected cells thus the 

delivery system was described as “bio-safe” (61). From the earlier toxicity and 

efficacy data this rise in inflammatory cytokines does not appear to be an issue and 

was assessed further via mRNA expression and histological samples in vivo. 

 

Alongside the in vitro studies above, the in vivo efficacy of the rifampicin formulations 

was assessed. Analogous to the in vitro studies, the series of in vivo experiments 

commenced with dose response studies, resulting in a dose of 20 mg/kg rifampicin 

solution proving more effective than 12 mg/kg. Therefore, 20 mg/kg was chosen for 

the remaining rifampicin formulation studies. Rifampicin solution plus IFN-ɣ in solution 

resulted in a significant decrease in bacterial viability, however, the results are 

comparable to the dose response study of rifampicin at the same dose (20 mg/kg) 

suggesting that the addition of IFN-ɣ did not appear to diminish nor augment the 



 

186 
 

effect of rifampicin in this case. It is also important to bear in mind here the 

differences in murine versus human response to IFN-ɣ. Murine macrophages 

generate nitric oxide, which is detrimental to Mtb, via inducible nitric oxide synthase 

(iNOS) and other cofactors following activation by IFN-ɣ, a pathway which is not 

confirmed in humans (172, 233). Different mechanisms are therefore likely to be 

occurring between our in vitro experiments in the human THP-1 cell line and in the 

murine in vivo model. For this reason, most researchers using inhaled IFN-ɣ go 

straight to off-label clinical studies (69, 71, 204, 234).  There is a trend emerging in 

the literature assessing the additive effect of HDTs and standard first line TB 

treatments (120). For instance, the lipid lowering drug simvastatin has been shown to 

significantly reduce bacterial load (H37Rv) in BALB/C mice  and reduce relapse rates 

by half in some groups when co-administered with isoniazid, rifampicin and 

pyrazinamide (all by oesophageal gavage) (210). Similarly, the anti-diabetic drug 

metformin improved many aspects of H37Rv infection in C57BL/6 mice from bacterial 

load to lung pathology and inflammation in combination with first-line antibiotics 

administered orally (44). The concept of using a HDT that is already secreted 

endogenously, such as IFN-ɣ, is appealing as it offers a strategy that minimises the 

use of additional exogenous chemicals and their potential toxicities.  

 

RIF-MPs significantly reduced bacterial viability in vivo by an average of 1.1 X107 

CFU/ml. UNL-MP administered at a concentration equivalent to the RIF-MPs resulted 

in almost identical results to the vehicle control indicating that the cargo, rifampicin, is 

having the greatest effect in this instance. Overall, rifampicin proved effective in our in 

vivo model when in solution in the presence or absence of IFN-ɣ and when 

encapsulated by spray drying. Suarez et al. carried out a similar study in a guinea pig 

model (H37Rv) examining the activity of rifampicin powder (12 mg/kg), rifampicin-

loaded spray dried MPs (12 mg/kg) and UNL-MPs administered via the pulmonary 

route in combination with the carrier lactose as single or double doses (60). In the 

model used by Suarez et al., the treatments were administered 24 hrs before infection 

with half of each group treated receiving a second dose 10 days later. Only the RIF-

MPs significantly reduced the CFU counts in the lungs after the single dose and 

again, in both the lungs and spleen, after the double dose (60). Rifampicin alone did 
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not result in any improvement. This can be attributed to the elimination of rifampicin in 

solution (t1/2 2-5 hrs) (229) leading to low levels of rifampicin by the time infection 

ensued compared to MPs that control release of the rifampicin. UNL PLGA MPs also 

had no effect on bacterial load, similar to UNL-MP treatment in Figure 4.13. In the 

present study, treatments were commenced 14 days after infection which more 

closely mimics the clinical condition. However, it is important to note that both this 

study and the study by Suarez et al. demonstrated the efficacy of an inhaled, 

encapsulated form of rifampicin.  

 

Following on from the cytokine studies in vitro, mRNA transcripts are measured in 

vivo to evaluate immune response following treatment with rifampicin formulations. 

Using a series of genetic probes matching the panel of cytokines examined in vitro, 

the expression of pro-inflammatory genes alongside IL-10 and the inducible nitric 

oxide synthase (iNOS) was examined in lung homogenates. Samples were taken 21-

days post-infection subsequent to the mice having received three doses of each 

treatment. Rifampicin alone and rifampicin plus IFN-ɣ in solution produced a similar 

gene expression profile with both treatments increasing the transcription of pro-

inflammatory IL-1β, IL-6, IL-8 and TNF-α and also significantly decreasing the 

transcription of IL-12B. A reduction in IL-12 is not favourable in TB as it is required for 

the initiation of the immune response and deficiencies of the cytokine have caused 

increased susceptibility to TB in humans in the past (235, 236). However, as these 

results are levels of transcription, it can only serve as an indication of protein levels. 

In addition, rifampicin plus IFN-ɣ in solution also significantly increased iNOS and IL-

17 expression and decreased IL-10. As IFN-ɣ itself is a pro-inflammatory cytokine, the 

up-regulation of the genes in Figure 4.15 is not surprising including iNOS, which as 

mentioned earlier, is used by murine macrophages to generate reactive nitric oxide 

species that destroy Mtb upon activation by IFN-ɣ (172, 233).  The increase in IL-1β 

and TNF-α and decrease in IL-10 agree with the secretion of cytokines following 

rifampicin plus IFN-γ solution observed in vitro. The expression of IL-17 is another 

indicator of inflammation in the host with a role in cell recruitment as well as 

macrophage activation (8). Regarding the effect of MP formulations on cytokine 

mRNA levels, RIF-MPs reduced IL-6 expression in the lungs (Fig. 4.16) and UNL-
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MPs increased IL-10 expression (Fig. 4.16). With no rise in any of the inflammatory 

genes examined, these results signal a reduction in inflammation with MP treatment 

which is required to off set the damaging effect of excess inflammation. When the 

routes of administration of anti-tubercular treatments were compared, Sharma et al. 

showed that there is a difference in cytokine patterns in the lungs (BAL and cultured 

macrophages) of mice treated by the oral and pulmonary routes (67). The authors 

show an increase in TNF-α following treatment with spray dried MPs containing 

isoniazid and rifabutin by inhalation in contrast to a decrease following oral gavage of 

the same drugs in solution (67). Although the study in question was examining whole 

protein and not mRNA expression, our study also indicated increased TNF-α 

production in the groups treated with rifampicin solution (+/- IFN-ɣ) administered 

intratracheally. Interestingly, an increase in IL-10 was also noted by Sharma et al. 

following MP treatment which is echoed by UNL-MPs in Figure 4.17 (67). Roberts et 

al. also saw no rise in the concentration of the inflammatory IL-1β and IL-6 in the BAL 

fluid of uninfected C57BL/6 mice administered unloaded PLGA MPs (218). 

 

From the cytokine and mRNA transcript data we can see that rifampicin solution (+/- 

IFN-ɣ) can enhance the pro-inflammatory immune response which is essential for 

fighting Mtb, however, as mentioned previously a balance is required to reduce local 

damage in the airways and possible dissemination of disease. To assess the effect of 

pulmonary administration of antibiotic based treatments on the lungs of BALB/C mice, 

histological assessment was carried out at the same point that bacterial viability and 

mRNA samples were extracted across a series of in vivo experiments. Despite the 

increase in expression of genes encoding pro-inflammatory cytokines, groups treated 

with rifampicin plus IFN-ɣ solution showed obvious signs of improvement with a 

reduction of inflammation in the alveolar spaces and less acid-fast bacilli present in 

the Ziehl-Neelson stain which agrees with the significant reduction in bacterial viability 

seen earlier (Fig. 4.10 (B)). Perivascular lymphocyte accumulation was also noted 

which is required after infection to activate macrophages and contain the 

mycobacteria (111). RIF-MPs also reduced the severity of inflammation, however, 

there was no associated perivascular lymphocytic accumulation. Suarez et al. saw 

large areas of interstitial thickening in the lungs of guinea pigs administered rifampicin 
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powder  and UNL-MPs by insufflation compared to a reduction in inflammation and 

hence improved histopathology in the groups administered PLGA RIF-MPs (note: all 

treatments were administered with the excipient lactose) (60). Rifampicin alone and 

UNL-MPs were not used in this series of histology experiments thus the benefit of 

each component cannot be fully determined in this instance. However, IFN-ɣ clearly 

does not diminish the effect of rifampicin in the lungs and MPs have the potential to 

reduce inflammatory necrosis based on the images in Figure 4.18 and the increase in 

IL-10 concentration and expression seen earlier. A review of adjunctive IFN-ɣ in 

patients with drug sensitive and drug resistant TB also found improvement in chest 

radiographic results in a number of studies after two to six months of treatment when 

the IFN-ɣ was administered by aerosolisation (70). The results here are promising for 

both the inhalable delivery platform and adjunctive IFN-ɣ alongside rifampicin which 

agrees with the bacterial viability data and supports further investigation. 

 

Pre-clinical assessment of linezolid formulations was carried out alongside 

comparable rifampicin formulations and due to the lack of studies in the literature 

focusing on linezolid, a concentration response study was firstly carried out in vitro. 

This study resulted in a concentration of 1.25 µg/ml being chosen with the hypothesis 

of reducing dose whilst increasing effectiveness through the delivery platform. Moving 

on to MP efficacy studies all treatments reduced and even stopped bacterial growth in 

vitro as determined using the BacT/Alert® system. The addition of IFN-ɣ to linezolid in 

solution did not diminish the effect of linezolid and seemed to potentiate the 

antibacterial effect, however, there was large variability and therefore no significance 

was seen. Linezolid exerts its pharmacological action by interfering with translation in 

bacterial protein synthesis therefore it has pathogen specific activity so not completely 

dissimilar to rifampicin except that it is considered bacteriostatic rather than 

bactericidal (237). From the limited literature published to-date linezolid has not been 

shown to be particularly effective against TB in vitro in a range of doses with most 

studies focusing on its use in combination with other antibiotics and in MDR-TB 

models (112, 114, 213). Of these studies, the closest comparison to ours examines 

the effects of linezolid in liquid culture (in the absence of eukaryotic cells) against the 

drug resistant Beijing strain resulting in a 1.5 log decrease in CFU/ml after 6 days of 



 

190 
 

treatment at 11 µg/ml (114). A recent study by Maltempe et al. set out to assess both 

the individual and joint effects of linezolid in combination with rifampicin in culture 

against a variety of clinical isolates. Whilst synergism between the two agents was 

not evident antagonism between the treatments was also not apparent (228). Here, 

we postulate that the addition of a host directed adjuvant, such as IFN-ɣ, to linezolid 

treatment could prove more beneficial than simply another antibiotic that is not 

beneficial and could in fact lead to additional resistance over time as shown by 

Maltempe et al. A high degree of variability in the in vitro data means that results 

regarding the benefit of IFN-ɣ or encapsulating linezolid are inconclusive, however, 

this was further explored in vivo in order to assess the benefits in a more 

physiologically relevant environment. 

 

In the clinic, dose reduction of linezolid is at times required to circumvent serious 

adverse effects such as optic and peripheral neuropathy and haematological 

disorders. Here, linezolid displayed a similar toxicity profile to rifampicin with only 

linezolid solution plus IFN-ɣ increasing the proportion of PI positive cells at 72 hrs in 

the presence of infection, levels which are similar to the untreated control (27.6 ± 11.8 

%) (Fig. 4.7). Although there is little evidence in the literature regarding the safety of 

linezolid in an inhalation/airway cell model, a dose of 400 mg/L resulted in less than 1 

% toxicity after 24hr incubation with undifferentiated, uninfected THP-1 cells (238). In 

a clinical study assessing the effect of oral linezolid in extensively drug resistance TB, 

31 out of 38 patients developed adverse effects which were possibly attributed to the 

linezolid (110). Adverse events including optic and peripheral neuropathy and 

myelosupression were limited by reducing the daily dose from 600 mg to 300 mg 

(110). A study evaluating the relationship of dosage regimens, bacterial viability, 

resistance and toxicity of linezolid against H37Rv in a hollow fibre infection model 

(human myeloid leukaemia cell line, KK562) showed that linezolid toxicity can be 

attributed to its effects on mitochondrial proteins, namely inhibition of OXPHOS 

complex 4 (217). Interestingly, Brown et al. also found that once daily regimens 

resulted in better reduction in bacterial load but higher toxicities (217). Although the 

toxicity study herein is only based on a single, human cell line the results were 
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promising for delivery of encapsulated linezolid directly to the macrophage via the 

inhaled route. 

 

The effects of linezolid treatments on pro-inflammatory cytokine secretion in vitro is 

like RIF based formulations with an increase in IL-1β at 72 hrs in Mtb infected cells 

and extracellular IFN-ɣ across both time points following treatment with linezolid plus 

IFN-ɣ in solution (Fig. 4.9). Linezolid plus IFN-γ in solution also significantly increases 

IL-12p70 in infected cells at 24 hrs, however, none of the treatment groups 

significantly affect the secretion of TNF-α or IL-10 as was seen in the case of 

rifampicin treatment. In a sepsis model, also utilising THP-1 monocytes, linezolid was 

shown to significantly increase mRNA expression of the pro-inflammatory cytokines 

TNF-α, IL-1β and IL-6 (239). Garcia-Roca et al. compared the immunomodulatory 

effects of linezolid to that of erythromycin in LPS stimulated human peripheral blood 

mononuclear cells (PBMCs) and found a concentration-dependant decrease in the 

stimulation of pro-inflammatory cytokines by linezolid between 1 µg/ml to 30 µg/ml at 

6 hrs post-treatment (240). The groups stimulated with LPS and treated with the 

concentration closest to ours (1 µg/ml) produced pro-inflammatory cytokine levels 

close to LPS alone, however, the author did note that cytokines were not produced in 

unstimulated cells (240). Overall the results from the literature indicate that linezolid 

elicits immunomodulatory effects in the presence of infection and although few 

significant results were seen in this study the results could be time dependent and 

these effects should be taken into consideration if selecting an appropriate inhaled 

dose.  

 

Using the currently licenced adult dose (17 mg/kg), Linezolid-based formulations did 

not significantly affect bacterial viability in vivo when compared to controls despite a 

3.95 X 106 reduction in CFU/ml when treated with linezolid + IFN-ɣ in solution. This 

outcome echoes the in vitro study whereby the results are inconclusive because of 

the variability in the datasets. When compared to a study using the same model 

(BALB/C mice), linezolid (100 mg/kg by oral gavage) was effective when administered 

5 days/week leading to negative lung cultures after just two months but crucially 
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linezolid was administered in combination with five additional second line anti-

tubercular antibiotics as well as at a substantially higher dose than in our study (113). 

In another study by the same group linezolid alone (100 mg/kg by oral gavage) 

significantly reduced CFU/ml in the lung following treatment five days/week for two 

months, with a partial synergistic effect when added to capreomycin (213). Further 

optimisation of LIN-MP encapsulation efficiency that would facilitate higher doses to 

be delivered in vivo or adjusting the model to include resistant strains of Mtb, 

adjunctive treatments and longer treatment periods could result in improved 

outcomes for inhaled linezolid treatment.  

 

The in vivo cytokine mRNA levels following linezolid treatment was also examined 

resulting in a clear comparison between rifampicin plus IFN-γ solution and linezolid 

plus IFN-γ in solution with both treatments significantly increasing IL-1β, IL-6, IL-8 

and TNF-α expression but also significantly decreasing IL-12B. Linezolid solution 

alone has little effect on the genes examined but LIN-MPs appeared to produce a 

greater inflammatory response increasing expression of TNF-α, however, the 

expression was not significantly higher than the vehicle control. In a study by Liu et 

al., C57BL6 mice infected with influenza A and MRSA and treated with linezolid 

subcutaneously produced significantly reduced amounts of IFN-ɣ IL-6 and IL-10 in a 

24 hr period. When protein levels in lung homogenates were analysed in the same 

study, levels of IL-1β, IL-12B and TNF-α did not differ from the control groups which 

was similar when vehicle versus linezolid solution was compared here (241). In 

contrast to rifampicin, however, linezolid plus IFN-ɣ in solution had no effect on the 

histopathology in the lungs. All samples from the lungs linezolid treated mice were 

rated as severe and no apparent improvement in lesion size or cell populations, also 

echoing the in vivo efficacy data. 

 

As mentioned, in vivo studies involving the use of linezolid for TB are limited, 

however, a study comparing response to oxazolidinones in non-human primates and 

a number of clinical cases have reported an improvement in pulmonary pathology 

following linezolid treatment against drug sensitive and drug resistant strains (242). In 
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addition, histopathological analysis of the lungs from C57B16 mice with MRSA 

pneumonia showed a reduction in inflammatory cell recruitment and oedema 

following linezolid treatment by oral gavage (243). To this end the potential of 

reducing the dose, duration and side effects by administering linezolid via the inhaled 

route remains an attractive thought, however, optimisation of dose and treatment 

regimens are required.  

 

4.6 Conclusion 

Rifampicin formulations were effective both in solution and encapsulated with results 

of the immunomodulatory response showing differences among treatments including 

an anti-inflammatory profile associated with MPs which can be beneficial to the host. 

The addition of the HDT adjunctive, IFN-γ, and the use of alternative manufacturing 

methods (EHA) also proved worthwhile. Linezolid is prescribed in cases of MDR-TB; 

however, its use is limited due to its adverse effect profile and pre-clinical studies to 

optimise the use of linezolid in a tuberculosis setting are rare. With the aim of 

improving efficacy, linezolid was evaluated here in comparison to rifampicin as a 

standalone treatment, with the addition of an adjunctive therapy. Whilst linezolid 

formulations did not significantly affect bacterial viability in vitro or in vivo in this study, 

the addition of IFN-ɣ in solution appeared to improve its antibacterial properties. In 

addition, the data generated here provided valuable information regarding toxicity and 

immune stimulating properties both at a cellular and an in vivo level providing a 

foundation for future studies.  

 

 

 

 



 

194 
 

Chapter 5 

Immunological and efficacy assessment of all-trans-Retinoic acid-

loaded microparticles as a host-directed, adjunctive treatment for 

Mycobacterium tuberculosis infection 
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5.1 Introduction  

In a recent review on the immune response to Mtb, Dorhoi et al. elegantly described 

the inflammatory process as “life-preserving” (12). Vitamin A, in its many guises, is 

considered an immunomodulator (19, 121, 122) and its active metabolite, all-trans-

Retinoic acid (ATRA), has proven to be anti-mycobacterial when administered as a 

solution in TB infection models both in vitro (19, 116, 121) and in vivo (119, 120). 

Despite a growing body of evidence suggesting the benefits of vitamin A in the 

treatment of TB, clinical studies involving the use of vitamin A supplementation have 

lacked effectiveness with no differences in serum conversion, radiology or laboratory 

outcomes (244, 245). As discussed in Chapter 1, there are a number of 

pharmaceutical and pharmacokinetic issues associated with the use of vitamin A 

based formulations, including susceptibility to light, heat and oxygen, low aqueous 

solubility and hence poor bioavailability. Thus, in an effort to overcome these vitamin 

A related issues and thereby bridge the gap between pre-clinical and clinical studies 

more effectively, the active metabolite (ATRA) was encapsulated within a targeted, 

inhalable drug delivery system (Chapter 3). In addition, it was felt that this approach 

may reduce the incidence of resistance resulting from the use of conventional 

antibiotics by not only directly effecting Mtb viability, but also promoting the host 

defense through mechanisms such as the regulation of gene expression. In this 

chapter, the efficacy of the optimised ATRA-MPs was assessed against Mtb infection 

as an alternative to the antibiotic-loaded MPs evaluated in Chapter 4. 

 

Using the in vitro TB model described in Chapters 2 and 4, efficacy of ATRA-MPs 

was first assessed via enumeration of colony forming units (CFU) and by calculating 

bacterial growth (%) using the BacT/ALERT® system (BioMérieux). In vivo, studies 

were carried out in parallel at Imperial College, London whereby BALB/C mice 

infected with virulent Mtb (H37Rv) were treated with ATRA formulations 

intratracheally and bacterial viability was subsequently determined. Similar to the 

antibiotic-loaded MPs in Chapter 4, toxicology and immune response was monitored 

in both models. Exploring a range of assays has particular significance in the context 
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of HDTs such as ATRA where efficacy of the treatment is not always apparent in the 

number of colony units, as described below. 

 

Vitamin A related toxicities such as teratogenicity and skin photosensitivity are well 

known and accounted for when prescribed for conditions such as acne (168). In vitro, 

ATRA solution has been shown to maintain viability of Mtb-infected THP-1 derived 

macrophages close to 100 % when combined with vitamin D3 (19), a result which was 

mirrored in a MCF-7 human breast carcinoma cell line treated with ATRA-loaded 

PLGA MPs (127). In this study, both nonencapsulated and encapsulated ATRA are 

assessed in a Mtb model using human THP-1 derived macrophages uninfected and 

infected with Mtb (H37Ra).  

 

As the alveolar macrophage is central to the host’s arsenal in the fight against TB the 

potential effects of ATRA on macrophage activation were explored to gain a greater 

understanding of its mechanism of action in TB, particularly when protected by a 

PLGA MP and targeted to the site of infection. With macrophage phenotype ranging 

between classically activated (pro-inflammatory) and alternatively activated (anti-

inflammatory), it is important to understand the consequence of anti-tubercular 

treatments on the macrophage to help determine appropriate dosage regimens of 

HDTs (12, 41).  The phenotype adopted by the macrophage is dependent upon 

environmental stimuli such as cytokines, however, there is potential for HDTs to also 

have an effect. Estrella et al. demonstrated the influence of ATRA, in combination 

with vitamin D3, by firstly using the vitamin combination to differentiate THP-1 cells 

into adherent macrophages and later through antigen presentation, autophagy 

induction and the production of reactive oxygen and nitric oxide (19). Cell survival 

was also assessed up to 60 days post infection during which the authors noted the 

development of multi nucleated giant cells (MNGCs) when fresh media and cells were 

added every three days and seven days, respectively. The number of nuclei present 

at each stage in the present study were therefore closely monitored along with 

morphological effects.  
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Cytokines play a leading role in the immune performance, communicating messages 

between airway epithelial cells, macrophages, dendritic cells, neutrophils and 

lymphocytes, following Mtb infection (8). Cytokine secretion, therefore, is a principal 

indicator of innate immunity and the monitoring of this response is important in HDT 

evaluation. In addition to their own role as HDTs (41), assessment of key cytokines 

such as IFN-ɣ and IL-12 as well as expression of proteins linked to ATRA activity in 

TB could prove crucial in the evaluation of the effect of ATRA. Wheelwright et al. 

demonstrated that the antimicrobial activity of ATRA in TB is reliant upon the 

expression of NPC2, a glycoprotein that facilitates the efflux of cholesterol from 

infected cells and, consequently, deprives Mtb of an essential nutrient (121). Yamada 

et al. found a fluctuation in mRNA expression across a five-week period following oral 

treatment of ATRA in vivo with a general increase in TNF-α, IL-1β and iNOS in the 

lung tissue of rats alongside a significant reduction in bacterial load (119). Mourik et 

al. observed an increase in TNF-α protein expression over a 17-week period following 

treatment with ATRA (subcutaneous; SC) in combination with the immunomodulators 

1,25(OH)2-vitamin D3 and α-galactosylceramide. Increased levels of TNF-α could be 

both beneficial and detrimental to prognosis depending on the timeline because the 

pro-inflammatory cytokine is required in the early stage of infection but thought to 

worsen infection in the later stages (41, 120). For the reasons mentioned, 

extracellular cytokines in the media of THP-1 derived macrophages were assessed in 

vitro in the present study. In addition, expression of the genes corresponding to the 

cytokines measured in vitro was determined in lung homogenates in vivo together 

with NPC2, the ATRA response gene CYP27A1 and the gene encoding inducible 

nitric oxide synthase (iNOS). 

 

Reducing pathological destruction following Mtb infection is critical for successful 

treatment and improved patient prognosis. Granuloma formation in the lung is 

essential for the containment of infection but is also associated with bacterial 

transmission and tissue damage in pulmonary TB (12). Histopathological assessment 

can therefore provide information regarding the development of granuloma or cell 

clusters and the local effect of treatment on the lung which is important at this pre-

clinical stage. Similar to the cytokine response, assessment of additional end-points 
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such as histology in conjunction with bacterial viability can provide an indication of the 

efficacy of HDTs not necessarily detected in other assays. For instance, a recent 

study by Reeme and Robinson showed that the administration of dietary vitamin D3 in 

C3HeB/FeJ mice led to a reduction in destructive inflammation in the lungs despite no 

significant change in bacterial viability (220). The host-directed effect of ATRA 

formulations on lung pathology of BALB/C mice 21 days post-infection was 

determined in this study alongside bacterial viability. 

 

5.1.1 Chapter aim and objectives 

The overall aim of this chapter was to combine the host-directed effects of ATRA and 

the targeting capabilities of PLGA MPs to administer the active form of vitamin A 

(ATRA) directly to the target site via inhalation. Using the ATRA-MPs developed in 

Chapter 3, the specific objectives of this chapter were: 

 

Objective 1 To assess the efficacy of ATRA formulations in an in vitro model of Mtb 

infection using bacterial viability studies. 

Objective 2 To carry out cytotoxicity studies and evaluate the immunomodulatory 

properties of ATRA formulations in an in vitro model of infection including cytokine 

secretion and macrophage morphology. 

Objective 3 To assess the efficacy of ATRA formulations in an in vivo model of Mtb 

infection using bacterial viability studies. 

Objective 4 To examine the effects of ATRA formulations on lung mRNA expression 

and histopathology. 
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5.2 Materials 

The THP-1 cell line and Mtb strain H37Ra were obtained from the American Type 

Culture Collection (ATCC, Virginia, USA). Mtb strain H37Rv was obtained from 

Christophe Guilhot, Institut de Pharmacologie et Biologie Structurale, CNRS 

Toulouse, France. All materials required to prepare Middlebrook 7H9 medium, 

Middlebrook 7H10 and 7H11 agar were purchased from Becton Dickinson (BD, USA). 

RPMI 1640 Medium and Foetal Bovine Serum (Gibco™). ActinGreen™ 488 

ReadyProbes® Reagent, Cholera toxin subunit B (Recom) Alexafluor™ 647 conjugate 

(Invitrogen™) were obtained from Bio-Sciences Ltd., Dublin, Ireland. All-trans-

Retinoic acid (ATRA) ≥98% (HPLC), rhodamine, dimethyl sulfoxide Hybri-Max, sterile 

filtered (DMSO), Tween® 80, asparagine, staurosporine, puromycin, propidium iodide 

solution, bisBenzimide H 33258 and H33342 were all obtained from Sigma Aldrich 

Co. LLC (St Louis, MO, USA). Modified Auramine O stain and decolourizer were from 

Scientific Device Laboratory (distributed by Cruinn). Lipopolysaccharide (Alexis). 

Glycerol, TRIzol, PureLink RNA Mini kit, PureLink DNase and cDNA reverse 

transcription kit (ThermoFisher Scientific). TaqMan universal master mix and primers 

(Applied Biosystems). 

 

 

5.3 Methods 

5.3.1 MP Manufacture 

MP treatments used in the following experiments were manufactured by spray drying 

as per the methods described in Chapter 3, Section 3.3.2. To allow visualisation of 

ATRA-MPs taken up by THP-1 derived macrophages in vitro, rhodamine dye (0.5 % 

w/w) was added to the feed solution ahead of spray drying (246). Encapsulation 

efficiency of the resulting particles was characterised as per Chapter 3, section 3.3.6. 

 

5.3.2 Cell Culture and Mtb infection 

For cell culture, Mtb strain H37Ra culture and infection see Sections 2.3.11 in 

Chapter 2. 
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5.3.3 In vitro bacterial viability studies following treatment with ATRA 

formulations 

ATRA efficacy studies were carried out using the same method as that described in 

Chapter 2 and Chapter 4. THP-1 cells were cultured and differentiated using 100 nM 

PMA at a density of 1 X105 cells/ml as described in Chapter 2 (Section 2.3.11.1). The 

macrophages were infected with Mtb (H37Ra) (Section 2.3.11.3) and incubated for 3 

hrs at 37˚C/5 % CO2 to calculate baseline infection levels followed by the addition of 

ATRA treatments. The ATRA treatment and the control groups used are listed in 

Table 5.1 below with all wells infected throughout the course of this study. The 

concentration of ATRA used was reduced to 5 µg/ml on the basis of the analysis of 

the preliminary in vitro bacterial viability testing (Chapter 2) as well as issues 

surrounding the solubility of ATRA, both in solution and encapsulated. Evaluation of 

the ATRA formulations was assessed firstly by the BacT/ALERT® system 

(BioMérieux) at 72 hrs and 192 hrs post-treatment after which the results were 

confirmed by enumeration of CFU as described in section 2.3.11.4.  MPs were not 

washed off post-treatment in an attempt to mimic physiological conditions where 

possible. The addition of Tween®80 0.025 % to RPMI was required to re-suspend the 

MP formulations therefore RPMI-Tween and UNL-MPs at a concentration equivalent 

to ATRA-MPs were used as controls. 
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Treatment  Formulation 

Group 1 RPMI 

Group 2 ATRA solution (5 µg/ml) 

Group 3 UNL-MPs 

Group 4 ATRA-MPs (=5 µg/ml ATRA) 

Group 5 RPMI-Tween® 80 (0.025 %) 

 

 

5.3.4 In vitro cytotoxicity studies following treatment with ATRA formulations 

Toxicity studies for ATRA formulations were carried out using the protocol described 

in Chapter 4, Section 4.3.5.  Briefly, THP-1 cells were differentiated into macrophages 

on 48-well plates, as described in Chapter 2, and treated with the same treatment 

groups and time points used in the in vitro bacterial viability testing (Table 5.1) with 

the addition of a 24 hr time point for ATRA. Treatments were administered both in the 

absence and presence of Mtb infection (H37Ra) using the potent Protein Kinase C 

inhibitor, staurosporine (0.4 µg/ml), as a positive control for cell death. After 

incubation at 37˚C/5 % CO2 for the pre-determined time intervals the DNA in the 

nuclei of the THP-1 derived macrophages was stained blue with Hoechst (33258 0.5 

mg/ml, 33342 0.2 mg/ml) whilst the nuclei acid of the dead cells was stained red with 

propidium iodide (PI) (0.05 mg/ml) owing to the permeable plasma membranes of the 

dead cells. The plates were then imaged and analysed immediately using the Cell 

Viability application on the Cytell Cell Imaging System (GE Healthcare, UK). 

 

5.3.5 The effect of ATRA formulations on macrophage morphology in vitro 

To allow for visualisation of cell morphology, THP-1 cells were seeded directly onto 

coverslips placed inside the wells of a 24-well plate before differentiating with PMA as 

per Chapter 2, Section 2.3.11.1. Following treatment and incubation with RPMI, 

Table 5.1 Treatment plan for in vitro bacterial viability studies incorporating the host-
directed treatment ATRA. All groups were infected with Mycobacterium tuberculosis 
(H37Ra). 
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ATRA solution (5 µg/ml), ATRA-rhodamine co-loaded MPs and UNL-MP (=equivalent 

to the concentration of ATRA-rhodamine-MPs) for 72 hr and 192 hr, the media was 

removed and the cells (+/- H37Ra) were fixed with 4 % paraformaldehyde for 20 mins 

at room temperature. After removal of the paraformaldehyde solution and 

replacement with PBS, one drop of ActinGreen™ 488 (ReadyProbes®) was added for 

45 mins which binds to part of the cytoskeleton known as F-actin. Hoechst (33342 4 

µg/ml) was then added for 5 mins to stain the DNA of the nuclei. Cholera Toxin 

Subunit B Alexa Fluor® 647 Conjugate (1 µg/ml) was used to stain the lipid rafts on 

the cell membrane for 10 mins before the coverslips were removed and mounted on a 

glass slide. The slides were allowed to dry and later analysed by confocal microscopy 

using the Leica SP8 confocal with 40X oil objective (Leica Microsystems, Wetzlar, 

Germany). 

 

5.3.6 In vitro cytokine response following treatment with ATRA formulations 

A Meso Scale Discovery (MSD®) human pro-inflammatory 7-plex assay was 

performed using the supernatants from THP-1 derived macrophages treated with the 

groups listed in Table 5.1 in the absence or presence of Mtb (H37Ra) infection to 

allow evaluation of extracellular cytokines post-treatment. Lipopolysaccharide from E. 

coli was employed as a positive control. The MSD tissue culture kit comprises of a 

96-well MULTI-SPOT® plate, where each spot on the bottom of the wells is coated 

with antibodies specific to the cytokines selected. Following addition of samples and 

standards to each well, cytokine levels were determined by measuring 

electrochemiluminescent light intensity after labelling with the detection antibody, 

MSD SUFLO-TAG™ Reagent. Plates were read on a SECTOR Imager 2400 and 

results were analysed using DISCOVERY WORKBENCH assay analysis software 

(MSD). The seven human pro-inflammatory cytokines isolated in this assay were IL-

1β, IL-12p70, IFN-ɣ, IL-6, IL-8, IL-10 and TNF-α.  
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5.3.7 In vivo bacterial viability studies following treatment with ATRA 

formulations 

The following in vivo methods were developed and carried out by Dr Nitya Krishnan 

and Dr Brian Robertson at the Department of Medicine, Imperial College London 

under the HRB grant HRA_POR 2012/43. Treatment groups, including microparticle 

treatments, were designed, manufactured and characterised by PhD student Gemma 

OôConnor before being transported to Imperial College. 

 

5.3.7.1 Animals  

All animal procedures were performed under the licence issued by the UK Home 

Office (PPL/708653) and in accordance with the Animal Scientific Procedures Act of 

1986. Six to eight-week old female BALB/c mice (Charles River Ltd, UK) were 

maintained in biosafety containment level 3 facilities according to institutional 

protocols. 

 

5.3.7.2 Mtb (H37Rv) infection and viability in vivo following treatment with ATRA 

formulations   

Mtb strain, H37Rv was cultured in Middlebrook 7H9 liquid media supplemented with 

0.2 % glycerol, 0.05 % Tween®80 and 10 % oleic acid-albumin-dextrose-catalase 

(OADC). Mice were infected with between 9.0 x 102 and 9.1 X 103 CFU of H37Rv per 

mouse via the intranasal route (n=5 mice per group). Two days after infection, three 

mice were humanely culled to determine the number of bacteria implanted in the 

lungs.  Following 14 days of infection, mice were treated with various ATD 

formulations via the intratracheal route in a final volume of 50 µl. Each treatment was 

repeated three times with 48 hrs between each dose. Three days after the final dose 

(day 21), mice were humanely culled, and the lungs were aseptically removed and 

homogenised in PBS. The organ homogenates were serially diluted and plated on 

Middlebrook 7H11 agar plates supplemented with 0.5 % glycerol and 10 % OADC. 

The number of CFU was enumerated three weeks later (Fig. 4.1). 
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A dose response study of ATRA in solution was carried out before the related MP 

efficacy studies with doses of 1 mg/kg and 2.5 mg/kg tested based on the literature, 

keeping in mind the toxicities associated with ATRA at relatively low doses (119, 247-

253). A dose of 2.5 mg/kg was selected for the following ATRA-MP efficacy 

assessment with one dose administered every 48 hrs for a total of three doses per 

mouse. Rifampicin in solution was added to one treatment group in order to assess 

the adjunctive effect of ATRA, rifampicin was administered at a dose of 12 mg/kg on 

this occasion. The MP vehicle (NaCl 0.9 % + 0.05 % Tween®80) (60) was used as a 

control treatment. MPs were manufactured by spray drying in the School of Pharmacy 

at the Royal College of Surgeons in Ireland and transported to Imperial College, 

London by cold-chain (Expert Air Ltd). 

 

5.3.8 Transcription of pro-inflammatory cytokine genes following treatment with 

ATRA formulations in vivo 

Lung lysates (1 ml) were re-suspended in TRIzol (ThermoFisher Scientific) and total 

RNA was extracted using the PureLink RNA Mini kit (ThermoFisher Scientific) 

according to the manufacturer’s protocol. Residual DNA from the sample was 

removed using PureLink DNase (ThermoFisher Scientific). cDNA was generated from 

1 µg of RNA using the high-capacity cDNA reverse transcription kit (ThermoFisher 

Scientific) according to the manufacturer’s instructions. Reaction without reverse 

transcriptase served as the negative control. For real-time PCR, each 20 µl reaction 

mix contained 10 µl of TaqMan universal master mix (Applied Biosystems), 1 µl of 

TaqMan primer and probe, 1 µl of cDNA and 8 µl of water. Real-time PCR was 

performed using a SteponePlus PCR machine (Applied Biosystems). Commercially 

available primers (Applied Biosystems) were used for real-time PCR including iNOS, 

CYP27A1, NPC2, IFN-ɣ, IL-1β, IL-6, IL-8, IL-10, IL-12A, IL-12B, IL-17 and TNF-α. 

Each sample was assayed in duplicates from 5 mice per group. For each gene, 

expression values were normalised to the housekeeping gene, GAPDH and 

expressed as ΔCT. 
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5.3.9 Histological examination of lung following treatment with ATRA 

formulations 

The left lung of each mouse was fixed in 10 % neutral buffered formalin (Sigma-

Aldrich, United Kingdom) for histopathological analysis. Approximately 5 µm thick 

histosections were cut from the paraffin embedded tissues and then stained with the 

haematoxylin and eosin (H&E) and Ziehl-Neelsen (ZN) stain in each case. The 

histosections were examined and graded following light microscopy by Dr. Joseph 

Cassidy at the School of Veterinary Sciences, University College Dublin (UCD). 

Lesion grading took into account lesion distribution, size, the constituent cell 

morphology, evidence of cell necrosis and density of contained acid-fast organisms. 

Control and treatment groups were given a semi-quantitative lesion ‘score’ on a three-

point scale (+, mild; ++, moderate, and +++, severe) based on the above 

histopathological criteria.  Between three and five mice were examined per control 

and treatment group and photomicrographs of representative lesions were taken in 

each case.   

 

5.3.10 Statistical analysis 

Statistical analysis of results was carried out using Graph Pad Prism software, 

version 7.03. Results were expressed as mean ± standard deviation in tables and 

figures. A two-way ANOVA was carried out on all toxicity, in vitro efficacy and 

cytokine data followed by a Bonferroni post hoc test. A one-way ANOVA was carried 

out on all in vivo efficacy and mRNA transcription data followed by a Tukey multiple 

comparison test. The p value was considered significant when < 0.05. 
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5.4 Results 

5.4.1 In vitro bacterial viability studies following treatment with ATRA 

formulations 

The effect of ATRA formulations on Mtb growth in vitro was assessed using both the 

BacT/ALERT® system (Fig 5.1 (A)) and enumeration of CFUs (CFU/105 cells) (Fig 5.1 

(B)). In this series of experiments, ATRA solution (5 µg/ml) and the optimised ATRA-

MPs (=5 µg/ml ATRA) manufactured by spray drying with an encapsulation efficiency 

of 55.1 ± 17.1 % and a particle size of 2.07 ± 0.5 µm were compared to RPMI alone, 

UNL-MP (=to the concentration of ATRA-MP) and RPMI-Tween® 80 0.025 %. At 72 

hrs post-treatment ATRA solution significantly decreased bacterial growth in 

comparison to RPMI alone (Fig. 5.1(A)).  At 192 hrs both ATRA solution and ATRA-

MPs significantly reduced bacterial growth (Fig. 5.1 (A)), a result which was later 

verified by CFU enumeration (Fig. 5.1 (B)). Using the BacT/ALERT® system, ATRA in 

solution was found to be significantly more effective than ATRA-MPs at 192 hrs (Fig. 

5.1 (A), **p < 0.01).  However, at the same time point in Figure 5.1 (B) no statistically 

significant difference was found in the efficacy of ATRA-MPs (1.1 x 106 CFU/105 cells) 

and ATRA solution (7.1 x 105 CFU/105 cells) with both treatments reducing the 

number of colonies to less than half that of the control (2.4 x 106 CFU/105 cells). 
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Figure 5.1: ATRA treatment arrests growth of Mtb (H37Ra) in vitro. Baseline infection levels 
were measured at 3 hrs post-infection of THP-1 derived macrophages with H37Ra which 
was followed by the addition of treatment. Treatment groups included RPMI, ATRA solution 
(5 µg/ml), unloaded-MPs (UNL-MP) (=ATRA-MP), ATRA-loaded MPs (ATRA-MP) (=5 µg/ml 
ATRA) and RPMI-Tween®80 (0.025 %). Efficacy of treatment was assessed at 72 hrs and 
192 hrs post-treatment by monitoring (A) the change in bacterial growth (%) using the 
BacT/Alert® 3D system (BioMérieux), MOI:1-6/cell (n=3) and (B) bacterial viability via 
enumeration of colony forming units (CFU/105 cells) on Middlebrook 7H10 agar, MOI: 1-
10/cell, 1-6/cell, 1-5/cell (n=3) with *p < 0.05, **p < 0.01 and ***p < 0.001. 
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5.4.2 In vitro cytotoxicity studies following treatment with ATRA formulations 

The cytotoxicity of ATRA formulations was determined by treating uninfected and Mtb 

infected (H37Ra) THP-1 cells in vitro and calculating the proportion of dead cells (PI 

positive) in comparison to the total cell count in each well using the Cytell cell imaging 

system (GE Healthcare). The assay was carried out 24 hrs, 72 hrs and 192 hrs post-

treatment. At 24 hrs, a significant level of cell death is seen in groups treated with MP 

formulations both uninfected and infected with Mtb (Fig. 5.2 (A)). UNL-MP treatment 

resulted in 11.5 ± 4.2 % cell death compared to the untreated control (1.9 ± 0.8 %) in 

uninfected cells and both UNL-MPs and ATRA-MPs resulted in 30.4 ± 3.0 % and 17.9 

± 4.9 % cell death, respectively, compared to the untreated control (8.3 ± 3.1 %) in 

the infected cells. There was also a significant difference between the MP 

formulations at 24 hrs in the infected groups with UNL-MPs appearing more cytotoxic 

than ATRA-MPs (Fig. 5.2 (A), **p < 0.01). Despite the results following MP treatment, 

the average cell death for both treatments remained below the average level of cell 

death reached for the positive control, staurosporine (44.0 ± 11.1 %). 

 

By 72 hrs, there was an increase in cell death in all treatment groups as well as an 

increase in variability (Fig. 5.2 B) with no statistical differences between the treatment 

groups in infected and uninfected cells. At 192 hrs post-infection and treatment there 

was also no significant differences and there is an apparent decrease in the 

proportion of PI positive cells across all groups including staurosporine. This could be 

due to the detachment of cells following the extended incubation time. Importantly, 

the proportion of PI positive cells following treatment with ATRA solution and ATRA-

MPs remained < 25 % under all test conditions and for the control treatments, the MP 

vehicle (RPMI + Tween® 80 0.025 %) does not significantly induce cell death at any 

time point throughout the study.  
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Figure 5.2: The effect of ATRA formulations on THP-1 cell death. The proportion of dead 
cells (%) as determined by propidium iodide (dead cells) and hoecsht (total cell counts) 
staining at (A) 24 hrs, (B) 72 hrs and (C) 192 hrs post-treatment of THP-1 derived 
macrophages with RPMI, ATRA solution (5 µg/ml), unloaded-MP (UNL-MP) (=ATRA-MP), 
ATRA-loaded MPs (ATRA-MP) (=5 µg/ml ATRA) and RPMI-Tween®80 (0.025 %). Toxicity 
studies were carried out in the absence and presence of Mtb infection (H37Ra) with 
staurosporine (0.4 µg/ml) as a positive control in uninfected cells. The proportion of PI 
positive cells was calculated using the Cytell Cell Imaging System (GE Healthcare (n=3), *p 
< 0.05, **p < 0.01 and ***p < 0.001. 
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5.4.3 The effect of ATRA formulations on macrophage morphology 

During the in vitro bacterial viability studies above, a noticeable change in the 

morphology of THP-1 derived macrophages and the number of nuclei present in each 

cell was observed following treatment with ATRA solution and ATRA-MPs. A series of 

stains for the nucleus (Hoechst), cell actin (ActinGreen™), cell membrane (cholera 

toxin B) as well as the ATRA-MPs (rhodamine) were used to visualise the changes in 

more detail. The experiment was carried out in uninfected and Mtb infected (H37Ra) 

cells below.  

 

5.4.3.1 Macrophage morphology, 72 hrs post-treatment 

In both the absence (Fig. 5.3 (A)) and presence (Fig. 5.3 (B)) of Mtb infection 

(H37Ra) the THP-1 derived macrophages treated with ATRA solution and ATRA-MPs 

developed pseudopodia not seen in the RPMI and UNL-MP (equivalent to ATRA-MP 

concentration) treated cells. In addition, the ATRA treated cells became elongated 

and a number of these fused with neighboring cells. This result was confirmed by cell 

membrane (cholera Toxin B; red) and F-actin (ActinGreen™; green) staining whereby 

there was no apparent membrane in the cell structure between fused cells. The 

formation of multi-nucleated cells was also visible using Hoechst (blue) in the ATRA 

treated, Mtb infected cells (Fig. 5.3 (B)) with three to four nuclei present in cells. In the 

case of ATRA-MPs, efficiency in MP uptake (rhodamine; yellow) and, therefore, 

exposure of cells to the encapsulated ATRA was also established at 72 hrs post-

treatment with the presence of many MPs (<10 µm) visible in the cytoplasm of 

uninfected and infected cells. 
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Figure 5.3: Cell morphology following ATRA treatment for 72 hrs. THP-1 derived 
macrophages were treated with RPMI, ATRA solution (5 µg/ml), unloaded-MPs (UNL-MP) 
(=ATRA-MP) and ATRA-loaded MPs (ATRA-MP) (=5 µg/ml ATRA) in the absence (A) and 
presence of Mtb infection (B) and viewed 72 hrs later using confocal microscopy. Hoechst 
(blue), ActinGreen™ (green) and cholera Toxin B (red) were added to allow visualisation 
of the nucleus, cell actin and cell membrane respectively. ATRA-MPs also included 
rhodamine (yellow) to highlight cell uptake.  
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5.4.3.2 Macrophage morphology, 192 hrs post-treatment 

When THP-1 derived macrophages were treated with RPMI, ATRA solution, UNL-

MPs and ATRA-MPs and incubated for 192 hrs there was a notable decrease in cell 

density (Fig. 5.4 (A-B)). This result was particularly evident in the Mtb infected cells 

(Fig. 5.4 (B)) which is in line with the toxicity data at the same time point (Fig 5.2 (C)). 

Despite this, pseudopodia remained a feature of the cells treated with ATRA solution 

and ATRA-MPs in both uninfected (Fig. 5.4 (A)) and infected cells (Fig. 5.4 (B)) when 

compared to the untreated control (RPMI) and UNL-MPs. The F-actin staining 

(ActinGreen™; green) indicated that the ATRA treated cells remained enlarged at this 

later time point whilst the nuclei staining (Hoechst; blue) again showed THP-1 derived 

macrophages with two or more nuclei. MP uptake was also confirmed (rhodamine; 

yellow), however, the number of MPs within the cytoplasm appears to have 

diminished compared to the sample of cells examined at 72 hrs (Fig. 5.3 (A-B)).  
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Figure 5.4: Cell morphology following ATRA treatment for 192 hrs. THP-1 derived 
macrophages were treated with RPMI, ATRA solution (5 µg/ml), unloaded-MPs (UNL-MP) 
(=ATRA-MP) and ATRA-loaded MPs (ATRA-MP) (=5 µg/ml ATRA) in the absence (A) and 
presence of Mtb infection (B) and viewed 192 hrs later using confocal microscopy. Hoechst 
(blue), ActinGreen™ (green) and cholera Toxin B (red) were added to allow visualisation of 
the nucleus, cell actin and cell membrane respectively. ATRA-MPs also included 
rhodamine (yellow) to highlight cell uptake.  



 

216 
 

5.4.4 In vitro cytokine response following treatment with ATRA formulations 

Using a multiplex assay (MSD), a panel of pro-inflammatory cytokines including IL-1β, 

IL-12p70, IFN-ɣ, IL-6, IL-8, IL-10 and TNF-α were measured in the supernatants of 

THP-1 derived macrophages 24 hrs, 72 hrs and 192 hrs post-treatment with ATRA 

formulations. The experiment was carried out both on uninfected cells and Mtb 

infected (H37Ra) cells using RPMI and lipopolysaccharide (LPS) as the negative and 

positive controls respectively. Few significant changes in cytokine secretion were 

observed at 24 hrs with the exception of UNL-MPs significantly increasing IL-1β at 24 

hrs in infected cells (Fig. 5.5 (A)) and TNF-α at 24 hrs in uninfected cells (Fig. 5.5 (S)) 

compared to the untreated control (RPMI). There were no significant differences 

between treatments in infected or uninfected cells at 72 hrs. However, at 192 hrs 

post-treatment ATRA-MPs significantly decreases pro-inflammatory IL-6 secretion 

(Fig. 5.5 (F)) whilst simultaneously significantly decreasing a key anti-inflammatory 

cytokine, IL-10 when compared to RPMI in infected cells. ATRA solution and UNL-

MPs also significantly decrease anti-inflammatory IL-10 when infection is present. 

There were no significant differences between the treatment groups throughout and in 

the case of IL-10, ATRA-MPs and ATRA solution exhibited similar efficacy when 

decreasing secretions at 192 hrs (Fig. 5.5 (R); ***p <0.001). 
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Figure 5.5: ATRA treatment modulates extracellular cytokine activity in the presence and 
absence of Mtb infection (H37Ra). The quantity (pg/ml) of cytokine in the supernatant of 
THP-1 macrophages was measured 24hrs, 72hrs and 192hrs post-treatment with RPMI, 
ATRA solution (5 µg/ml), unloaded-MPs (UNL-MP) (=ATRA-MP), ATRA-loaded MPs (=5 
µg/ml ATRA) and RPMI-Tween® 80 (0.025 %). (A-C) IL-1β, (D-F) IL-12p70, (G-I) IFN-ɣ (J-
L), IL-6, (M-O) IL-8, (P-R) IL-10 and (S-U) TNF-α. Cytokine studies were carried out in the 
presence and absence of Mtb infection (H37Ra) using a MSD® human pro-inflammatory 
7-plex assay and lipopolysaccharide (LPS) as a positive control (n=3), *p < 0.05, **p < 
0.01 and ***p < 0.001.  
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5.4.5 In vivo bacterial viability studies following treatment with ATRA 

formulations 

5.4.5.1 Dose response study 

In vivo investigation of bacterial viability in response to ATRA solution revealed no 

statistically significant differences between the treatment groups. However, there was 

an apparent dose response from the vehicle control through to the higher dose of 

ATRA solution. ATRA in solution reduced the average number of CFU/ml in the 

murine lung when administered at a dose of 2.5 mg/kg (1.1 x 106 CFU/ml) compared 

to the vehicle control group (6.6 x 106 CFU/ml). ATRA solution at 1 mg/kg (3.1 x 106 

CFU/ml) appeared less effective, however, there was considerable variation in this 

treatment group as well as the vehicle control (Fig. 5.6). 

 

 

 

                       

 

 

 

 

 

Figure 5.6: ATRA dose response study. BALB/c mice infected with Mtb (H37Rv) were 
treated 14 days post-infection with three repeated doses of vehicle only (NaCl 0.9 % + 
0.05 % Tween®80), ATRA solution (1 mg/kg) and ATRA solution (2.5 mg/kg), each dose 
administered 48 hrs apart. Bacterial viability was measured by harvesting Mtb from the 
lungs of the animals 21 days post-infection and plating on Middlebrook 7H11 agar, 
colonies were counted a further 21 days later (n=5).  
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5.4.5.1 In vivo bacterial viability following treatment with ATRA-MPs   

In the murine model, both ATRA solution and ATRA-MPs significantly reduced the 

bacterial load to an average of 1.74 x 105 CFU/ml and 2.16 x 105 CFU/ml in 

comparison to the vehicle control of 1.5 x 107 CFU/ml (Fig.5.7).  The addition of 

rifampicin solution to ATRA solution also resulted in a significant reduction in CFU/ml 

(3.86 x 105 CFU/ml), comparable to ATRA alone signifying no interaction or 

weakening of the effect of ATRA in the presence of the antibiotic. There was no 

significant difference noted between the treatment groups (Fig. 5.7). 

 

   

 

 

 

 

 

 

 

5.4.6 Transcription of pro-inflammatory cytokine genes following treatment with 

ATRA formulations in vivo  

ATRA treatments resulted in a variable transcription profile with only two genes 

significantly affected (Fig. 5.8). ATRA-MPs significantly reduced transcription of the 

Figure 5.7: ATRA treatment reduces Mtb (H37Rv) viability in vivo. BALB/c mice infected 
with Mtb (H37Rv) were treated 14 days post-infection with vehicle only (NaCl 0.9 % + 0.05 
% Tween®80), ATRA solution (2.5 mg/kg), ATRA plus rifampicin solution (2.5mg/kg + 12 
mg/ml) and ATRA-loaded MPs (ATRA-MP) (=2.5 mg/kg ATRA). Three doses of each 
treatment were administered 48 hrs apart. Bacterial viability was measured by harvesting 
Mtb from the lung of the animals and plating on Middlebrook 7H11 agar 21 days post-
infection, colonies were counted a further 21 days later (n=5), ***p < 0.001. 
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gene encoding iNOS, required to produce the antibacterial intermediate nitric oxide, in 

comparison to the vehicle control, ATRA solution and ATRA solution plus rifampicin 

solution (Fig. 5.8 (A)). On the other hand, transcription of the gene for the pro-

inflammatory cytokine TNF-α was significantly increased following treatment with 

ATRA in solution +/- rifampicin solution in comparison to both the vehicle and ATRA-

MPs (Fig. 5.8 (B)). CYP27A, NPC2 and all other genes assessed were not 

significantly altered by ATRA encapsulated or nonencapsulated (see Appendix), 

however, the results shown in Figure 5.8 indicate a difference in the mechanism of 

action between the ATRA formulations. 

 

 

 

 

 

 

 

 

5.4.7 Histological examination of lung following treatment with ATRA 

formulations 

Lung histosections from BALB/c mice infected with H37Rv and treated with three 

repeated doses of vehicle control (NaCl+Tween®80 0.05 %), ATRA solution (2.5 

mg/kg), ATRA-MPs (=2.5 mg/kg ATRA) and ATRA solution plus rifampicin solution 

Figure 5.8: ATRA-MPs reduce the expression of iNOS while ATRA solution promotes 
TNF-α expression in the murine lung. In vivo mRNA expression analysis following 
treatment of Mtb (H37Rv) infected BALB/C mice with vehicle (NaCl 0.09% +Tween®80 
0.05 %), ATRA solution (2.5 mg/kg), ATRA plus rifampicin solution (2.5 mg/kg + 12mg/ml) 
and ATRA-loaded MPs (ATRA-MP) (=2.5 mg/kg). Real time PCR analysis was carried out 
on lung homogenates 21 days post-infection and expressed relative to GAPDH (Δ CT). (A) 
iNOS, (B) TNF-α (n=5), *p < 0.05, **p < 0.01 and ***p < 0.001. 
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(2.5 mg/kg + 12 mg/kg) were prepared at Imperial College, London. The samples 

were subsequently analysed by Dr Joseph Cassidy at the Pathobiology Section, 

University College Dublin. Images from the vehicle control group (1st column) show 

induced TB lesions and macrophage rich inflammation following Mtb infection as well 

as perivascular lymphocytic accumulations, cell necrosis and a high density of acid-

fast bacilli all of which contribute to a damaged lung structure. The number of lesions 

in the group treated with ATRA solution alone is largely unaffected by treatment, 

however, ATRA-MPs and ATRA solution plus rifampicin showed a decrease in lesion 

size in comparison to the vehicle control with the overall reduction in pulmonary 

pathology graded from left to right in the photomicrographs in Figure 5.9. Perivascular 

lymphocytic accumulations did not differ amongst treatment and control groups and 

the Ziehl–Neelsen stain indicated no apparent difference in bacterial densities (Fig. 

5.9, fourth row).   
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Figure 5.9: Treatment with ATRA formulations resulted in reduced pulmonary pathology in 
BALB/c mice following Mtb (H37Rv) infection. Representative photomicrographs of the left 
lung from BALB/C mice 21 days post-infection with Mtb (H37Rv) following treatment with 
vehicle (NaCl+Tween®80 0.05%) ATRA solution (2.5 mg/kg), ATRA-loaded MPs (ATRA-
MP) (=2.5 mg/kg ATRA) and ATRA plus rifampicin solution (2.5 mg/kg + 12mg/kg). Lung 
histosections were stained using hematoxylin and eosin (x2, x10, x20) and Ziehl–Neelsen 
(x40ZN) and graded using a semi-quantitative scoring system (+++, severe ++, moderate, 
and +, mild). 
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5.5 Discussion 

ATRA was selected as a novel, host-directed cargo in this study for both its 

antibacterial and immunomodulatory properties and following the scale up of ATRA-

MP manufacture in Chapter 3, a comprehensive study of the effects of ATRA-based 

treatments on Mtb infection was conducted. To date, studies evaluating the use of 

ATRA in TB models have been limited to ATRA in solution, alone or in combination 

with ATDs and none have utilised the pulmonary route for delivery. Here, we 

compared ATRA solution to an encapsulated formulation of ATRA delivered 

intratracheally in pre-clinical models of TB. The antibacterial properties of ATRA 

solution were confirmed in vitro and in vivo. ATRA-MP treatment also proved to be 

antibacterial in vitro and in vivo as well as inducing both pro- and anti-inflammatory 

immune responses leading to improved pathology in the lungs of mice following 

treatment. Taken together, the findings support the idea of combining HDT and MPs. 

 

ATRA Solution and ATRA-MPs treatments significantly reduced bacterial load in the 

in vitro infection model at 72 hrs and 192 hrs when determined using the 

BacT/ALERT® system and at 192 hr when CFU were counted. Although it does not 

reproduce the sterilising effects of rifampicin seen in Chapter 4 (Table 4.3 and 

Fig.4.3), the control of bacterial growth following ATRA treatment was evident. These 

results echo the preliminary efficacy data seen in Chapter 2 where both ATRA 

solution and ATRA-MPs reduced bacterial load at concentrations of 10 µg/ml and 20 

µg/ml. An early study by Crowle et al. compared the effects of ATRA solution on 

virulent Mtb (Erdman) survival in vitro with cultured human macrophages treated 

before and after Mtb infection and using a variety of concentrations. A significant 

reduction in bacterial viability (CFU/ml) up to 7 days was evident following treatment 

with ATRA (0.03 µg/ml) before infection and ATRA (3 µg/ml) after infection, however, 

post-infection treatment led to less variability in results and so was deemed more 

successful (116). This closely mimics the current model where ATRA treatment at a 

concentration of 5 µg/ml is used post-infection. Wheelwright et al. also showed the 

antimicrobial effects of ATRA in both monocytes and monocyte derived macrophages 

(MDMs) infected with Mtb H37Ra and Mtb H37Rv respectively. This was indicated by 
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reduced levels of bacterial RNA being detected following treatment with ATRA 

solution (3 ng/ml) for three days (121). Greenstein et al. studied the direct anti-

mycobacterial effects of vitamins, including ATRA, in broth culture on two occasions 

using systems similar to the BacT/ALERT® system, the Bactec and MGIT (Becton 

Dickinson) systems. Both studies demonstrated a dose-dependent decrease in 

bacterial growth following ATRA treatment on Mtb complex in culture, indicating 

pathogen-targeted and host-targeted effects, with a dose of 16 µg/ml ATRA solution 

proving most effective in reducing bacterial growth by 98% (118, 176). 

 

The possible mechanisms of action of ATRA resulting in the antibacterial effects 

demonstrated here and in the literature, have been explored by many, including its 

influence on autophagy (19, 121, 254).  Autophagy facilitates degradation of Mtb 

within the lysosome and unpublished data by our group has shown that ATRA 

induces  autophagy in MDMs and this autophagy is, at least in part, responsible for 

reduced growth of Mtb in MDM (255). An alternative mechanism of action has been 

proposed for the antimicrobial effects of ATRA by Wheelwright et al. Cholesterol has 

been highlighted as an essential carbon source for Mtb within activated alveolar 

macrophages, providing energy to enable the persistence of the pathogen (256). 

Wheelwright et al. has showed that ATRA can reduce cellular cholesterol levels, thus 

increasing lysosomal acidification via the Niemann-Pick Disease Type 2C (NPC2) 

gene which would inhibit intracellular growth of Mtb (121). By reducing cholesterol 

content, ATRA treatment may lead to a reduction in foamy macrophages which have 

been associated with increased virulence of Mtb in the granulomatous structure (121). 

A detailed in vitro study on the immunomodulatory and host-directed actions of ATRA 

(used in combination with vitamin D) has been carried out by Estrella et al. (19). The 

authors found that bacterial viability (CFU/ml) was reduced in infected THP-1 cells 

activated by ATRA and vitamin D3  by a log10 over 7 to 10 days compared to PMA 

activated cells, a result which was associated with increased macrophage activation 

markers, phagolysosomal maturation and autophagy (19). The anti-bacterial 

properties of ATRA and vitamin D3 may also be due to the down-regulation of 

tryptophan-aspartate containing coat (TACO) protein gene transcription, allowing 

intracellular motility and thus phagosome-lysosome fusion to proceed, resulting in the 
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eventual degradation of Mtb (122, 254, 257). UNL-MPs were ineffective at controlling 

bacterial growth in this study. Whilst this does not agree with previous results 

published by our group (66), the difference could be explained by the fact that the 

MPs were manufactured by spray drying, used at a lower concentration to correlate 

with ATRA-MP treatments (≈140 µg/ml compared to 200 µg/ml) and not washed off 

post-treatment in this study. Nevertheless, ATRA-MPs were significantly more 

effective in these conditions indicating the effect of the cargo rather than the delivery 

system. There was a significant difference between the effect of ATRA solution and 

ATRA-MPs in the BacT/ALERT® system, however, this was not the case when CFUs 

were counted resulting in comparable antibacterial efficacy between the ATRA 

formulations. 

 

As the pulmonary administration of ATRA is a relatively novel concept, little attention 

has been given to macrophage viability after exposure to ATRA in the literature. While 

ATRA solution (5 µg/ml) had no effect on THP-1 cell viability, ATRA-MPs (=5 µg/ml 

ATRA) significantly increased the proportion of PI positive cells at 24 hrs post-

treatment, in the presence of infection, a result which was comparable with UNL-MPs 

at the same time point. As mentioned, the PLGA MP treatments across the range of 

in vitro testing in this project were not washed off and remained in the well for the 

duration of the experiment which differs from previous studies (59, 65). The artificial 

environment in vitro could lead to on-going phagocytosis of MPs which could, in turn, 

be toxic for macrophages. Estrella et al. showed that THP-1 derived macrophages 

that were activated by ATRA (0.3 µg/ml) and vitamin D and subsequently formed 

MNGC’s can survive for up to 60 days when regularly replenished with fresh, 

uninfected THP-1 cells (19). As well as this, ATRA administered by intraperitoneal 

injection (250), liposomal delivery of ATRA via inhalation in both in vivo studies (247) 

and in an off label, clinical study for severe emphysema resulted in no observed 

adverse effects (252). The concentration of MPs required to deliver the high dose of 

ATRA could also be contributing to the undesirable effects, however, this could be 

averted with improved encapsulation efficiency. Despite the significant results at 24 

hrs the proportion of PI positive cells in the ATRA solution and ATRA-MP treated 
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groups remained below 25% in all groups up to 192 hrs and the antibacterial 

properties of the treatments appeared unaffected.  

 

One of the most noticeable effects of ATRA in culture is its influence on cell 

morphology over an eight day period. Visualisation of THP-1 derived macrophages 

treated with ATRA solution and ATRA-MPs using confocal microscopy provided an 

insight into how ATRA stimulates cells of the immune system. The images in Figures 

5.3 and 5.4 show that THP-1 cells undergo a change in morphology following 

treatment with both ATRA solution and ATRA-MPs in comparison to the untreated 

control and UNL-MP group which were unaffected. This phenomenon occurs in both 

uninfected and infected cells indicating that ATRA is in fact causing these changes 

and not Mtb. Using Hoechst to stain the nuclei blue, the presence of multiple nuclei is 

also observed within these enlarged cells. Estrella et al. also observed the formation 

of MNGCs when THP-1 derived macrophages were cultured with ATRA and vitamin 

D (19). Similar to the present study, decreased bacterial viability and increased 

survival of infected MNCGs was observed alongside the morphological changes (19). 

MNGC’s contribute to TB granuloma formation and although the exact role of MNGCs 

in the process is unclear (258, 259) there is no doubt as to the importance of the 

granuloma itself in containing infection (260, 261). As this experiment was carried out 

using a single cell culture it is difficult to fully judge the impact of ATRA on granuloma 

formation in vivo where many cell types are present, but it is tempting to postulate 

that this apparent activation and morphological change contributes to the host 

protective properties. It is also worth noting the abundant uptake of ATRA-MPs at 72 

hrs (Rhodamine; yellow) signifying the suitability of the formulation for the purpose of 

targeting macrophages. 

 

The influence of ATRA treatment on the extracellular cytokine profile of THP-1 

derived macrophages in vitro was also assessed alongside the analysis above. Whilst 

the secretion of pro-inflammatory cytokines was increased in both UNL-MP and 

ATRA-MP treated uninfected THP-1 cells across all time points, statistically significant 

changes were only observed following UNL-MP treatment with an increase in the 
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secretion of TNF-α. In contrast to these results, we have previously shown that 

uptake of PLGA MPs does not significantly affect cytokine secretion (66). Therefore, 

the rise in inflammation following MP treatment is possibly due to ongoing 

phagocytosis of MPs post-treatment as discussed above. UNL-MPs also significantly 

increase IL-1β secretion at 24 hrs in infected cells and when Sharp et al. studied the 

effect of particles as vaccine adjuvants they found that PLGA MPs (1 µm) also 

promoted the secretion IL-1β from dendritic cells when stimulated with LPS (262). 

Therefore, the MP carrier could be promoting a synergy with Mtb that in fact 

enhances the innate immune response to infection.  

 

In Mtb-infected cells secretion of the anti-inflammatory cytokine IL-10 was reduced 

following treatment with ATRA-MPs, ATRA solution and UNL-MPs compared to the 

untreated control. Blockage of IL-10 secretion allows phagolysosomal maturation to 

proceed as previously outlined by another member of our group (16). The study by 

Estrella et al. noted a gradual increase in IL-10 (as well as IL-6 and TNF-α) from 

THP-1 derived macrophages pre-treated with ATRA and vitamin D between day 

seven and day 21 post infection (19). The difference in experimental time points and 

inclusion of vitamin D in the study by Estrella et al. could contribute to a variation in 

results between studies. In parallel, ATRA-MP treatments significantly reduced pro-

inflammatory IL-6 secretion at 192 hrs in Mtb-infected cells. Based on the results from 

the in vitro analysis above and the literature we can therefore acknowledge the many 

ways in which ATRA treatment could be exerting its effects in this present study. 

ATRA solution and ATRA-MPs appear to have somewhat different mechanisms of 

action that will be explored further in vivo. 

 

Following on from the successful in vitro studies, the anti-bacterial effect of ATRA 

solution and ATRA-MPs was replicated in vivo when the treatments were 

administered intratracheally to BALB/c mice infected with the virulent Mtb strain, 

H37Rv.  A dose response study using ATRA solution was carried out initially leading 

to a dose of 2.5 mg/kg being selected for further testing. When ATRA solution, ATRA 

solution plus rifampicin solution and ATRA-MPs were assessed all treatments 
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significantly reduced the bacterial load in the lungs after three repeated doses (Mon, 

Wed, Fri) in comparison to the vehicle control. This result is promising for ATRA both 

as a standalone treatment and as an adjunctive HDT to other ATDs which supports 

the overall hypothesis of the project. No significant difference was detected between 

ATRA in solution and ATRA-MPs 21 days post-infection but perhaps if the study was 

extended any additional benefits of encapsulated ATRA would be detected. Yamada 

et al. carried out one of the first known in vivo studies involving ATRA in the presence 

of Mtb infection using a previously optimised rat model and Mtb H37Rv. The study 

demonstrated a significant decrease in CFU/ml in both the lungs and spleen following 

repeated doses (alternate days) of orally administered ATRA (100 µg/100 g body 

weight) over a three and five-week period. The authors suggest that the result is due 

to the down regulation of TACO and other immunodmodulatory factors as discussed 

above (119). More recently, Mourik et al. published a study assessing the benefits of 

adjunctive immunotherapy, including ATRA, in TB treatment also in a BALB/c mouse 

model. ATRA was administered S.C in the form of sustained release pellets (2 mg/kg) 

in combination with 1, 25(OH) 2-vitamin D3 and ɑ-galactosylceramide as 

immunotherapy plus isoniazid, rifampicin and pyrazinamide and compared to the 

antibiotics alone (120). At five weeks post treatment the immunotherapy and antibiotic 

combination resulted in a trend towards a reduction in bacterial load in the lungs with 

a significant reduction in the spleen and by week 30 the TB relapse rate was 12.5 % 

(1 out of 8) compared to 75 % (6 out of 8) in the control group (120).  Each of these 

studies add to the growing body of evidence of the benefit of ATRA in TB treatment, 

however, to-date we are the only group to administer ATRA directly via the airways in 

a TB infection model.  ATRA has been administered by inhalation with the aim of 

treating other pulmonary conditions such as lung cancer and emphysema in animal 

models (247, 251) and clinical settings (252). Most notably, Massaro and Massaro 

demonstrated the ability of ATRA treatment to induce alveolar regeneration in a 

model of experimentally-induced emphysema, however, on this occasion ATRA was 

administered via intraperitoneal injection (I.P) (250).  

 

To complement the in vitro cytokine data, and further elaborate on the in vivo 

mechanism of action of ATRA, the level of corresponding genes expressed in the 
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lung (homogenates) following treatment was also examined.  In vivo, ATRA solution 

(+/- rifampicin) induced a pro-inflammatory response by significantly raising levels of 

TNF-α mRNA in comparison to the vehicle control which did not occur in the ATRA-

MP treated groups. In contrast, in the in vitro cytokine study TNF-α secretion was not 

significantly affected by treatment with ATRA solution. However, it is important to note 

that mRNA expression levels rather than protein secretion were measured in vivo and 

the levels may not always correlate due to post-transcriptional and post-translational 

modifications. Timing and the in vivo environment could also be factors as the lung 

samples from which the mRNA was extracted were taken 21 days post infection and 

following three doses of treatment in a murine model containing other cell types, 

which could also produce TNF-α, rather than a human macrophage cell line cultured 

in vitro for eight days. 

 

As murine macrophages generate the antibacterial intermediate nitric oxide in 

response to infection and activation, iNOS gene expression was also measured. In 

contrast to TNF-α expression, there was no change in iNOS in the ATRA solution +/- 

rifampicin treated groups relative to the control but the ATRA-MPs significantly 

decreased iNOS expression. If this decrease in gene expression resulted in a 

reduction in nitric oxide it could promote bacterial survival in the murine models (172), 

however, this does not appear to be an issue when the CFU data from the same 

lungs were examined as there were no differences between the ATRA treatments in 

this regard (Fig. 5.7).  Mourik et al. saw a 10-fold increase in TNF-α protein levels in 

the whole lung homogenates of BALB/C mice 9 and 17-weeks post-infection which 

equates to five and 13-weeks post-treatment with ATRA (S.C),1,25(OH)2-vitamin D3 

(I.P.), α-galactosylceramide (I.P.) plus antibiotics (S.C.), however, this did not 

correlate with their gene expression data at the same time points. The authors noted 

that this increase in TNF-α may be attributed to the reduction in bacterial viability 

following immunotherapy plus ATDs, but care would need to be taken with regard to 

the timing of the administration of immunostimulatory treatments as secretion of TNF-

α in late stage or severe infection is thought to worsen TB disease. Expression of 

iNOS was not assessed in the study by Mourik et al. Yamada et al. on the other hand 

reported increased levels TNF-α mRNA expression at three weeks post infection (and 
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treatment with oral ATRA 1 mg/kg) and at week 5, both iNOS and TNF-α were 

increased in lung homogenates of Wistar-Lewis rats (119). ATRA also increased 

TNF-α and iNOS mRNA levels in AMs from the same rats removed and treated in 

vitro (119). In this present study, experiments show that ATRA solution and ATRA-

MPs are comparable in terms of anti-bacterial efficacy, however, from the mRNA 

expression in vivo and the cytokine data in vitro, the use of MPs to deliver ATRA 

appears to alter its immunomodulatory effects and possibly mechanism of action. 

Future studies would benefit from assessment of cytokines in the BAL and the 

addition of UNL-MPs in the in vivo studies to further elucidate the mechanism. 

 

Histopathological examination of the lungs of BALB/C mice treated with three doses 

of ATRA solution plus rifampicin and ATRA-MPs intratracheally showed a reduction in 

TB lesions and improved pulmonary architecture. The density of Mtb present (Ziehl-

Neelsen stain) does not appear to differ across the treatment groups, however, we 

know from the CFU efficacy data of the same animals that this was not the case in 

the whole lung. As mentioned previously, a fine balance of cell recruitment, 

inflammation and anti-inflammatory responses are required to take place concurrently 

within the host to control infection. Perivascular lymphocytic accumulations were 

associated with lesions in all groups in vivo signifying a pro-inflammatory response, 

yet the lung architecture improved following treatment with ATRA-MP and ATRA 

solution plus rifampicin, indicating a reduction in inflammation. Yamada et al. reported 

less pathology following ATRA treatment (orally, 1 mg/kg) in a rat model of TB 

infection which was accompanied with an increased influx of T cells (CD4, CD8, α/β 

T, ɣ/δ T, CD25), Natural Killer cells and CD163 macrophages three weeks post-

infection (119). One possible explanation for the reduced inflammation is the ability of 

ATRA to stimulate regulatory T cells (Tregs) in the lungs via the transcription factor 

FoxP3 and TGF-β1 (18). This does not explain the differences between ATRA 

solution alone and the other treatment groups, however, the protection of the ATRA 

within the MP could play a part.  In a murine model of acute lung injury induced by 

LPS, a novel compound GYY4137 inhibited iNOS expression, like ATRA-MPs, and 

increased IL-10 expression leading to improved pulmonary pathology (263) and while 

IL-10 was unaffected in this series of experiments it was raised by UNL-MPs in 
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Chapter 4, albeit at a significantly higher dose. Thus, while ATRA solution and ATRA-

MPs are both efficacious in terms of their ability to reduce bacterial load, ATRA-MPs 

might prove more successful at maintaining lung function.  

 

5.6 Conclusion 

The aim of HDT is to modulate the immune system in favour of the host. Here, 

treatment with ATRA solution and ATRA-MPs resulted in decreased bacterial growth 

which was confirmed by two methods in vitro and replicated with BALB/c mice 

infected with the virulent H37Rv in vivo. Whilst ATRA-MPs resulted in an increase in 

cytotoxicity in vitro at 24 hrs post-treatment, this effect was later diminished and could 

potentially be avoided by further optimisation of manufacturing. The use of PLGA 

MPs to deliver ATRA directly to the site of infection, offers protection of the cargo 

from degradation, of particular importance for labile HDTs. This novel drug delivery 

platform also resulted in immunomodulatory properties not seen following treatment 

with ATRA in solution. In vitro ATRA-MPs decreased both pro-inflammatory and anti-

inflammatory cytokines eight days post-treatment and in vivo significantly reduced the 

expression of iNOS whereas ATRA solution increased the expression of pro-

inflammatory TNF-α. Crucially, ATRA-MP treatment was shown to improve pulmonary 

pathology in the host which was not the case for the ATRA solution alone. Although 

both ATRA solution and ATRA-MP treatment reduces bacterial viability, the results 

here support the idea of combining HDTs and MPs for pulmonary delivery and 

therefore warrants further exploration on the topic. 
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Chapter 6  

Overall discussion and future work 
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6.1 Overview 

Tuberculosis (TB) is a serious public health issue that requires attention. Over 10.4 

million cases of TB were recorded in 2016 and 1.7 million people died from the 

disease making it one of the top causes of death worldwide, yet the availability of new 

treatments are few and far between (1). The difference between the number of cases 

and the number of deaths is due, in part, to the fact that drug sensitive TB is a curable 

disease when the first-line anti-tubercular treatments are used appropriately. Issues 

arise, however, when these first-line treatments become ineffective, largely due to 

resistance leading to MDR-TB. Drug resistance can arise from poor patient 

adherence which is often related to intolerable side effects and/or lengthy and 

complex treatment regimens. Cystic fibrosis (CF) is another fatal respiratory condition 

affecting approximately 70,000 people worldwide. Patients with CF suffer from on-

going pulmonary infections and with that a number of inhaled antibiotic treatments 

have been developed specifically for CF (264). It would seem logical, therefore, that 

patients with pulmonary TB infection, of which there are millions worldwide, would 

also have access to an inhaled treatment that could potentially shorten treatment 

times. 

 

The hypothesis of this project was that a convenient, inhaled treatment for 

tuberculosis, using a targeted drug delivery system, can reduce dosage regimens, 

toxicity and enhance efficacy of anti-tuberculosis therapies. This could potentially 

increase patient adherence leading to a more positive prognosis for patients and 

reduce the incidence of multi-drug resistance tuberculosis worldwide. In addition, an 

inhalable formulation that can target the immune cells could be further exploited for 

preventative measures including vaccines. The specific aims were to produce anti-

tubercular drug (ATD) loaded PLGA MPs suitable for alveolar macrophage targeting 

and decreasing Mtb viability. Secondly, to develop scalable methods of manufacturing 

MPs to produce an optimal formulation suitable for pre-clinical testing. Thirdly, to 

widen the current repertoire of antibiotics studied in the development of inhaled 

treatment for TB, with the inclusion of linezolid. The efficacy of the antibiotic-loaded 

MPs was evaluated against Mtb infection, with and without coating, using the host 
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directed therapy (HDT) interferon-γ (IFN-γ). Finally, the host-directed effects of ATRA 

were combined with the targeting capabilities of PLGA MPs to administer the active 

form of vitamin A (ATRA) directly to the target site via inhalation. Our group had 

previously developed ATD-loaded MPs using one manufacturing method, DESE, and 

demonstrated that the MPs are effectively phagocytosed by AMs, decrease bacterial 

viability and stimulate the immune system in an in vitro TB infection model (59, 65). 

This project sought to optimise production of these delivery systems, explore the use 

of novel therapeutic cargoes, and extend the scope of the project to include 

comprehensive in vivo efficacy testing in a TB infection model. 

 

The antibiotic (rifampicin and linezolid) and host-directed (ATRA) cargoes were 

selected, and inhalable PLGA-based MPs manufactured, for alveolar deposition using 

scalable processes. Antibiotic loaded MPs were further modified by covalently 

attaching the pro-inflammatory cytokine IFN-ɣ to the surface. Rifampicin formulations 

proved most successful in reducing bacterial viability in vitro initially, however, after 

tailoring the studies specifically for host-directed treatments, the significant 

antibacterial properties of ATRA formulations became apparent. These results 

translated in vivo, with pulmonary administration of both rifampicin and ATRA 

formulations significantly reducing bacterial viability in a murine model of virulent Mtb 

infection.  Building on the work carried out previously by the group whereby UNL-MPs 

were shown to stimulate the immune system via the transcription factor, NFκB and 

the induction of autophagy (66), the immunostimulatory properties of the formulations 

were evaluated in vivo. mRNA expression from the lungs of mice, treated with the 

ATDs in solution and encapsulated in MPs, indicated two distinct mechanisms of 

immunomodulation with rifampicin treatments producing a more inflammatory 

response when compared to ATRA treatment. Nonetheless, rifampicin solution plus 

IFN-ɣ, RIF-MPs, ATRA solution plus rifampicin and ATRA-MPs were all comparable 

in their ability to reduce the pulmonary pathology in the lungs following Mtb infection.   
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6.2 Aim 1: To produce inhalable ATD-loaded PLGA MPs suitable for alveolar 

macrophage targeting and decreasing Mtb viability. 

 

To start, MPs were manufactured by DESE to allow fine parameter control. Two 

cargoes were selected initially, the group 1 antibiotic, rifampicin as a control treatment 

and the host-directed cargo, ATRA.  Rifampicin was encapsulated in RIF-MPs at low 

levels (12.55 ± 1.56 %), outside of the QTPP, although similar to previous results by 

the group (16.75 ± 0.49 %). Following optimisation of sonication amplitude, time and 

homogenisation speed, ATRA was successfully encapsulated in ATRA-MPs by DESE 

at higher levels (70.9 % ± 13.8 %) proving that this method is better for lipophilic drug 

encapsulation (265). The ATD loaded- and unloaded PLGA MPs (UNL-MP) had 

suitable size (UNL-MP: 2.42 ± 0.22 µm; RIF-MP: 2.55 ± 0.25 µm; ATRA-MP: 2.63 ± 

0.12 µm) and morphological properties (spherical; average zeta potential: -26.1 ± 

1.2mV) for alveolar deposition, therefore, preliminary efficacy testing commenced. 

Concentration response studies preceded bacterial viability studies in an in vitro 

infection model (H37Ra) using THP-1 derived macrophages. The preliminary results 

provided important insight and a foundation to build on for future studies. For 

rifampicin, a low concentration and relatively short timeline was sufficient  to observe 

its sterilising action (265). As for ATRA, an extended time course was chosen to allow 

its host-directed actions to take effect.   

 

Contamination of medicines and devices is a concern for patients and healthcare 

professionals because endotoxins can cause serious illness. Endotoxins can interfere 

with development and manufacture of products thus delaying approval or supply of 

essential treatments. For this reason, and given the immune aspect of this project, 

attention was given to the levels of endotoxins present in the formulations. Results 

from a highly sensitive in vitro assay measuring IL-6 secretion from TLR4 knockout 

and wild type bone-marrow derived macrophages, led to the development of a 

depyrogenation protocol. This protocol was incorporated into both the DESE and, 

later, the spray drying methods of manufacture. Post-manufacture sterilisation by γ-

irradiation was also trialled with no major effect on the physico-chemical 
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characteristics of the MPs, however, pre-manufacture depyrogenation was 

considered the best option in an academic setting. Ideally, all products would be 

manufactured and developed in a GMP-environment, using GMP-grade raw materials 

and undergo more suitable microbial contamination testing. 

 

Comprehensive stability studies in-line with the International Council for 

Harmonisation of Technical Requirements for Registration of Pharmaceuticals for 

Human Use (ICH) were outside the scope of this project, however, the instability of 

ATRA-MP formulations became apparent from preliminary studies. While, as a result, 

the MP formulations were used within one month of manufacture throughout this 

study there are other options for the sensitive cargo.  Using salts of ATRA such as 

retinyl acetate (266), or the fatty acid ester retinyl palmitate oil (267), could potentially 

reduce degradation of the polymer by ATRA and, hence, plasticisation by reducing 

the number of carboxylic acid groups (197) and improve the controlled release 

behaviour in an aqueous environment. Tretinoin-based inorganic-organic hybrids 

have also been developed with the aim of increasing vitamin A stability in 

dermatological applications (268).  Another option would be to use an alternative 

carrier system such as liposomes (198) or solid lipid nanoparticles (SLNs) (269) to 

support the lipophilic molecule. Finally, excipients such as ascorbic acid could be 

included in the formulation to help reduce oxidation, or alternatively the dry powder 

loaded capsules could be stored in blister packs that have been flushed with nitrogen 

before sealing.  

 

 

6.3 Aim 2: To develop scalable methods of manufacturing MPs to produce an 

optimal formulation suitable for pre-clinical testing. 

 

What became clear from the initial studies in Aim 1 is that scale-up would be required 

to facilitate the in vivo studies and, with that, a third ATD was introduced, the group 5 

antibiotic linezolid. Extensive optimisation of a spray drying method commenced with 

the eventual development of processes for the manufacture of UNL-MP, RIF-MP, 
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ATRA-MP and LIN-MP. The physico-chemical characteristics of the resultant 

spherical MPs were suitable for AM delivery with an average geometric particle size 

of 1.9 ± 0.1 µm, an average encapsulation efficiency of > 55 %, capable of controlling 

release of the cargo and batch sizes approximately 10 times greater than DESE MPs. 

LIN-MPs require further characterisation in future studies and, depending on the 

application, a higher ratio of Lactic acid in the PLGA used to manufacture the LIN-

MPs may improve the control of linezolid release by increasing the hydrophobic 

content of the MP matrix.  

 

The antibiotic formulations were later modified by coating the MPs with IFN-ɣ at a 

coating efficiency of 99.9 ± 0.1 %. If the IFN-ɣ-coated MPs prove to be more 

efficacious then the individual components in future studies, then appropriate scale-

up of these formulations will also be required. A one-step process incorporating the 

manufacture of MPs, whilst simultaneously coating the particles, is currently being 

explored by our group using the electrohydrodynamic (EHA) method, electrospraying. 

Electrospraying and another EHA method known as electrospinning has been used 

previously by other groups in the manufacture of RIF-MPs (270) and ATRA-loaded 

meshes (180). Meanwhile, spherical RIF-MPs were manufactured by electrospraying 

resulting in a homogenous MP population (1.94 ± 0.46 µm) and an encapsulation 

efficiency of 93.2 ± 3.6 %, in preparation for preliminary efficacy testing. In the future, 

both spray drying and electrospraying could also be used to co-load MPs with the 

overall aim of reducing treatment burden on patients. 

 

As any inhaled formulation requires a device for administration to patients, assessing 

the aerosol properties at this stage of development is important. Although the aerosol 

properties of the spray dried ATRA-MPs were variable when measured using the 

DUSA, the emitted dose was promising (53.7 ± 21.5 %), particularly when compared 

to standard inhaled treatments on the market. As mentioned previously, DPI 

formulations require efficient de-agglomeration of the powder through the application 

of energy to allow sufficient actuation from the device, departure from the carrier (if 

applicable) and flow down the respiratory tract (271). There are more advanced DPI’s 
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being developed that rely less on the patient’s breath and more on mechanical de-

agglomeration but when considering TB, the cost of any proposed device must not be 

prohibitive. If an inhaled treatment for TB is to reach the market it is likely to use the 

patient’s passive energy for this reason. In addition, TB infected patients don’t 

necessarily have reduced lung function on presentation (communication with the 

respiratory team at St. James’s Hospital), therefore, traditional DPIs should not pose 

any issues for patients. Strategies to improve the current dry powder formulation 

could include alternative excipient e.g. sugars to aid powder flow (88), followed by 

assessing the blend content uniformity prior to aerosolisation (208). Additional 

excipients such as magnesium stearate could be employed which acts as a lubricant 

in dry powder formulations (89). Alternatively, the formulation could be stored with a 

desiccant, an approach which has proved vital to maintain aerosol performance 

elsewhere (272). The use of capsules made from alternative materials, such as 

hydroxypropylmethyl cellulose (HPMC), might also reduce the static energy of the 

powder and improve flow. Repeated aerosol studies are required using more 

advanced compendial instrumentation e.g. the next generation impactor (NGI), in 

order to determine the mass median aerodynamic diameter (MMAD) of the 

formulation from a given device. The aim of any newly developed, advanced 

formulation for inhalation should be a MMAD between 1-5 µm and an emitted dose > 

80%. 

 

6.4 Aim 3: To widen the current repertoire of antibiotics studied in the 

development of an inhaled treatment for TB, with the inclusion of linezolid, and 

to evaluate the efficacy of antibiotic-loaded MPs against Mtb infection. 

 

Following scale-up, the antibiotic-loaded MPs and related formulations were prepared 

for efficacy testing in vitro using THP-1 derived macrophages infected with Mtb strain 

H37Ra. Rifampicin and linezolid were assessed with rifampicin clearly demonstrating 

the greatest efficiency at decreasing bacterial viability. The effect of rifampicin was 

not surprising given its sterilising effects and, hence, the rating of each of the 

antibiotics treatment in terms of current TB regimens. On the other hand, when you 
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consider many of the other studies that have assessed linezolid using TB models in 

the literature and the clinical setting, linezolid would never be administered alone 

(114). The use of an inhaled formulation of LIN-MPs, however, would potentially 

provide a way of decreasing dose and minimising serious adverse effects associated 

with linezolid when indicated in cases of MDR-TB. Furthermore, the addition of IFN-ɣ 

in solution to the linezolid solution appeared to improve the efficacy of linezolid, 

although the results were not statistically significant. IFN-ɣ coated antibiotic-loaded 

MPs, however, did not differ in efficacy to uncoated-MPs with further optimisation 

required to determine the activity of the cytokine after coating. Encouragingly, 

rifampicin and linezolid treatment had a negligible effect on the viability of THP-1 cells 

in the absence and presence of infection, unless IFN-ɣ was added in solution to the 

antibiotic treatments. IFN-ɣ appeared to reverse the beneficial effects of the 

antibiotics, although, the result was no worse than the RPMI control and did not 

negatively affect the anti-bacterial properties of rifampicin or linezolid. The influence 

of IFN-ɣ was again evident in the extracellular cytokine profile with IL-1β raised in the 

supernatant of Mtb infected THP-1 derived macrophages treated with rifampicin and 

linezolid formulations. Extracellular IFN-γ was also raised across all time points but 

this is likely due to the addition of endogenous IFN-γ with rifampicin or linezolid. 

Cytokines such as IL-1β and IFN-γ are both crucial in the host response to Mtb 

infection, however, a balance must be maintained between excess inflammation and 

the risk of tissue destruction at the site of infection. Interestingly, RIF-MPs raised the 

secretion of the anti-inflammatory IL-10 which again needs to be fine-tuned to 

adequately fight infection. 

 

In relation to in vitro testing of the antibiotic formulations, further exploration of the 

advantages and disadvantages of co-delivering IFN-ɣ is required. For instance, will 

the presence of the antibiotic affect the ability of IFN-ɣ to induce major 

histocompatibility complex (MHC) class II molecules in macrophages which will, in 

turn, affect antigen processing and presentation and T-cell activation (273)? In 

addition, will this be further affected by covalently binding the IFN-ɣ to the MP? In 

vitro testing in this project would benefit further from the use of different models to test 

the scaled-up formulations. For example, primary human alveolar macrophages 
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(AMs) are more difficult to source than a cell line, however, they provide valuable 

insights into the antimicrobial mechanisms of human cells. As well as providing 

important evidence as to why cigarette smoking impairs the immune response to TB 

(23), our group have previously shown the ability of UNL-MPs, made by DESE, to be 

taken up by AMs (65). In addition, testing formulations against replicating and non-

replicating Mtb and different strains would be of benefit, particularly MDR-TB strains 

and/or clinical isolates (228). Another option would be to co-encapsulate the 

antibiotics together, or with ATRA, with the aim of reducing treatment regimens even 

further and enabling concomitant delivery of multiple therapies to the same cell. To 

date, this strategy has only been carried out using the first and second line antibiotics 

with a variety of carriers, but co-loading with HDTs, similar to the idea of MP coating, 

might prove more practical for controlling release of the ATDs (132). A range of 

alternative cargoes were also discussed throughout this project and could offer 

potential for future studies. Two of the cargoes discussed included clofazamine and 

short interfering RNA (siRNA) to silence genes that exacerbate TB infection. 

Clofazamine is a riminophenazine antibiotic and, like linezolid, is listed as a group 5 

treatment for TB with antibacterial and anti-inflammatory properties. However, similar 

to ATRA, it is lipophilic and has low bioavailability after oral administration and so the 

development of an inhaled formulation using particle engineering approaches might 

prove beneficial (274).  

 

The results of the bacterial viability studies following rifampicin and linezolid treatment 

in vitro were confirmed in an in vivo mouse model of Mtb infection using the virulent 

strain H37Rv. Rifampicin formulations were superior to linezolid formulations in this 

model, although, the addition of IFN-ɣ in solution once again improved the results of 

linezolid treatment. In addition, when rifampicin was combined with either IFN-ɣ in 

solution or ATRA in solution (Chapter 5), there was a significant decrease in bacterial 

load and improved pulmonary pathology. These results were encouraging for the 

concept of co-delivering adjunctive treatment with traditional antibiotics. 
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6.5 Aim 4: To combine the host-directed effects of ATRA and the targeting 

capabilities of PLGA MPs to administer the active form of vitamin A (ATRA) 

directly to the target site via inhalation. 

 

ATRA treatment proved effective both in vitro and in vivo with ATRA solution and 

ATRA-MPs significantly inhibiting Mtb growth in THP-1 derived macrophages infected 

with H37Ra and BALB/c mice infected with H37Rv. The results for ATRA treatments 

support all the earlier studies mentioned examining both its host and pathogen 

directed effects and justified its use in this project (19, 116, 118, 121, 176). 

Examination of the effect of ATRA treatment on THP-1 cell viability showed that there 

was an increase in the number PI positive cells at 24 hrs in the ATRA-MP treated 

group. This result was comparable to the effect of UNL-MPs at the same time point 

and was likely due to the significant uptake of MPs as seen in the morphology 

assessment. This toxicity could be avoided with further optimisation of the formulation 

by increasing the encapsulation efficiency of ATRA in spray dried MPs. 

 

Assessment of the immune response to ATRA treatment showed that ATRA-MPs 

decreased pro-inflammatory IL-6 whilst simultaneously decreasing anti-inflammatory 

IL-10 in infected cells at 192 hrs. When the THP-1 derived macrophages were treated 

with ATRA formulations and analysed by confocal microscopy there was an obvious 

change in cell morphology, not seen in the untreated or UNL-MP treated groups. This 

indicates immunostimulatory effects, however, this would need to be confirmed with 

further studies. The mRNA expression data from the lungs of the mice treated with 

ATRA solution and ATRA MPs signified further immunomodulation yet with different 

outcomes. ATRA-MPs significantly decreased iNOS expression whereas ATRA 

solution and ATRA solution plus rifampicin significantly increased TNF-α despite all 

treatments being administered via the same route (pulmonary). Measurement of 

proteins (cytokine) in bronchoalveolar lavage (BAL) fluid would show if this was in fact 

the case following translation of the genes and whether the route of administration 

impacts the immune response (67). Either way there was a reduction in pulmonary 

pathology following ATRA-MP and ATRA solution plus rifampicin in solution, 
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suggesting the benefits of both encapsulated ATRA and ATRA in solution as an 

adjunctive treatment. 

 

Regarding the host directed effects of ATRA formulations, further mechanistic studies 

of ATRA-MPs are required to match those of ATRA solution in the literature. One 

such mechanism is the effect of ATRA-MPs on autophagy in Mtb infection. Following 

phagocytosis by the macrophage, the bacteria become entrapped in the phagosome 

which eventually matures into the autolysosome. The bacteria can subsequently be 

degraded via autophagy making it central to host defence. The issue with this 

mechanism, however, is the ability of Mtb to halt the process leading to the bacteria 

surviving in the phagosome and avoiding attack by the host. A treatment that 

encourages autophagy to continue, regardless of infection, could offer substantial 

benefit to current treatment and, hence, a number of compounds are being assessed 

for autophagy inducing properties at present (275). As with most anti-tubercular 

therapies, targeting is key to avoiding non-selective effects in cells other than 

pulmonary macrophages and with autophagy inducers this is no different. Our group 

has already demonstrated the ability of UNL-MPs to induce autophagy in murine bone 

marrow derived macrophages expressing GFP-tagged LC3 (66). Work by Estrella et 

al. suggests that ATRA, in combination with vitamin D, induces autophagy in THP-1 

derived macrophages, which contributes to the cells ability to kill Mtb (19). 

Wheelwright et al. investigated the role of ATRA in promoting lysosomal acidification 

by establishing that ATRA upregulates NPC2 allowing cholesterol to move out of the 

lysosome (121). Unpublished work by us also showed that ATRA induced autophagy 

leading to co-localisation of Mtb with the lysosomes, however, it was noted that this 

effect was strain specific (255). All the evidence therefore suggests that the combined 

effect of ATRA and MPs could drive autophagy and encourage Mtb destruction and 

this probability needs to be explored further. 
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6.6 General discussion 

The use of rifampicin as a control treatment and cargo in this project enabled the 

successful development of three protocols for the manufacture of ATD-loaded MPs. 

In addition, the data generated on the effect of ATRA-MPs satisfied the hypothesis of 

this project, allowing targeted delivery of ATRA to the macrophage with uptake 

evident and a significant decrease in bacterial load in vitro. In vivo, ATRA-MPs 

delivered intratracheally reduced bacterial load and, importantly, the pulmonary 

pathology, making this a potentially patient friendly inhaled treatment. Although an 

improvement in the formulation stability and aerosol properties is required, the results 

here support the idea of combining MPs with HDTs as a method of potentially 

reducing the incidence of resistance. The next step in the evaluation of ATRA-MPs, 

apart from the in vitro experiments mentioned above, would be an extended in vivo 

study encompassing early and late stage infection with particular attention on the 

effect of ATRA-MP treatment on the secretion of cytokines in the infected lungs.   

 

The response of each of the agents used in this project - rifampicin, linezolid, ATRA 

and IFN-ɣ - in the clinic has been varied. Rifampicin has been a very successful anti-

tubercular agent since it was first licenced in 1970’s, however, to-date rifampicin has 

only been licensed for oral and intravenous administration. According to a review of 

inhaled treatments for TB published in October 2016, there have been no human 

trials of inhaled rifampicin formulations, dry powder or otherwise (53). A 

computational model was developed by Cilfone et al. to overcome discrepancies 

between pre-clinical and clinical testing, and aid the development of inhaled antibiotic 

therapy for TB using rifampicin and isoniazid as the antibiotics of choice (276). From 

the results of the study isoniazid appeared to have more promise as an inhaled 

therapy with lower dosing requirements and lower associated toxicity. It must be 

noted, however, that dosing was carried out every two weeks, compared to every 48 

hrs in the present study, and using a generalised carrier system (276). If an inhalable 

treatment is to be successfully translated, a balance will need to be achieved between 

the dosing regimen and reaching the required therapeutic levels of the cargo, taking 

into consideration carrier-release kinetics. An important point raised in this systems 
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pharmacology study is that, while MPs can increase the concentration of cargoes in 

the lungs, the carrier could prevent the therapeutic from penetrating the granuloma’s 

and reaching the infected macrophages. MPs could therefore contribute to resistance 

by delivering sub therapeutic levels of the antibiotic to the site of infection.  Whilst 

many in vivo pharmacokinetic studies using ATD-loaded MPs have been carried out 

(54, 62), and in vitro cell uptake has been extensively studied (65, 95), analysis of 

granulomatous tissues is distinctly missing from the literature. This aspect should be 

taken into consideration in future studies by selecting models that develop human-like 

granulomas where possible (C3HeB/FeJ, guinea pig, macaques), if cost and 

resources allow (277). 

 

Like rifampicin, there is no evidence in the literature of linezolid administered by 

inhalation in the clinic for TB. At present, linezolid is administered orally or by infusion 

but, as discussed, with many associated toxicities. One study administered linezolid 

by the pulmonary route to Wistar rats with promising pharmacokinetics, but we 

appear to be the first to administer by the pulmonary route in a TB setting (278). In 

the mouse model, used herein, there were no obvious issues regarding toxicity, but 

further optimisation dose response is required. For all MP treatments, more 

exhaustive pharmacokinetic and pharmacodynamics studies after pulmonary 

administration would be required for both scientific and regulatory purposes. To date, 

PLGA has not yet been licenced for administration by the inhaled route and queries 

surrounding its long term immunostimulatory effects and clearance remain, despite 

multiple in vitro and in vivo studies (218, 219, 279).  Significant clinical studies 

incorporating inhalable PLGA carriers are therefore vital to progress drug 

development in this area and compliment the vast in vitro and in vivo datasets now 

available, including the data generated from this project.  

 

Both of the HDTs in this project have been administered by inhalation in clinical 

settings, most notably IFN-ɣ in the treatment of TB, but these treatments were off-

licence. These treatments were administered in solution by nebulisation and, while 

nebulizers as more straight forward to use initially, DPI’s are better in long term for 
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developing countries (53) and so clinical studies involving DPIs would be of great 

benefit. Another advantage of using inhaled HDTs combined with antibiotics is the 

offer of personalised medicines, targeting specific elements of the host immune 

response which, if combined with appropriate diagnostics, could be the answer to the 

TB epidemic. 

  

One significant issue with TB treatment is that despite all of the data generated, 

researchers cannot be sure how the mycobacteria survive and which aspect(s) of the 

immune response are beneficial at different stages of disease. Therefore, while one 

agent might be beneficial initially, that same treatment might be detrimental in late 

stage infection. The effect of treatment also depends on the environment that the 

bacteria encounters, for example concomitant infections, smoking or genetic 

differences (111), which could reduce effectiveness lead resistance in long term 

regimens. This is already apparent in the selective efficacy of the BCG vaccine, yet it 

continues to be used in many countries as there is no alternative. Therefore, no one 

new treatment is likely to cure all, what is needed is a range of treatments with 

different mechanisms of action and methods of administration in order to provide a 

multi-faceted approach to therapy. If successful, inhaled therapies for tuberculosis 

combined with new vaccines, diagnostic tools and advanced devices, could reduce 

the tuberculosis burden in-line with the targets set out by the World Health 

Organisation (1). 
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6.7 Thesis conclusion 

¶ Scalable and reproducible processes were developed to facilitate the 

manufacture of inhalable polymeric microparticles encapsulating a range of 

cargoes for TB treatment, including spray drying and electrospraying. 

¶ ATD-loaded MPs have comparable efficacy to ATDs in solution but offer 

increased targeting and protection of the cargoes and provide an inhalable 

format for incorporation into dry powder inhalers. 

¶ ATRA-MP showed promise as both a standalone and adjunctive treatment in 

pre-clinical models of Mtb. This novel, targeted HDT system also resulted in 

immunomodulation in vitro and in vivo, but crucially improved pulmonary 

pathology in the host. 

¶ Combining HDT and antibiotics (+/- MPs) has significant potential to improve 

current TB treatments and possibly reduce resistance. 
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Chapter 2 

A.1 Rifampicin calibration curves for MPs manufactured by DESE 

A.1.1 Rifampicin in acetonitrile 

 

 

 

A.1.2 Rifampicin in phosphate buffered saline (PBS) pH 7.4 

 

 

Figure A.1.1 Rifampicin calibration curve in acetonitrile. Rifampicin was dissolved in 
acetonitrile from 150 µg/ml to 3.125 µg/ml and analysed by UV spectroscopy at 485 nm. 

Figure A.1.2 Rifampicin calibration curve in phosphate buffered saline (PBS) pH 7.4. 
Rifampicin was dissolved in acetonitrile from 150 µg/ml to 3.125 µg/ml and analysed by 
UV spectroscopy at 485 nm. 
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A.2 ATRA Calibration curves 

A.2.1 ATRA  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.2.1 ATRA calibration curve in ethanol. ATRA was dissolved in ethanol from 10 
µg/ml to 0 µg/ml and analysed by HPLC at 365 nm. 
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A.3 Sterilisation by γ-irradiation 

A.3.1 Sterilisation certificate 

 

 

 

Figure A.3.1 Certificate of irradiation following sterilization. Representative copy of a 
certificate received following sterilization of MPs by ɣ-irradiation at STERIS Applied 
Sterilization Technologies, Westport, Co Mayo. 
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Chapter 3 

A.4 Rifampicin calibration curves for MPs manufactured by spray drying 

A.4.1 Rifampicin in acetonitrile 

 

 

 

A.4.2 Rifampicin in PBS-Tween® 80   

 

 

Figure A.4.1 Rifampicin calibration curve in acetonitrile. Rifampicin was dissolved in 

acetonitrile from 150 µg/ml to 3.125 µg/ml and analysed by UV spectroscopy at 485 

nm. 

Figure A.4.2 Rifampicin calibration curve in phosphate buffered saline (PBS) pH 7.4 plus 

Tween® 80 0.025 %. Rifampicin was dissolved from 100 µg/ml to 0.78 µg/ml and analysed 

by UV spectroscopy at 485 nm. 
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A.5 ATRA calibration curves for MPs manufactured by spray drying 

A.5.1 ATRA in acetone  

 

 

 

Figure A.4.3 Rifampicin calibration curve in phosphate buffered saline (PBS) pH 5.2 
plus Tween® 80 0.025 %. Rifampicin was dissolved from 100 µg/ml to 0.78 µg/ml and 
analysed by UV spectroscopy at 485 nm. 

Figure A.5.1 ATRA calibration curve in acetone. ATRA was dissolved from 10 µg/ml to 

0.03 µg/ml and analysed by HPLC at 365nm. 
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A.6 Linezolid calibration curves for MPs manufactured by spray drying 

A.6.1 Linezolid in acetonitrile 

 

 

 

A.6.2 Linezolid in PBS-Tween® 80 

 

 

Figure A.6.1 Linezolid calibration curve in acetonitrile. Linezolid was dissolved from 

16 µg/ml to 2 µg/ml and analysed by UV spectroscopy at 259 nm. 

Figure A.6.2 Linezolid calibration curve in phosphate buffered saline (PBS) pH 7.4 plus 
Tween® 80 0.025 %. Linezolid was dissolved from 50 µg/ml to 0.39 µg/ml and analysed 
by UV spectroscopy at 259 nm. 
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Figure A.6.3 Linezolid calibration curve in phosphate buffered saline (PBS) pH 5.2 plus 
Tween® 80 0.025 %. Linezolid was dissolved from 50 µg/ml to 0.39 µg/ml and analysed 
by UV spectroscopy at 259 nm. 
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Chapter 4 

A.7 mRNA transcription data 

A.7.1 mRNA transcription following treatment with rifampicin solution (non-

significant) 

 

 

 

 

 

 

 

 

 

Figure A.7.1: In vivo mRNA transcription (non-significant) following treatment of 
BALB/C mice infected with H37Rv and treated with vehicle (NaCl+Tween®80 0.05 %) 
and rifampicin in solution (20 mg/kg). Real time PCR analysis was carried out on lung 
homogenates 21 days post-infection and expressed relative to GAPDH (Δ CT). (A) 
iNOS, (B) IFN-ɣ, (C) IL-10 and (D) IL-17(n=5).  
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A.7.2 mRNA transcription following treatment with rifampicin plus IFN-ɔ 

solution (non-significant) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.7.2: In vivo mRNA transcription (non-significant) following treatment of 
BALB/C mice infected with H37Rv and treated with vehicle (NaCl+Tween®80 0.05 %) 
and rifampicin in solution plus interferon-ɣ (20 mg/kg + 1.5 µg/kg). Real time PCR 
analysis was carried out on lung homogenates 21 days post-infection and expressed 
relative to GAPDH (Δ CT). (A) IFN-ɣ and (C) IL-12A. (n=5).  
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A.7.3 mRNA transcription following treatment with UNL-MPs (non-significant) 

 

 

Figure A.7.3: In vivo mRNA transcription (non-significant) following treatment of 
BALB/C mice infected with H37Rv and treated with vehicle (NaCl+Tween®80 0.05 %) 
and unloaded-MPs (UNL-MP) (=conc. of RIF-MPs at 20mg/kg rifampicin). Real time 
PCR analysis was carried out on lung homogenates 21 days post-infection and 
expressed relative to GAPDH (Δ CT). (A) iNOS, (B) IFN-ɣ (C) IL-1β, (D) IL-6, (E) IL-10, 
(F) IL-12A, (G) IL-12B, (H) IL-17, (I) TNF-α  (n=5).  
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A.7.4 mRNA transcription following treatment with RIF-MPs (non-significant) 

 

 

Figure A.7.4: In vivo mRNA transcription (non-significant) following treatment of 
BALB/C mice infected with H37Rv and treated with vehicle (NaCl+Tween®80 0.05 %) 
and rifampicin-loaded MPs (RIF-MP) (=20 mg/kg). Real time PCR analysis was carried 
out on lung homogenates 21 days post-infection and expressed relative to GAPDH (Δ 
CT). (A) iNOS, (B) IFN-ɣ (C) IL-1β, (D) IL-8, (E) IL-10, (F) IL-12A, (G) IL-12B, (H) IL-17, 
(I) TNF-α (n=5).  



 

275 
 

A.7.5 mRNA transcription following treatment with linezolid formulations (non-

significant) 

 

 

 

 

 

 

Figure A.7.5: In vivo mRNA transcription (non-significant) following treatment of BALB/C 
mice infected with H37Rv and treated with vehicle (NaCl+Tween®80 0.05%) and linezolid 
solution (17 mg/kg), linezolid-loaded MPs (LIN-MP) (=17 mg/kg linezolid), linezolid plus 
interferon-ɣ solution (17 mg/kg +1.5 µg/kg). Real time PCR analysis was carried out on 
lung homogenates 21 days post-infection and expressed relative to GAPDH (Δ CT). (A) 
iNOS, (B) IFN-ɣ (C) IL-10, (D) IL-12A, (E) IL-17, (n=5).  
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Chapter 5 

A.8 mRNA transcription data 

A.8.1 mRNA transcription following treatment with ATRA formulations (non-

significant) 
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Figure A.8.1 In vivo mRNA transcription analysis following treatment of Mtb (H37Rv) 
infected BALB/C mice with vehicle (NaCl+Tween®80 0.05 %), ATRA solution (2.5 
mg/kg), ATRA plus rifampicin solution (2.5 mg/kg + 12 mg/ml) and ATRA-loaded MPs 
(ATRA-MP) (=2.5 mg/kg ATRA). Real time PCR analysis was carried out on lung 
homogenates 21 days post-infection and expressed relative to GAPDH (Δ CT). (A) 
iNOS, (B) TNF-α (n=5). 


