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ABSTRACT 

Despite the availability of current anti-tuberculosis treatment regiments, high incidence 

and mortality rates of tuberculosis (TB) infections has necessitated the development of 

new treatment options for this deadly disease. There is a renewed interest in the third line 

anti-TB drug clofazimine due to its potent activity against multidrug-resistant (MDR) and 

extensively drug-resistant (XDR) TB strains. Poor oral pharmacokinetics and adverse 

effect profile of clofazimine limits the use of this agent making it a last resort drug for TB 

treatment. In this master’s project, targeted delivery of clofazimine (CLF) in the form of 

dry powder inhaler formulation with dipalmitoylphosphatidylcholine (DPPC) was 

explored to provide improved treatment option for tuberculosis.  

Four formulations of clofazimine viz., “CLF : 100” (containing 100% clofazimine), two 

clofazimine /DPPC mixtures “CLF : DPPC_80 : 20 or 50 : 50” (containing 20% and 50% 

of DPPC respectively) and “CLF : LEU_80 : 20” (containing 80% clofazimine and 20% 

leucine) were prepared by spray drying and evaluated for their aerodynamic, 

physicochemical and anti-tubercular properties. “CLF : DPPC_80 : 20” formulation 

showed the best aerodynamic performance with mass median aerodynamic diameter of 

3.2 µm and highest fine particle fraction of 47% which was attributed to spherical particle 

morphology and low aggregation tendency observed in this formulation. Minimum 

inhibitory concentration (MIC) of this formulation was comparable to that of 

unformulated clofazimine indicating, no loss of the anti-TB activity of clofazimine after 

spray drying with DPPC.  Clofazimine was present in crystalline form in all the 

formulations and was chemically compatible with DPPC. 
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Salt forms of clofazimine were also prepared with the aim to identify high solubility 

clofazimine salt as a candidate for TB therapy. Crystalline salts of clofazimine with 

sulfonic acid (methanesulfonic, benzenesulfonic and toluenesulfonic acid) and hydroxyl 

acids (citric, lactic and tartaric acid) were formed and preliminary physicochemical 

characterization was performed. All the salts showed higher solubility than clofazimine 

and Methanesulfonic acid salt of clofazimine was found to be the highest solubility salt 

among the clofazimine salts tested. MIC values obtained for the sulfonic acid salts were 

qualitatively comparable to MIC of raw clofazimine. 
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1.1 Tuberculosis 

Despite of the ongoing research and improvements in treatments and diagnostics, 

tuberculosis (TB) continues to be one of the world’s deadliest infectious diseases [1]. 

According to the 2014 Global Tuberculosis Report from the World Health Organization 

(WHO) [1], 9.0 million people contracted TB in the year 2013 and 1.5 million deaths 

were reported as a result of TB infection worldwide.  TB incidence rate and mortality rate 

all around the world explains why TB has been declared as a global emergency by WHO 

for several years and since then efforts have been initiated at scientific as well as social 

and economic levels for making the world free of TB.

 

Figure 1.1: Global burden of TB [1] 

In 2013, the highest disease burden was seen in Southeast Asia and western pacific 

regions which accounted for more than 50% of the globally reported TB cases while 
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African regions accounted for one quarter of the reported TB cases globally (Figure 1.1). 

TB’s mortality rate is also high in patients co-infected with TB and the human 

immunodeficiency virus (HIV).  These two synergetic infections form a dangerous 

combination which is a primary reason why TB continues to be a leading cause of death 

in HIV prevalent regions such as Africa. In the United States,  9,582 cases of TB were 

reported in the year 2013, which corresponds to  an incidence rate of 3.0 cases per 

100,000 people [2].  

1.2 Tuberculosis Pathogenesis 

The principle causes of TB’s high morbidity and mortality despite the current treatment 

options are due to the biochemical and microbiological properties of the causative 

organism and the pathogenesis of the disease.  The causative organism of TB is 

Mycobacterium tuberculosis (M tuberculosis). M tuberculosis is an obligate intracellular 

aerobic bacillus that grows well in oxygen rich tissues such as lungs [3]. It has a unique 

cell wall structure which is responsible for its resistance against many antibiotics and its 

ability to survive inside the host. The cell wall consists of mycolic acid and a 

peptidoglycan layers which are covalently held together by polysaccharide 

arabinogalactan. The lack of an outer membrane and the presence of a thick 

peptidoglycan layer in the cell wall are the properties of M tuberculosis similar to gram-

positive organisms.  However, the cell wall prevents the bacterium from retaining the 

gram stain and is considered neither gram-positive nor gram-negative.  Instead, M 

tuberculosis is considered an acid fast micro-organism due to its ability to retain the 

carbon fuschin dye in presence of acidified alcohol [4]. The mycobacterial cell wall 

serves as a lipid rich barrier for permeation of antibiotics. M tuberculosis is capable of 
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producing an active infection and also remaining in the host in latent or dormant state for 

several years making the complete eradication of this microorganism extremely 

challenging [3]. 

M tuberculosis bacilli, when inhaled by humans, can potentially reach the lower 

respiratory region and eventually be phagocytized by alveolar macrophages.  However, 

the bacteria continue to replicate inside the macrophage by inhibiting the fusion of 

phagosome (containing the bacteria) with lysosomes [5]. Infected macrophages then 

attract the other cells of the immune system, such as T lymphocytes and additional 

macrophages in attempts to further eradicate the infection. However, these additional 

cells surround the infected macrophage and this results in the formation of characteristic 

lesion of tuberculosis which is called a ‘granuloma’ [6]. 

Granuloma are characterized by conditions which attempt to limit the growth of the 

mycobacteria and at the same time destroy the infected macrophage (e.g. low oxygen 

level, low pH, and low nutrients), resulting in necrosis or death of the infected 

macrophage. Despite these adverse conditions, M tuberculosis survives in part due to the 

cell wall structure which serves as a protective barrier for the bacteria. The granuloma 

becomes a necrotic region of dead cellular remnants that contain the mycobacteria. In 

people with sufficiently healthy immune systems, pulmonary granulomas undergo 

fibrosis and calcification to a lesion which prevents bacterial growth and infiltration to 

uninfected tissues and maintains the bacteria in a dormant state [7]. Although dormant, M 

tuberculosis bacilli inside the granuloma are capable of producing infection if the fibrotic 

granuloma is disrupted.  In immunocompromised patients such as patients with HIV 

infection or patients on corticosteroids in which the immune function is suppressed, 
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fibrotic granulomas fail to restrict the infection at the lesion sites. In such individuals, the 

granuloma undergoes liquefaction and the fibrotic barrier fails, and the entrained 

mycobacteria become free to spread to the other areas of the lungs, thus spreading the 

infection. This state is called the active infection of TB (active TB). Active TB is 

characterized by symptoms such as persistent cough with thick and sometimes bloody 

mucus, fatigue, fever, chills, weight loss, chest pain, etc. If the treatment is not initiated 

the infection can also spread to the other organ systems in the body through lymphatic 

system and to other individuals through expectoration of droplets containing the 

mycobacteria during coughing, sneezing [8]. 

 

Figure 1.2: TB pathogenesis 

In people with healthy immune systems, M tuberculosis may remain in a dormant state, 

referred to as latent tuberculosis, without producing active TB symptoms. These latent 
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bacteria are capable of producing active TB infection in the future if conditions change to 

allow bacterial growth, such as the weakening of a person’s immune system. Lungs are 

the primary site of TB infection, but M tuberculosis can also produce infection in organ 

systems in the body such as brain, kidneys, spine, skin, spleen, etc. This form of TB is 

called as extrapulmonary TB  [9]. Extrapulmoary TB is less common as well as less 

severe form of TB while pulmonary TB, which causes necrosis of the lung tissue, is the 

most life threatening form of TB with highest mortality [10]. 

1.3. TB Treatment and Associated Challenges 

Current clinical guidelines for treatment of TB require combination drug therapy with a 

variety of agents (Table 1.1).   

Table 1.1: Classification of anti-TB agents 

First line agents: 

• Isoniazid, rifampin, pyarazinamide, ethambutol 

Second line agents: 

• Para-aminosalicylic acid, cycloserine, ethionamide 

• Fluoroquinolones- ciprofloxacin, levofloxacin, moxifloxacin, ofloxacin, 

gatifloxacin 

• Injectable aminoglycosides: streptomycin, kanamycin, amikacin, capreomycin 

Third line agents: 

• Clofazimine, linezolid, amoxicillin-clavulanate, clarithromycin, carbapenems 

 

For example, the current recommended short course treatment regimen for drug sensitive 

TB consists of a six month therapy consisting of four first line agents; isoniazid + 
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rifampin + pyrazinamide + ethambutol for the first two months (intensive phase) and 

isoniazid + rifampin for the following four months (continuation phase) [11]. This long-

term use of antibiotics is one of the challenges associated with TB treatment [12]. The 

treatment for drug sensitive TB itself is at least six to nine months in length. Typically, 

four first line drugs are used during the initial two months intensive phase of treatment in 

order to kill replicating mycobacteria. Treatment then continues for an additional four 

months with two of the most powerful first line drugs (isoniazid and rifampin) to target 

dormant M tuberculosis bacteria, referred to as ‘persisters.’ The long duration of 

conventional therapy is thus designed to eradicate these persisters in order to prevent the 

relapse of TB and reduce the emergence of drug-resistant strains.  The long duration and 

complex nature of TB therapy often results in low patient compliance [13].  Another 

important challenge is the successful treatment of drug-resistant TB. Several factors are 

responsible for emergence of drug-resistant M tuberculosis strains. Principally, sub-

therapeutic drug concentrations promote the emergence of resistance bacterial strains. 

This can be due to patient non-adherence to the treatment regimen.  Non-adherence can 

be due to the complex and extended treatment regimen as previously described. This can 

also be due to the costly nature of treatment. In many developing and poor countries, the 

availability of therapeutic regimens are variable and might change during the course of 

treatment due to shortage or unavailability of particular anti-TB agent [14].  

Sub-therapeutic drug concentrations in lungs can also occur due to the low drug 

bioavailability and poor drug penetration into lung tissues of systemically administered 

anti-TB drugs. Anti-TB drugs are generally given systemically and must first be absorbed 

into the systemic circulation and eventually distribute to the lungs to exert their 



8 
 

pharmacologic action. Some anti-TB drugs (eg. rifampin)  are poorly water soluble and 

are poorly absorbed across the gastric mucosa which results in lower systemic 

concentration [15]. In addition, co-morbid conditions (e.g. diabetes, HIV infection etc.) 

can contribute to the low oral bioavailability by interfering with their absorption and 

resulting in sub-therapeutic drug concentration in the lung [16], [17]. The overall 

outcome of this is therapeutic failure or emergence of drug-resistant strains.  Drug-

resistant TB is classified into two categories: 1) multidrug-resistant TB (MDR TB) 

caused by strains which are resistant to at least isoniazid and rifampin, or 2) extensively 

drug-resistant TB (XDR TB) caused by strains that are resistant to isoniazid, rifampin, at 

least one fluoroquinolone and at least one injectable second line agent. 

Treatment of drug-resistant TB is very difficult [18]. Duration of treatment for MDR and 

XDR can be even longer than typical drug-susceptible TB treatment (e.g. 18 to 24 

months) and requires other treatment options due to bacterial resistance to many of the 

available drugs. For example, treatment of drug-resistant TB requires the use of second 

line agents with or without the first line agents and sometimes with third-line agents.  

However, third line agents are the drugs with anti-TB potential but are not regularly used 

due to severe adverse effects or poor pharmacokinetic properties [11]. Due to these 

aspects of drug-resistant TB therapy, there is higher risk of therapeutic failure in patients 

infected with drug-resistant M tuberculosis. Effective management of drug-resistant TB 

is a great concern for researchers and medical practitioners [19]. 

Next, the adverse effect profiles of anti-TB drugs pose serious challenge to the current 

anti-TB treatment approaches [20]. An issue with systemically administered drugs is that 

all the organ systems, in addition to the lungs, are exposed to the drug and often results in 
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the adverse effects related to many of the anti-TB drugs. Three of the four commonly 

used first line agents (isoniazid, rifampin and pyrazinamide) cause serious hepatotoxicity. 

Isoniazid is also known to cause peripheral neuropathy and other central nervous system 

side effects. In addition to hepatotoxicity, rifampin is known to cause thrombocytopenia, 

fever, etc. Ethambutol is known to cause visual disturbances. Second line agents such as 

aminoglycosides can cause auditory impairment and renal toxicity. Cycloserine, which is 

a second line agent, is known to cause psychosis [7]. Long term use of these agents, 

which is a requirement of TB therapy, leads to poor quality of life in TB patients. 

Another challenge is the treatment of TB in HIV positive individuals. HIV positive 

patients are highly susceptible to M tuberculosis infection because of their suppressed 

immune function which can prevent the formation of a granuloma or allow dormant 

infections to become active. For HIV and TB co-infection, treatment regimen usually 

involves four anti-TB drugs along with the usual regimen of anti-retroviral drugs, all of 

which are routinely given orally. As a result, these systemically present drugs give rise to 

the problem of serious drug-drug interactions [21]. For example, rifampin is a potent 

cytochrome p450 (CYP) enzyme inducer while common antiretroviral drugs are 

metabolized by the CYP3A4 enzyme.  Co-administration of rifampin with these antiviral 

drugs reduces their serum level and increases the risk of antiretroviral treatment failure. 

In addition, some of the anti-TB drugs and anti-retroviral drugs have similar toxicity 

profiles and their co-administration amplifies the toxicities of individual agents. For 

example, peripheral neuropathy and hepatotoxicity of isoniazid is enhanced when used in 

combination with anti-retroviral agents such as nucleoside reverse transcriptase inhibitors 

and protease inhibitors [22]. 
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There is a substantial need to develop improved TB treatment that will provide properties 

such as high therapeutic drug concentrations in the lungs for extended period of time, 

reduced chances of emergence of drug-resistant strains, lower systemic exposure with 

decreased propensity to cause side effects and drug-drug interactions, reduced treatment 

duration with consequent increase in patient compliance. Without exploring novel 

antibiotic synthesis and development [23], these improvements can ideally be achieved 

through the inhalation of existing anti-TB drugs to the site of the TB infection. Targeted 

pulmonary delivery also has a great potential to overcome the inherent problems of 

current TB treatments by localizing the drug in the lungs thus providing high therapeutic 

lung concentrations,  reducing the adverse effects  and drug-drug interactions owing to 

reduced systemic exposure, thus improving the TB treatment.  

1.4 Clofazimine 

Clofazimine, a riminophenazine, was first synthesized in 1954 and is currently used as a 

third line agent for the treatment of TB. Clofazimine has good in vitro activity with lower 

MIC against M tuberculosis, however in vivo use in animal TB models and in humans 

showed reduced activity, likely due to the extremely poor pharmacokinetic properties of 

the drug. Later, clofazimine was found to show potent activity against Mycobacterium 

leprae, the causative pathogen responsible for leprosy, and is currently a standard 

treatment for leprosy. As a result of other contemporarily developed antibiotics with 

better in vivo efficacy against TB (e.g. isoniazid and para amino salicylic acid) the further 

clinical use of clofazimine as an anti-TB drug has not been further explored until recently 

[24]. Clinical application of clofazimine has been renewed due to its activity against 

MDR and XDR strains of M tuberculosis.  It is currently considered a third line anti-TB 
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agent and is recommended for use in MDR and XDR TB. The adverse effect profile and 

poor pharmacokinetic properties pose substantial challenges for clofazimine despite its 

activity.  

1.4.1 Clofazimine Mechanism of Action 

Clofazimine is bactericidal in its action. Although the mechanism of action of 

clofazimine is not well defined, it is thought that clofazimine causes nonspecific 

oxidative damage and/or acts on the mycobacterial cell membrane.  Yano et.al. concluded 

that clofazimine affects cellular recycling of NADH and generates reactive oxygen 

species (ROS) such as superoxide and peroxide. These ROS produced can damage 

bacterial DNA as well as some functional proteins. This can disrupt the bacterial 

metabolic pathways with the resulting bacterial cell death [25].  Destabilization of 

mycobacterial cell membrane could also occur through membrane partitioning and 

catalyzation of membrane phospholipids. This results in the formation of fatty acid and 

lysophospholipids which then cause loss of membrane integrity and ion regulation (e.g. 

the inhibition of K+ uptake). This ion dysregulation then results in mycobacterial cell 

death [26]. 

1.4.2 Activity of Clofazimine against M tuberculosis 

Despite uncertain mechanisms of activity, clofazimine has demonstrated in vitro activity 

against various M tuberculosis strains [27]. The minimum inhibitory concentration (MIC) 

of clofazimine against wild type M. tuberculosis strain (H37Rv) and 14 other drug 

resistant strains has been reported.  The MIC value of clofazimine against wild type strain 

H37Rv was found to be 0.12 – 1.0 µg/ml while rifampin resistant strains had sensitive 
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MIC values that ranged from 0.25 – 0.5 µg/ml [24], [27] . Isoniazid resistant strains were 

also found to be susceptible to clofazimine with the MIC of 0.12 µg/ml. Clofazimine was 

also found to be very effective against multidrug resistant (MDR) strains with MIC 

values of 0.12 - 2.0 µg/ml. The intracellular activity of clofazimine was also reported to 

be comparable to isoniazid using a mouse macrophage cell line (J774A1) infected with M 

tuberculosis H37Rv and treated with clofazimine. The low MIC values and proven 

intracellular activity enhance the clinical efficacy of clofazimine against both sensitive 

and MDR/XDR TB infections. The in vivo and in vitro activity of aerosolized 

clofazimine against M tuberculosis persisters in a mouse TB model was also reported 

with clofazimine showing better activity than isoniazid against mycobacterial persisters 

[28]. Specifically, clofazimine showed bactericidal activity at the dose of 20 mg/kg and 

was able to produce complete eradication of mycobacteria in the lungs of the mouse 

model within 90 days.  

Another in vivo study evaluated the role of clofazimine in a MDR TB mouse model 

combined therapy by comparing second line drug regimens consisting of moxifloxacin, 

ethambutol, pyrazinamide, and amikacin with or without clofazimine.  The progress of 

the treatment was monitored using sputum culture test. Sputum culture test involves 

culturing the sputum sample of the patients and testing it for the presence of M 

tuberculosis bacteria. During the course of treatment, ideally, mycobacterial population 

in the sputum decreases and complete absence of mycobacteria in the sputum culture 

indicates successful TB treatment [29].  This is referred to as sputum conversion. Time 

required for the sputum conversion is considered as a measure of efficacy of TB 

treatment regimen, with faster sputum conversion indicating increased efficacy. 
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Incorporation of clofazimine significantly increased the efficacy of the regimen and 

clofazimine treated animals showed sputum conversion within 5 months while 

clofazimine untreated animals were culture positive until 9 months in the study [30]. A 

clinical observational study assessed the efficacy of different anti-TB drug regimens in 

patients with MDR TB. Six different drug regimens were used that divided various drugs 

into an intensive phase and a continuation phase. Clofazimine was included in the 

intensive phase for all six regimens but only one of the continuation phase regimens. The 

drug regimen which contained clofazimine in both the intensive phase and the 

continuation phase was found to be most effective and confirmed the role of clofazimine 

as a very important companion drug in anti-TB drug regimens [31].  

Evidence of clinical efficacy of clofazimine is further strengthened by a multi-center 

randomized controlled clinical study [32]. The study involved 105 patients and continued 

for 21 months. Patients were randomly assigned to a control group (52 patients) that 

received drug therapy based on TB susceptibility testing and a clofazimine therapy group 

(53 patients) that received the same control treatments plus clofazimine. Patients were 

monitored for the adverse effects and periodically assessed for sputum culture. The 

sputum culture conversion was significantly faster and higher in proportion in the 

clofazimine treated group than the control group. The treatment success rate, in the 

clofazimine group (73.6%) was significantly higher compared to the control group 

(53.8%).   

1.4.3 Clofazimine Physicochemical Properties 

Chemically, clofazimine is a phenazine derivative that is a bright red, hydrophobic dye.  

It has a molecular weight of 473.39 g/mol and has a melting point of 219ᵒC [33]. It is a 
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weak base with the pKa value of 8.51. Clofazimine has high membrane permeability and 

extremely low aqueous solubility.  

 

 

 

Figure 1.3: Structure of clofazimine 

The octanol/water partition coefficient of clofazimine is extremely high (log P value is 

7.132) [33].  It is a non-polar compound with extreme hydrophobicity attributed to the 

hydrophobic phenazine core surrounded by further hydrophobic substituent groups such 

as a p-chlorophenyl group, a p-chloroanilino group and an isopropylimino group. Being 

hydrophobic in nature, Clofazimine’s hydrophobic nature makes it freely soluble in non-

polar solvents such as chloroform and benzene, and sparingly soluble in alcohols (such as 

ethanol, methanol), acetone and ethyl acetate. It is practically insoluble in water but is 

soluble in a dilute acetic acid solution. The aqueous solubility of clofazimine was 

reported as 1.03-0.49 µg/ml in the literature [34], [33]. 

1.4.4 Pharmacokinetic Properties: 
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The substantial hydrophobicity and water insolubility are two contributing factors to 

clofazimine’s poor pharmacokinetic profile and adverse effect profile. The clinical failure 

of most early clofazimine studies can be attributed to its pharmacokinetic properties. 

Clofazimine is orally administered as a soft gelatin capsule filled with oily suspension of 

clofazimine for both anti-leprosy and anti-TB therapy. Due to clofazimine’s low aqueous 

solubility, only 20% of clofazimine is absorbed after oral administration of capsules 

containing crystalline drug [35]. However, the oily suspension increases the absorbed 

dose to approximately 70%. The absorption of clofazimine shows substantial intra-patient 

variability and is affected by many other factors. For example, clofazimine’s 

bioavailability was affected by co-administration with fat rich meal, orange juice, and an 

antacid due to variability in its absorption [36].  Being lipophilic, clofazimine distributes 

into and accumulated as needle shaped crystals in lipid rich tissues (e.g. adipose tissues, 

liver, skin, intestine, spleen, and macrophages). One study reported that after initial 

accumulation in the fatty tissues, clofazimine redistributes into the liver and spleen and 

significant amount of clofazimine accumulates in macrophages of the lymphatic system 

[37]. This reported macrophage accumulation is one justification for clinical clofazimine 

efficacy in the treatment of pulmonary TB.  

Due to substantial tissue distribution, clofazimine is often modeled using two 

compartmental pharmacokinetics [35], [38].  Substantial distribution into these peripheral 

compartment organ systems causes clofazimine to slowly leach out of this reservoir or 

depot compartment and contributes to the excessively long elimination half-life. A single 

dose of clofazimine is found to have an elimination half-life of 8-10 days. However, 

continuous dosing causes the prolongation of the apparent elimination half-life to 70 days 
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due to substantial steady state drug distribution. Most of the administered dose is 

eliminated unchanged through feces while very little of the administered drug excreted 

though urine. 

1.4.5 Adverse Effects of Clofazimine 

Deposition of clofazimine crystals in different organs and tissues is the most undesirable 

effect associated with long term clofazimine therapy. Reddish brown hyperpigmentation 

of the skin is the most frequently encountered side effect of clofazimine therapy [39]. It 

also causes skin ichthyosis characterized by dry, thickened, scaly skin. Skin pigmentation 

may take several months to several years to fade even after discontinuation of therapy. 

Body fluids such as sweat, urine, sputum also show reddish brown discoloration. Several 

cases of enteropathy (pathologic condition involving intestine) are also reported for 

patients on high clofazimine doses for long periods [40]. Enetroscopic and colonoscopic 

examination shows red brown clofazimine crystals deposited in the gastrointestinal 

mucosa, submucosa as well as mesenteric lymph nodes in patients which results in 

inflammation. This inflammation is exacerbated in the form of abdominal pain, diarrhea, 

and intestinal malabsorption leading to weight loss. In some cases, clofazimine 

crystallization in tissues may lead to complications such as carcinoma of the bowel. 

Clofazimine also causes conjunctival pigmentation. Seventy six patients of leprosy 

receiving clofazimine for 6 and 24 months were studied to determine the effect of 

clofazimine on the eye [41]. Patients were subjected to complete ocular examination 

including slit lamp microscopy and examination of tears. Reddish brown pigmentation of 

conjunctiva and cornea and conjunctiva were observed in 46% and 53% of the patients 

respectively.  Thirty two percent of the patients showed the presence of clofazimine 
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crystals in the tears.  These adverse effects are exacerbated by the long duration of 

therapy necessary for TB to ensure successful eradication of the disease.  

1.5 Targeted Pulmonary Delivery 

As discussed in the previous sections, clofazimine has excellent potential anti-TB activity 

that is limited by the poor pharmacokinetic properties and adverse effect profile. To more 

fully utilize the anti-TB potential of clofazimine, targeted clofazimine delivery using the 

inhalational route of administration of a dry powder inhaler formulation could provide 

improvements to current TB treatments. It can give high therapeutic lung concentrations 

due to localizing the drug in the lungs, reduce the systemic exposure with subsequent 

decrease in the adverse effects and drug-drug interactions. Targeted pulmonary delivery 

involves direct delivery of a drug to the lungs by inhalation of liquid droplets or solid 

particles suspended in an airstream. It is primarily used to deliver drugs to the lungs for 

the treatment and management of lung related diseases (e.g. asthma). Inhaled antibiotic 

therapies have been widely explored in the treatment of cystic fibrosis (CF) associated 

lung infections [42]. For example, tobramycin inhalation solution (TOBI® by Novartis 

Pharma™) containing 300mg/5mL of tobramycin was approved by FDA in 1997 for the 

treatment of Pseudomonas aeruginosa infections in cystic fibrosis. This was considered a 

major development in the field of pulmonary drug delivery because it was the first 

approved inhaled anti-infective agent. This approval was then followed by aztreonam 

inhalation solution (Cayston® by Gilead Sciences Inc.™) for the same indication in 

2010. In year 2013, the FDA also approved a dry powder inhalation (DPI) formulation 

form of tobramycin (TOBI PODHALER® by Novartis™) for the treatment of 

pseudomonas aeruginosa infections in CF patients. TOBI PODHALER® formulation 
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was potentially improved compared to TOBI® inhalation solution by allowing a lower 

inhaled dose (112mg) and reduced time of administration [43], [44].  These 

improvements were due to the particle engineering capabilities and improved efficacy of 

DPI formulations compared to nebulized solutions for targeting drug delivery directly to 

the lungs for treatment of lung based infections.  

Irrespective of these developments of inhaled antibiotics to treat CF infections, no 

inhaled formulation is yet approved for the treatment of TB despite the potential 

demonstrated by these inhaled antibiotic formulations for CF.   

Targeted pulmonary delivery can offer several advantages for the treatment of TB. One 

potential advantage for inhaled antibiotic delivery is that the majority of the administered 

drug stays in the lung tissue at the primary site of TB infection.  Additionally, alveolar 

macrophages that phagocytize inhaled mycobacteria can be more effectively targeted if 

the drug is given by inhalation route. This allows for higher local drug concentration by 

inhalation therapy compared to systemically administered anti-TB drugs and in turn 

reduce the total drug dose needed to produce the same effect. Reduction in dose and 

potentially the reduction in dosing frequency can help simplify the anti-TB drug regimen 

compared to current clinical practice and can help improve patient compliance [45], [46]. 

Inhaled therapy can also potentially prevent mycobacteria from becoming resistant as the 

local drug concentration will be sufficiently higher than the therapeutic concentrations 

needed to kill the bacteria. Another advantage of inhaled therapy is that the amount of 

drug entering the systemic circulation is very negligible as compared to the oral and 

intravenous therapy. Thus oral and intravenous therapy related adverse effects in other 



19 
 

organ systems such as liver, kidneys, etc. can be avoided by using targeted drug delivery 

for the treatment of pulmonary TB [45], [46]. 

Targeted pulmonary delivery however needs special formulation considerations which 

are attributed to peculiar anatomical aspects of lungs.  The human respiratory system can 

be divided into the upper respiratory tract consisting of the nasal cavity, larynx, and 

pharynx as well as the lower respiratory tract which consists of the trachea and lungs. The 

primary function of the respiratory system is to promote and facilitate gas movement and 

gas exchange. The lungs are a pair of organs in the thoracic cavity and contain extensive 

branching network of the airways that start with the trachea which divides into right and 

left bronchi.  These two main bronchi result from airway bifurcations which continue to 

branch further inside the lungs. For example, airway bifurcations cause the formation of 

lobar bronchi, segmental bronchi, terminal bronchioles, and eventually to respiratory 

bronchioles, the terminal airways in the lungs. Respiratory bronchioles terminate into 

alveolar ducts which have numerous alveolar sacs. In this way airways inside the lungs 

form a peculiar tree like branching network which is commonly referred as bronchial 

tree. At each airway branching, the diameter of the airways decreases with a typical 

trachea having an 18mm diameter and alveoli having a 0.4mm diameter [47], [48]. 

The conducting airways, including the trachea, bronchi, and terminal bronchioles, are 

lined by ciliated columnar epithelial cells and covered by mucus. These anatomical 

features allow an important protective mechanism called mucocilliary clearance. 

Specifically, the synchronized and unidirectional beating action of the mucous covered 

cilia is capable of transporting entrapped particles upward to the pharynx.  In the 

pharynx, mucous is then swallowed and removed from the lungs.  



20 
 

Respiratory bronchioles, alveolar ducts and alveolar sacs form the respiratory airways. 

Three types of cells are present in this alveolar region: Type I alveolar epithelial cells are 

squamous epithelial cells that are involved in oxygen and carbon dioxide gaseous 

exchange; Type II alveolar epithelial cells secrete lung surfactant that prevents the alveoli 

from collapsing during respiration; and third are alveolar macrophages which are the cells 

of the immune system involved in the phagocytosis of foreign particles that may deposit 

in the alveolar region. Lung infections often result in the disruption of normal lung 

function [49], [47], [50].  

Despite the potential benefits of targeted drug delivery to the lungs to treat TB, drug 

delivery to the lungs is challenging due to the highly branched and progressively 

narrowing structure of airways. To be effective against TB, the inhaled drug particles 

must travel the entire branched airway structure and reach the alveolar region. The ability 

of the inhaled particle to travel down the bronchial tree and reach the broncho-alveolar 

region is governed by factors such as particle size, shape, morphology, and density. 

These factors are combined in an aerodynamic particle diameter for in vitro evaluation of 

pulmonary formulations. The aerodynamic diameter of a particle is defined as a diameter 

of a sphere with unit density and equivalent volume which has the same settling velocity 

as that of the particle. Aerodynamic diameter is given by the following equation: 

 

Equation 1.1: Aerodynamic particle diameter 

where dae : Aerodynamic diameter ; dgeo  : geometric diameter ; ρp : particle density ; ρ0 : 

unit density ; X : dynamic shape factor [51].  The dynamic shape factor mentioned in the 
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equation is defined as the ratio of drag force experienced by the non-spherical particle to 

that experienced by the volume equivalent sphere moving with the same velocity [52]. In 

addition to these factors delineated in the equation, the aerodynamic behavior of the 

particle can also be affected by the flow of air across the particle surface morphology. 

After inhalation, particles deposit in the lungs by impaction, sedimentation or diffusion 

[50]. Inertial impaction is the predominant mechanism of deposition in the lungs for most 

inhaled particles and primarily occurs in oropharyngeal region.  Although impaction can 

occur in all areas of the lung, it is prevalent in the upper respiratory tract and 

tracheobronchial region which have higher air velocity and turbulent airflow due to the 

bifurcated airways. Although gravitational settling and diffusion can occur in all regions 

of the lung, the bronchioalveolar region tends to have predominant settling and diffusion 

of particles due to lower airflow velocities and laminar airflow. Aerodynamic diameter 

plays a major role in the fate of the drug particle deposition after inhalation. 

Aerodynamic diameters in the range of 1 – 5 µm is desirable for maximizing the particle 

deposition in the alveolar region [47]. Particles having dae greater than 5 µm have larger 

inertia associated with them owing to higher mass and are less likely to change their 

direction of movement while traveling down the tortuous airway structure and tend to 

impact in the upper airway region.   

The aerodynamic performance of the inhaled formulations is evaluated by using in vitro 

cascade impactor instruments which filters particles based on the aerodynamic particle 

size distribution of the inhaled formulation. Inhaled formulations are then described by 

three important aerodynamic parameters: the % fine particle fraction (%FPF), the mass 

median aerodynamic diameter (MMAD), and the geometric standard deviation (GSD).  
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The FPF is the percentage of the dose deposited in the impactor which has the 

aerodynamic particle size below 5 µm. It is a fraction of the dose which is expected to 

reach the deep lungs. The higher the % FPF, the more the amount of dose that will reach 

the deep lungs.  The MMAD is defined as the aerodynamic particle size below which 50 

% of the particle population lies.  The GSD gives idea about polydispersity of 

aerodynamic particle size distribution. GSD value lower than 1.2 is considered optimum 

for the inhaled formulations while values >3 are considered polydisperse. 

The aim of formulation scientists is to develop formulations which will have optimum 

values of these aerodynamic parameters.  Selection of appropriate inhalation device is 

very important in development of successful inhaled therapy for the drug candidate. 

Inhalation devices deliver the drug formulation to the lungs in respirable particle form 

and also ensure that an optimum drug dose is delivered to the appropriate lung regions. 

Inhalation devices can be broadly classified into three principle categories of nebulizers, 

metered dose inhalers (MDIs) and dry powder inhalers (DPIs). While each of these 

devices have their advantages and disadvantages, aerosolized clofazimine for the 

treatment of TB will be approached using a DPI device.  DPIs were developed as an 

alternative to MDIs to overcome the limitation of need of hand, mouth, and breathing co-

ordination associated with the use of MDIs [51]. Additionally, DPI devices contain drug 

present in dry form rather than in solution or suspension form, which offers greater 

chemical stability to the drug formulation. DPIs deliver inhaled powder formulations 

having respirable particles size distribution by aerosolizing them to the lungs. DPIs are 

available as single dose as well as multi-dose devices. 

1.6 Dry Powder Inhaler Formulations [51] 
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Successful powder engineering and formulation development are necessary for DPI 

devices. The powder dose must be able to be dispersed in an airstream which then enters 

patient’s airways. The driving force for the dispersion is the inspiratory airflow of the 

patient for passive inhalers. Development of formulation for DPI involves designing of 

suitable sized particles with de-aggregating properties to ensure efficient dispersion into 

the aerosol and with aerodynamic behavior suitable to reach the alveolar region.    

DPI formulations usually consist of the active pharmaceutical ingredient (API – 

clofazimine in this case) and excipients. In the inhaled formulation, particles are often in 

the micron size range and have very large surface area and surface energy associated with 

them. In addition, even the inter-particulate forces such as Van der waals forces and 

electrostatic forces become very active at such a small size of the particles [51]. This 

makes the drug powder cohesive with the particles sticking to each other and such 

powder also has a tendency to adhere to the device. These factors hinder the de-

aggregation of the static powder bed and thus prevent sufficient dispersion of the powder 

in the airstream.  Poor powder aerosolization often results in large dose fractions 

remaining in the DPI device and substantial deposition in the oropharynx region while 

very small fraction of the administered dose is able to reach the alveolar region [53]. 

Often, incorporation of excipients becomes necessary to improve powder flow properties 

and improve powder dispersibility for DPI formulations. 

Excipients used in DPI formulations include carriers and/or additives which improve the 

flow properties and aerodynamic behavior of the formulation or alter the pharmaceutical 

properties such as dissolution profile of the API [54].  Excipient incorporation is 

individualized based on the properties of the drug and system.  
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Lipids are a class of excipients that are commonly used in DPI formulations [54]. They 

are utilized by entrapping drug within liposomes at high lipid concentrations or can be 

incorporated in the formation of drug-lipid dispersions at lower lipid concentrations. 

Lipids, including phospholipids, are not only known to improve the flow properties of 

resulting powders but have an impact on the dissolution profile of the formulation [55]. 

The most commonly used lipids in DPI formulations include cholesterol and 

phospholipids (including dipalmitoylphosphatidylcholine (DPPC), distearyl 

phosphatidylcholine (DSPC), dioleoyl phosphatidylcholine, etc.).   

Amino acids such as leucine, isoleucine and glycine have been reported to enhance the 

aerodynamic performance in many DPI formulations [54]. Excipients such as 

cyclodextrins and polymers are being investigated in different studies to alter the 

dissolution profile of the DPI formulation [56]. Some DPI formulations also report 

incorporation of surfactants in the formulation. The use of surfactants such as poloxamer 

is reported in the formulation of large porous particles of APIs where it aids in the 

preparation of emulsion of API which is then spray dried [57].  

The choice of excipients for DPI formulations is limited because the lungs are a delicate 

and sensitive organ prone to irritation and inflammation. Though there are numerous 

excipients being explored for pulmonary drug delivery at research level, very few of 

those are actually approved by FDA for clinical use for inhalational delivery [58]. 

1.6.1 Dipalmitoylphosphatidylcholine (DPPC) 

DPPC is an amphiphilic phospholipid consisting of two palmitoyl chains connected to 

glycerol backbone which forms the hydrophobic tail group and phosphatidylcholine 

moiety which forms the polar head group. It is an endogenous compound in the lungs and 
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a major component of surfactant in the lung.  Specifically, phosphatidylcholines (PC) in 

general constitute approximately 80% of the lung surfactant while DPPC is the most 

abundantly available  of all PCs accounting for almost 70 % of the PCs present in lung 

surfactants [59].  

 

 

Figure 1.4: Structure of DPPC 

As a component in the surfactant, DPPC is present at the air liquid interface in the alveoli 

as a monolayers films, or possibly as multilayers. This surfactant film principally reduces 

the surface tension at the alveolar air-liquid interface and prevents alveoli from collapsing 

during expiration. This surfactant film also protects the lungs against lung edema by 

maintaining the fluid balance in the lungs [60].  

DPPC is reported in the literature in dry powder formulations with several advantages 

associated with its use [60]. First, DPPC is endogenous to the lungs and is inert in nature 

and does not produce toxicity to the lung tissue. DPPC is recycled by type II alveolar 

epithelial cells and partly cleared by alveolar macrophages [60]. Thus it is biocompatible 

and biodegradable. For the same reason, it is one of the very few lipid excipients which 

are approved for use in inhaled formulations by FDA. In fact it also has its own 

therapeutic value as an important component of artificial surfactant therapy used for the 

treatment of respiratory distress syndrome of infants. Surfaxin® is an example of such 
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artificial surfactant formulation which contains as much as 22.5 mg of DPPC in 1mL of 

the formulation [61]. 

Phospholipids have been previously reported to aid in the solubilization and improve the 

dissolution rate of low aqueous solubility drug in oral solid dosage form [62]. Thus, the 

use of DPPC as a component of formulation can also help in the solubilization of 

clofazimine due to its lipophilic and surface active nature. This can improve distribution 

of clofazimine in the lung tissue thus offering better control over the disease. 

DPPC has proven to enhance the aerodynamic performance of the DPI powders when 

used in formulations. Bosquillon et al. studied the effect of different formulation 

excipients on the aerosolization performance of fluorescent marker coumarin [63]. The 

formulation containing DPPC showed better aerosolization performance as DPPC was 

able to produce powders with lower cohesiveness due to its surface activity. Another 

study looked at DPI delivery of moxifloxacin and ofloxacin using DPPC as an excipient 

[64]. DPPC was incorporated in the formulation by co-spray drying with the individual 

antibiotics. Incorporation of DPPC produced fine powders which showed better emptying 

from the capsule and produced higher respirable fractions.  

Lung infections for which inhaled therapy is intended can be accompanied with 

significant loss of surfactant function and this should be taken into consideration while 

choosing an excipient for the inhaled formulation. For example, impairment of surfactant 

function in TB was evaluated by Chimote et al. where they studied the effect of mycolic 

acid which is a principle component of    M tuberculosis cell wall on DPPC monolayers 

[65]. This study showed that mycolic acid gets incorporated into the DPPC monolayers 

thus preventing the closed packing of these layers. The overall result is instability and 
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poor surface activity of the DPPC surfactant film. This study suggests that using DPPC in 

inhaled clofazimine formulations for targeted TB therapy could supplement the surfactant 

dysfunction reported in TB.  Additionally, DPPC can improve the aerodynamic 

performance of the formulation to maximize the dose that can reach the alveolar region. 

DPPC has multi-functional roles within inhaled clofazimine formulations to treat lung TB 

infections. 

1.6.2 Leucine 

 

Figure 1.5: Structure of leucine 

Leucine is the most widely used amino acid in inhaled formulations among all amino 

acids. A study looked at ability of different amino acids to improve the aerodynamic 

properties of salbutamol sulfate intended for inhalation [66]. Only the spray dried 

powders prepared using leucine showed superior aerosolization and favorable in-vitro 

particle deposition as compared to the powders prepared using other amino acids. 

Leucine is usually incorporated in the inhaled formulation by co-spray drying with the 

drug. It is known to improve the aerodynamic performance of powders by altering their 

surface morphology. During the spray drying process leucine migrates to the surface of 

the drying particles and thus the particles produced have relatively rough surface. Such 

particles with higher surface asperities have lower tendency to aggregate and better 

aerosolization properties [54]. The concentration of leucine needed to improve the 

performance of the powders is also as low as 10-20% w/w. Despite of all these properties 
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of leucine, the lung toxicity of inhaled leucine is unknown and it is not an FDA approved 

excipient for inhalational delivery. Although this limits the use of leucine just to the 

research formulations, one recent publication incorporated leucine into an inhaled 

clofazimine formulation [67]. 

1.7 Spray Drying as a Method of Preparation for  DPI Formulations [68], [69], [54] 

Particle engineering technologies play a pivotal role in producing inhaled formulation 

with optimal performance. Although various methods are available to engineer 

microparticles suitable for inhalation, spray drying using a Mini-Spray Dryer (B-290, 

BÜCHI Labortechnik AG, Flawil, Switzerland) will be described as the principle method 

by which inhaled clofazimine formulations will be prepared. Spray drying involves the 

rapid drying of sprayed droplets to form powders from dissolved solutes or suspended 

particles (Figure 1.6).  Feed liquid can consist of solution, suspension or emulsion of drug 

and excipients in a suitable solvent system. The liquid feed is then pumped through a 

nozzle where the liquid feed is atomized and dispersed into fine droplets. The size of the 

atomized droplets has direct impact on the particle size of the final spray dried product.  

The second step is the drying of the atomized spray. The drying gas is heated to a set 

temperature (inlet temperature) at the site of feed liquid atomization. The atomized 

droplets enter drying chamber and encounter the hot drying gas to produce solvent 

evaporation and the precipitation of a solid particle. The temperature of the drying gas is 

decided based upon the solvent used in the feed and must be compatible with the solvent 

vapor and oxygen content to avoid explosions. Organic solvents can be used for feed 

solutions and require the use of an inert drying gas such as nitrogen. The volume and 
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flow rate of the drying gas can be varied by changing the drying chamber and aspirator 

settings of the spray dryer.  

The next step is the separation of the solid particles from the stream of drying gas. Often, 

a cyclone chamber collects particles by inducing centrifugal motion to suspended 

particles by forcing airflow in spiral pattern. Dried particles strike the walls of the 

cyclone chamber and deposit in a collection vessel while the gas stream exits out from 

the top of the cyclone chamber. Although most of the dried particles are captured, very 

fine particles can escape with the drying gas stream which are then captured by the filter 

in the spray dryer assembly and are prevented from escaping the system.  In spray drying, 

the drying gas stream also contains the vapors of the solvent used for spray drying. When 

solvent used is water, the drying gas is directly allowed to enter the atmosphere after 

passing through the filter (open mode). However when organic solvent is used, the drying 

gas is passed through a solvent trap (Inert loop, B-295, BÜCHI Labortechnik AG, Flawil, 

Switzerland). Inside the solvent trap, organic solvent is condensed by means of cooling 

and separated from the drying gas to allow the drying gas to recirculate through the 

system (closed mode).   
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Figure 1.6: Spray drying process 

Product characteristics such as particle size, shape, moisture content can be changed by 

altering various spray drying parameters. Spray drying offers several advantages over 

other particle engineering methods [69]. Spray drying is a relatively straight forward 

process for preparation of inhalable powders with great reproducibility. Incorporation of 

large variety of drugs and excipients becomes possible using spray drying. It provides 

flexibility by allowing the production of solid particles from solution, suspension or 

emulsion based drug excipient mixtures and better control over product characteristics 

such as size, shape, etc. Optimized spray drying processes can produce products with 

narrow particle size distributions. Spray drying produces powders with better flow 

properties unlike milling which produces cohesive powders. In addition to that spray 
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drying is also easily scalable technique unlike some of the other methods. Due to all these 

reasons spray drying has become a very common method for producing DPI 

formulations.  

1.8 Inhaled Anti-TB Therapy in Animal Models and Clinical Practice 

Inhaled drug therapy for treatment of TB has seen to be effective in several animal 

models of TB [70], [71], [72]. Sharma et.al studied the efficacy of inhaled microparticles 

containing two first line anti TB drugs (isoniazid and rifampicin) in rats [70]. 

Microparticles were administered to the rats using a custom made inhalation chamber and 

flow cytometry was used to determine the extent of microparticles reaching the alveolar 

macrophages. Inhaled microparticles of isoniazid and rifampicin were able to produce 

significantly higher cytosolic concentrations and lower serum concentration of the drugs 

in comparison to oral therapy of the same drugs thus proving efficient targeting of the 

lung for the treatment of TB in rats. The study showed that inhaled therapy of anti-TB 

drugs can potentially reduce the anti-TB drugs associated adverse effects and target lung 

mycobacteria. The biodistribution of inhaled isoniazid and rifampicin microparticles was 

studied by Verma et.al in rhesus monkeys [71]. After ninety days of once a day inhaled 

therapy, the drug concentrations obtained in the lungs were twice the concentration in the 

liver and four times the concentration in the kidneys. This suggested targeted lung 

delivery produces improved biodistribution after inhaled anti-TB microparticle therapy. 

Besides isoniazid and rifampicin, capreomycin was studied for its anti-TB efficacy in 

guinea pig model of TB when administered by inhalational route compared to the 

intravenous route [72].  Inhaled capreomycin produced efficient eradication of lung 
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mycobacterial population as compared to injectable therapy and suggested inhaled 

capreomycin was superior to injectable capreomycin therapy to treat TB. 

Clinical data of inhaled anti-TB drug therapy in TB patients is limited but current studies 

suggest a promising outcome. A preliminary study evaluated the effectiveness of inhaled 

kanamycin in conjunction with the standard anti-TB therapy in a small cohort of 5 MDR 

TB patients. Inhaled kanamycin therapy was well tolerated and was able to produce 

sputum conversion in all five patients [73]. These findings indicate that the pulmonary 

route of delivery should be explored for more and more anti-TB drugs especially third 

line drugs like clofazimine which has excellent anti-TB activity but limited use due to 

adverse effect profile and bioavailability problems. 

1.9 Inhaled Clofazimine 

Current TB therapy has associated challenges such as long and complex treatment 

regimens, systemic drug exposure causing adverse drug effects, drug-drug interactions, 

and the emergence of resistance due to sub-therapeutic drug concentrations in the lungs, 

etc. [18].  Clofazimine is an excellent treatment option for TB and its targeted delivery by 

inhalation route has a potential to address these challenges of current TB treatments by 

providing high therapeutic lung concentrations, efficient targeting of alveolar 

macrophages and reduced adverse effects owing to reduced systemic exposure, thus 

improving the TB treatment.   

A preliminary study was recently published that described inhaled clofazimine to treat a 

mouse model of TB [67]. Clofazimine was spray dried with leucine and formulated as 

different dry powders suitable for inhalation.  Clofazimine DPI therapy was found to be 

more efficient than oral clofazimine therapy in clearing mycobacterial population in 
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lungs. However, this study did not focus on the formulation aspects of inhaled 

clofazimine therapy. In vitro characterization studies such as determination of 

aerodynamic particle size distribution which are specific to inhaled formulations were not 

performed on the clofazimine DPI.  Thus further research is required in this area. 

1.10 Hypothesis  

Given the current limitations for TB treatment, the main objective of this Master’s thesis 

project was to evaluate formulation and processing method alternatives to better optimize 

inhaled clofazimine as a potential platform to improve treatment options for TB. It is 

hypothesized that: 

Optimal aerodynamic parameters can be obtained by incorporating clofazimine 

with DPPC in dry powder inhaler formulation without compromising the 

antitubercular activity.  In order to evaluate this hypothesis, solutions of clofazimine 

and DPPC or leucine were spray dried and evaluated for their aerodynamic, 

physicochemical, and anti-TB properties.   

 

 

 

 

 

 

 



34 
 

 

 

Chapter 2 

Preparation and Characterization of Spray Dried 

Clofazimine Formulations 

 

 

 

 

 

 

 

 

 

 

 

2. Introduction 

Clofazimine is an anti-TB drug currently clinically used against drug-resistant TB strains 

but excluded from standard anti-TB regimen due to its poor oral pharmacokinetic 
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properties and adverse effect profile. Targeted pulmonary delivery of clofazimine is a 

promising approach for expanded utilization of this potent anti-TB drug. As previously 

described, the incorporation of DPPC as an excipient in inhaled clofazimine formulations 

can promote efficient targeted clofazimine delivery to the lungs for TB treatment. The 

inclusion of DPPC in inhaled clofazimine formulations also offers potential therapeutic 

advantages to restore surfactant dysfunction in TB infections.  

Particle engineering is a critical step in the development of inhalable formulations. As 

previously described, spray drying has been widely used to produce particles suitable for 

inhalation. Characterization of the prepared formulations is also important to ensure the 

preparation of a formulation with desirable characteristics such as: particle size and 

aerodynamic performance, particle morphology and solid state properties of the drug in 

the formulation. The evaluation of particle size and aerodynamic performance are critical 

for inhaled formulations as an in vitro measure of potential aerodynamic performance of 

the formulation when inhaled. Determination of particle morphology is also important as 

it influences the aerodynamic behavior of the particles. Physical or chemical changes that 

may occur in the drug and/or excipients due to processing methods can be evaluated 

using the solid state characterization techniques.  

2.1 Materials 

Clofazimine and L-leucine were obtained from Sigma-Aldrich (St. Louis, MO). Synthetic 

phospholipid Dipalmitoylphosphatidylcholine (DPPC) was purchased from Avanti Polar 

Lipids, Inc. (Alabaster, AL). Methanol optima grade was purchased from Fisher 

Scientific (Pittsburg, PA). Ethanol 200 proof non-denatured was obtained from Decon 

Labs, Inc. (King of Prussia, PA). A Purelab Ultra water purification system (ELGA 
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LabWater, Woodridge, IL) was used to obtain deionized (DI) water. Bath sonicator and 

Isotemp magnetic stir plate from Fisher Scientific (Pittsburg, PA) were used. Clofazimine 

detection was carried out by Ultra Performance Liquid Chromatography (UPLC) using 

Acquity UPLC system (Waters Corporation, Milford, MA) consisting of a sample 

manager, column manager, photodiode array detector (PDA) and binary solvent manager. 

Data was analyzed using Empower Pro software from Waters Corporation (Milford, 

MA). Ultra pure quality nitrogen gas was obtained from Matheson Trigas DBA Linweld 

(Omaha, NE) 

2.2 Methods 

2.2.1 Preparation of Spray Dried Clofazimine Formulations 

Four formulations of clofazimine were prepared for the study. The first formulation 

contained 100% clofazimine without any excipient. Two clofazimine/DPPC mixtures 

containing 20% w/w and 50% w/w of DPPC with 80% w/w and 50% w/w clofazimine, 

respectively, were prepared to evaluate concentration dependent effect of DPPC on the 

properties of clofazimine. The fourth formulation under study was a clofazimine/leucine 

formulation evaluated in an in vivo model of TB that has been reported in the literature 

[67]. However in vitro performance of this formulation has not been fully described or 

evaluated. Table 2.1 shows the composition details of the spray dried formulations of 

clofazimine.  
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Table 2.1 Spry dried formulations of clofazimine 

Formulation Clofazimine              
(% w/w) 

DPPC/Leucine     
(% w/w) 

Solvent used 

CLF : 100  100 0 Methanol 

CLF : DPPC_80 : 20 80 20 

CLF : DPPC_50 : 50 50 50 

CLF : LEU_80 : 20 80 20 Ethanol (96% v/v) 

 

Preparation of the clofazimine solution for preparing “CLF : 100” formulation was 

accomplished by a weighed amount of clofazimine that was transferred to a conical flask 

containing an appropriate volume of methanol and sonicated for 5 minutes until 

clofazimine was dissolved completely. This solution contained 0.1% w/v concentration of 

clofazimine and was then spray dried to obtain the “CLF : 100” formulation. 

The preparation of clofazimine/DPPC solutions, for “CLF : DPPC_80 : 20” or                 

“CLF : DPPC_50 : 50” formulations was achieved by a weighed amount of DPPC that 

was dissolved in appropriate volume of methanol with the aid of sonication. The weighed 

amount of clofazimine was then added to this solution and the solution was sonicated to 

ensure complete dissolution of clofazimine. The resulting solution with the total solid 

concentration of 0.1% w/v was used for spray drying. 

The preparation of clofazimine/leucine solution for preparation of “CLF : LEU_80 : 20” 

was accomplished by use of a solvent system that consisted of 96% ethanol and 4% 

water. A weighed quantity of clofazimine was dissolved in an appropriate volume of 

ethanol with the help of sonication for 3-5 minutes.  Leucine was then dissolved in DI 

water maintained at the temperature of 45 ⁰C. The clofazimine solution was then placed 

on the magnetic stir plate and stirred with the help of magnetic stir bar. The leucine 
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solution was added to clofazimine solution drop-wise with continuous stirring for 

approximately 30 minutes. The resulting solution contained a solids concentration of 

0.08% w/v and was used for spray drying. 

Spray drying was carried out using Buchi laboratory-scale mini spray dryer B-290 

coupled with inert loop B-295 to trap the organic solvents used for spray drying (BÜCHI 

Labortechnik AG, Flawil, Switzerland). Table 2.2 shows the spray drying parameters 

used for the formulations. For spray drying of the “CLF : LEU_80 : 20” formulation, 

parameters reported in the literature were used and were different than the parameters 

used for rest of the formulations[67].  

Table 2.2 Spray drying parameters for clofazimine formulations 

Parameters CLF : 100 
& 

CLF : DPPC_(80 : 20 & 50 : 50) 

CLF : LEU_80 : 20 

Inlet temperature (⁰C) 145 ⁰C 150 ⁰C 

Outlet temperature (⁰C) 69 ⁰C 71 ⁰C 

Aspiration (%) 100 % 100 % 

Feed rate (%) 25 % 20 % 

Atomization gas rate (L/hr) 536 536 

Feed concentration (% w/v) 0.1% 0.08% 

 

During the spray drying process, the spray dryer B-290 was connected to the inert loop     

B-295 and aspirator was switched on to run at 100%. The closed mode of spray drying 

was used based on the use of organic solvent based solutions. Nitrogen gas was allowed 

to circulate through the system to reduce the oxygen concentration present in the system. 

Oxygen level was monitored by the oxygen sensor of the inert loop B-295. Once the 

oxygen level was below 6%, inlet temperature was set at the desired value as mentioned 



39 
 

in the        Table 2.2. An aspiration rate of 100% (35 m3/hr) was used for all the 

formulations. The spray rate used was 7.5mL/min for clofazimine and clofazimine/DPPC 

formulations and                 6 mL/min for clofazimine/leucine formulation. Atomization 

gas rate of 45 mm in the rotameter i.e.  536 L/hr was used for all the formulations. The 

product collected after spray drying was filled in the vials, sealed with the parafilm and 

stored in the desiccator. 

2.2.2 Analytical Detection of Clofazimine  

Clofazimine was detected and chromatographically analyzed using a UPLC method. This 

method was established and validated for accuracy, precision and linearity as per USP 

guidelines for validation of analytical procedures by my lab member Shrouq Farah. 

Chromatographic conditions used are represented below in the Table 2.3. 

Table 2.3 Chromatographic conditions for detection of clofazimine 

 Chromatographic conditions 

Mobile phase Citrate buffer pH 3: Methanol (26 : 74) 

Column Acquity HSS T3 (2.1 X 100 mm, 1.8µ) 

Flow rate 0.4 mL/min 

Detection wavelength 492nm 

Retention time 1.7 min 

Run time 2.5 min 

 

2.2.3 Determination of Drug Content  

For determination of clofazimine content in spray dried powders, samples of 5 ± 1 mg 

were dissolved in 100 mL of methanol. Solutions were diluted (1: 2) with mobile phase 
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and the concentration was determined using UPLC. Clofazimine content was calculated 

using the following formula: 

% Drug content = (Calculated amount/ Theoretical amount) X 100 

Equation 2.1: Calculation of percent clofazimine content of spray dried powders 

2.2.4 Particle Size Analysis 

Particle size analysis was performed for raw clofazimine, raw DPPC and all four spray 

dried formulations. It was carried out using Malvern Mastersizer Hydro 2000S (Malvern, 

UK) which determines the particle size distribution based on the principle of laser 

diffraction. 

A sufficient sample amount was dispersed in water in the sample compartment of 

Malvern to obtain an obscuration in the range of 3 – 10%. Measurement was carried out 

with the pump setting of 3500 rpm and at 100% sonication. The instrument recorded 

three sets of measurement for individual sample and the particle size data given was the 

average of three measurement. Particle size data was reported by the instrument in terms 

of d (0.1) µm,         d (0.5) µm, d (0.9) µm for individual sample where d (0.1) µm 

indicates volume diameter below which 10% of the particle population lies and similarly 

d (0.5) µm is the median volume diameter below which 50% of the particle population 

lies and d (0.9) µm indicating 90% of the particle population has the diameter below this 

value. Particle size analysis was carried out in triplicates for raw materials as well as for 

spray dried formulations. 

2.2.5 Aerodynamic Particle Size Distribution  
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Determination of aerodynamic particle size distribution is an important test for all inhaled 

formulations. It was determined using the Next Generation Impactor (NGI, MSP 

Corporation Shoreview, MN) shown in Figure 2.1. The NGI classified the dry powder 

aerosol into aerodynamic particle size factions by simulating particle deposition in the 

lungs by inertial impaction.  

 

Figure 2.1 NGI: Open configuration [74] 

The NGI consists of an induction port and seven stages (1 – 7) and a micro-orifice 

collector (MOC). Each stage and MOC are formed by series of nozzle sets in the upper 

frame and impaction cups which are held in place by bottom frame. There is a 

passageway provided for airflow between the stages. The diameter of the nozzle sets goes 

on decreasing with the increasing stage number. Each stage and MOC are associated with 

the specific cut-off aerodynamic diameter (D50, Q) which is the function of airflow rate 

maintained in the impactor. MOC of the NGI is followed by a connection to an external 
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filter which is then connected to a vacuum pump which draws the air through the NGI at 

the desired flow rate.  

For determination of aerodynamic particle size distribution for the spray dried 

clofazimine formulations, NGI was assembled as per USP and the airflow rate in the NGI 

was calibrated to 60 L/min using airflow meter [75], [76], [77]. Table 2.5 shows the 

aerodynamic cut-off diameters (D50, Q values) of the NGI stages at the airflow rate of 60 

L/min. 

Table 2.4: D 50,Q values for the NGI stages at the airflow rate of 60 L/min 

Stages D 50,Q (µm) at 60 L/min 

1 8.06 

2 4.46 

3 2.82 

4 1.66 

5 0.94 

6 0.55 

7 0.34 

 

For the experiment, 15 ± 1 mg of sample was filled in size 3 gelatin capsule (PCCA, TX). 

DPI device used for the study was Handihaler®. Capsule was loaded into Handihaler and 

was pierced once. Handihaler was attached to the induction port of the NGI using custom 

made silicone mouthpiece adaptor prepared using Sylgard® 184 silicone elastomer kit 

(Dow Corning, MI). The mouthpiece adaptor was able to provide airtight seal between 

the inhaler and the induction port. Inhaler was actuated and the NGI was allowed to run 

for 4 sec at the airflow rate of 60L/min (Figure 2.2). 
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Figure 2.2: Assembly for the NGI experiments 

 

 

Figure 2.3: Aerodynamic deposition pattern obtained for “CLF : DPPC_80 : 20” 

formulation 

After the run, drug fractions deposited on the different stages of NGI (Figure 2.3) and 

drug remaining in the capsule were collected by washing with methanol while drug 
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remaining in the inhaler was collected by washing with ethanol. Fractions were diluted 

(1:2) with mobile phase and the concentration of drug deposited on each stage was 

determined using UPLC described in section 2.2.2 and the data obtained was then used 

for calculating % FPF, MMAD and GSD [74]. 

As described in the United States Pharmacopeia (USP) [74], the total mass of the drug 

deposited into the impactor (i.e. on the induction port, all seven stages, MOC and filter) is 

represented as ‘ƩA’. While the total mass of the drug deposited on the impactor stages 

with the cut-off diameter less than or equal to 5 µm is represented as ‘R’.  

% FPF for the formulation was calculated using following equation: 

% 𝐹𝐹𝐹 =
𝑅
ƩA

 𝑋 100 

Equation 2.2: Calculation of percentage fine particle fraction 

For the NGI run that is carried out at the airflow rate of 60 L/min ‘R’ is the total mass 

deposited on stages 2 to stage 7.  

For determination of MMAD and GSD, the graph of % cumulative dose deposited on the 

NGI stages was plotted against particle size which is the cut-off diameter of the 

respective stage. A plot from the USP is shown in the Figure 2.4. 
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Figure 2.4: Plot of cumulative percentage of mass less than the stated aerodynamic 

diameter versus aerodynamic diameter [74] 

Particle diameter which corresponded to 50% cumulative dose deposited was the MMAD 

for the formulation. GSD was calculated as the square root of the particle size at the 84th 

percentile (indicated as‘X’ in Figure 2.4) to the particle size at 16th percentile (indicated 

as ‘Y’ in Figure 1.4) using the following equation  

𝐺𝐺𝐺 =  �
𝑠𝑠𝑠𝑠𝑋
𝑠𝑠𝑠𝑠𝑠

 

Equation 2.3: Determination of geometric standard deviation 

2.2.6. Scanning Electron Microscopy (SEM): 

Morphology of raw clofazimine and DPPC and all spray dried clofazimine formulations 

was studied by SEM analysis. SEM analysis was performed using Hitachi S4800 field 

emission scanning electron microscope. Acceleration voltage of 5 kV was used for the 

imaging. 
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2.2.7 Solid State Characterization 

2.2.7.1 Thermo Gravimetric Analysis (TGA) 

Thermogravimetric analysis was carried out for spray dried clofazimine formulations as 

well as for raw clofazimmine and DPPC powders. It was carried out using Shimadzu   

TGA-50 thermogravimetric analyzer (Kyoto, Japan).  Approximately 5 mg of sample was 

weighed in aluminum pans and heated from 25 ºC (room temperature) to 300 ºC at the 

rate of 5 ºC/min under the inert atmosphere of nitrogen (flow rate of 20mL/min). TGA 

protocol was set using TA-60 software. Experiment was performed in triplicates.  

2.2.7.2 Differential Scanning Calorimetry (DSC) 

Differential Scanning calorimetry analysis was carried out for spray dried clofazimine 

formulations as well as raw clofazimine & DPPC powders. It was carried out using 

Shimadzu DSC-60 differential scanning calorimeter (Kyoto, Japan). Approximately 5 mg 

of sample was crimped in aluminum pan and heated from 25 ºC (room temperature) to 

300 ºC at the rate of 5 ºC/min in an inert atmosphere of nitrogen (flow rate of 20mL/min). 

DSC protocol was set using TA-60 software. Experiment was performed in triplicates.  

2.2.7.3 X-ray powder Diffraction 

X-ray powder diffraction (XRPD) analysis was carried out for spray dried formulations 

as well as raw DPPC and clofazimine powders. XRPD analysis was performed using 

Empyrean X-ray powder diffractometer PANalytical (Almelo, Netherlands). Samples 

were analyzed in the 2θ angle range of 5.0⁰ - 60.0⁰. X-ray diffraction pattern was 

obtained by plotting of intensity versus angle (2θ).  

2.2.7.4 Infra-red (IR) spectroscopic analysis 
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Infra-red spectra was determined for spray dried formulations and raw clofazimine and 

DPPC powders to ensure chemical integrity of clofazimine and excipients in the spray 

dried formulations. IR spectra was determined using Shimadzu IR Prestige-21 FTIR 

spectrometer (Tokyo, Japan) equipped with horizontal attenuated total reflectance (ATR) 

crystal (ZnSe). Spectra were recorded in percent transmittance mode with sample placed 

directly onto the ATR crystal. Measurements were done between 4000 and 750 cm-1. 

Spectra were analyzed using IR Solution® software. 

2.2.8 Minimum Inhibitory Concentration (MIC) determination 

MIC is defined as the lowest concentration of antimicrobial agent that can inhibit visible 

growth of the micro-organisms. MIC of raw clofazimine, “CLF : 100” and                                   

“CLF : DPPC_80 : 20” were determined against M tuberculosis wild type strain H37Rv . 

Micro broth dilution technique of mic determination was used. MIC studies were carried 

out at St. Jude children’s research hospital.  

2.3 Results and Discussion 

2.3.1 Spray Drying Process and Spray Dried Powders 

All the spray dried clofazimine formulations were dark orange in appearance 

(representative “CLF : DPPC_80 : 20” in Figure 2.5).  
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Figure 2.5: Visual appearance of raw clofazimine and spray dried clofazimine 

formulation “CLF : DPPC_80 : 20”  

No disturbances in the oxygen level of the system were observed during the process of 

spray drying with the oxygen level continuously maintained below 6%. Spray drying 

process continued uninterrupted without clogging of spray nozzle. “CLF : 100” and        

“CLF : LEU_80 : 20” formulations displayed tendency to stick to the walls of drying 

chamber and cyclone chamber and were difficult to collect after spraying process while 

“CLF : DPPC_80 : 20” and “CLF : DPPC_50 : 50” formulations were comparatively free 

flowing with lower tendency to stick to the walls of the drying chamber and the cyclone 

chamber and were easier to collect into the vials for storage. 

2.3.2 Analytical Detection of Clofazimine 

The UPLC method developed for detection of clofazimine was found to be accurate 

(Table 2.5), precise (Table 2.6) and linear over the range of concentrations tested (Figure 

2.6). 
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Table 2.5: Accuracy results for UPLC detection method of clofazimine 

Theoretical concentration 

(µg/mL) 

Experimental concentration 

(µg/mL) 

% Accuracy 

0.1 0.11 ± 0.003 106.1 

10 9.66 ± 0.069 96.6 

20 19.64 ± 0.111 98.2 

40 39.12 ± 0.244 97.8 

Table 2.6: Precision results for UPLC detection method of clofazimine 

Concentration 

(µg/mL) 

Intra-day  Inter-day 

Mean peak area % 

Variance 

Mean peak area % 

Variance 

0.1 12,761 ± 392 3.08 13,301 ± 632 4.75 

10 127,6547 ± 9,083 0.71 1,265,134 ± 15,767 1.25 

20 2,576,871 ± 14,342 0.56 2,537,763 ± 54,189 2.14 

40 5,103,690 ± 31,632 0.62 5,017,595 ± 136,026 2.71 
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Figure 2.6: Standard curve of clofazimine showing linearity of the UPLC detection 

method 

2.3.3 Drug Content 

Percent clofazimine content of individual formulations is shown in the Table 2.7 

Table 2.7 Clofazimine content (% w/w) of spray dried formulations 

Formulation Clofazimine content (% w/w) 

CLF : 100 96.06 ± 2.11 

CLF : LEU_80 : 20 78.80 ± 6.73 

CLF : DPPC_80 : 20 77.75 ± 2.52 

CLF : DPPC_50 : 50 48.40 ± 4.21 

Formulations of clofazimine with or without excipient were successfully prepared by 

spray drying method. All the formulations showed the % clofazimine content closely 

similar to the theoretical percentage of clofazimine expected to be present in the 

formulations indicating negligible drug loss during spray drying process. Smaller 

deviations seen in the % drug content from the theoretical value can be attributed to 

errors in weighing. 

2.3.4 Particle Size Distribution and Aerodynamic Particle Size Distribution 

Particle size distribution of raw powders and spray dried formulations were determined 

by plotting volume % of the particles versus particle size (µm). Particle size data of raw 

clofazimine, raw DPPC and spray dried clofazimine formulations is summarized in Table 

2.6 with the representative size distributions displayed in Figures 2.7 and 2.8.    
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Figure 2.7: Particle size distribution for raw clofazimine, raw DPPC and “CLF : 100”  

(N =3) 

 

Figure 2.8: Particle size distribution for “CLF : 100”, “CLF : LEU_80 : 20”,                                  

“CLF : DPPC_80 : 20” and “CLF : DPPC_50 : 50”  formulations (N = 3) 
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Table 2.8: Particle size analysis of raw clofazimine,DPPC and spray dried clofazimine 

formulations, (mean ± Standard deviation;  N=3) 

Formulation d (0.1) µm d (0.5) µm d (0.9) µm 

Clofazimine raw 8.89 ± 0.19 20.60 ± 0.29 43.15 ± 1.20 

DPPC raw 5.09 ± 0.34 17.30 ± 2.14 48.09 ± 4.81 

CLF : 100 1.87 ± 0.58 8.22 ± 5.58 32.66 ± 26.46 

CLF : LEU_80 : 20 0.16 ± 0.07 8.48 ± 7.27 27.20 ± 8.01 

CLF : DPPC_80 : 20 0.36 ± 0.38 1.79 ± 0.24 4.17 ± 0.66 

CLF : DPPC_50 : 50 1.23 ± 0.05 2.18 ± 0.11 4.33 ± 0.48 

 

Raw clofazimine and DPPC showed broad unimodal particle size distribution with the 

majority of the particles lying over a broad range of 10 – 100 µm. The median d(0.5)  

particle size for these unprocessed powders was in the range of 17-20 µm indicating 50 % 

of the particles in these powders were larger than 20  µm. The purpose of spray drying 

process was to produce fine particles with the size below 5 µm which are optimal for 

inhalational delivery to the deep lung. “CLF : 100” formulation prepared by spray drying 

of clofazimine solution shifted the particle size distribution curve to the lower size range 

as compared to raw clofazimine. “CLF : 100” formulation showed bimodal particle size 

distribution with a bigger particle population lying in the size range of 1 - 10 µm and a 

smaller population of particles with size greater than 10 µm. The median d(0.5) size for 

this formulation was around 8 µm indicating that 50% or more of the particles were 

larger than the respirable cutoff size of 5 µm. Incorporation of excipients, leucine or 

DPPC in clofazimine formulations by co-spray drying of excipient-clofazimine solutions 
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showed interesting effect on the particle size of the formulations produced. “CLF : 

LEU_80 : 20” formulation showed broad particle size distribution profiles similar to that 

of CLF : 100 with the median d(0.5) value of 8.4 µm which in fact was little higher than 

d(0.5) value of “CLF : 100”. “CLF : LEU_80 : 20” formulation which showed trimodal 

particle size distribution profile with two smaller particle populations, in the range of 0.1-

1 µm and 1 – 10  µm. while one bigger population of particles greater than 10 µm in size. 

Incorporation of DPPC with clofazimine was able to produce powders with improved 

particle size distribution profiles. “CLF : DPPC_80 : 20” formulation showed trimodal 

particle distribution however majority of the particles were present in the range of 1 – 10 

µm. the remaining two particle populations were found in the range of  0.1 – 1 µm and 

slightly above 10 µm respectively however the volume percentage for those two 

populations was comparatively very small. “CLF : DPPC_50 : 50” formulation showed 

narrow unimodal particle distribution profile with almost entire particle population lying 

in the range of 1 – 10 µm. Both the DPPC containing formulations showed the median 

d(0.5) value in the range of 1 -2 µm and d(0.9) value in the range of 4.0 – 4.4 µm 

indicating that about 90% of the particle population had the size of lower than 4.4 µm i.e. 

below the desirable respirable cutoff size of 5 µm. This showed that DPPC was able to 

produce powders likely in the inhalable particle size range with narrow and uniform 

particle size distribution profile which is a desirable property for inhalable powders.  

Aerodynamic parameters obtained for the spray dried clofazimine formulations from the 

NGI study are displayed in the Table 2.7. Out of these parameters MMAD and GSD were 

calculated from the plot of % Cumulative dose deposited versus Cutoff diameter (D 

50,Q) displayed in the Figure 2.9. 
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Figure 2.9: Plot of % Cumulative dose deposited versus Cutoff diameter D 50,Q for spray 

dried clofazimine formulations  N = 3 

Table 2.9: Aerodynamic parameters for spray dried clofazimine formulations                                                

(mean ± standard deviation, N = 3) 

Formulation % FPF MMAD (µm) GSD 

CLF : 100 31.68 ± 5.03 5.24 ± 0.26 1.95 ± 0.34 

CLF : LEU_80 : 20 19.35 ± 2.92 5.88 ± 0.17 1.48 ± 0.09 

CLF : DPPC_80 : 20 47.34 ± 1.04 3.22 ± 0.05 2.58 ± 0.04 

CLF : DPPC_50 : 50 29.58 ± 1.39 5.14 ± 0.12 1.86 ± 0.08 

 

 “CLF : 100” formulation showed the % FPF≤ 5µm  of 31%. Addition of leucine to the 

formulation reduced the % FPF to as low as 20%. Incorporation of DPPC in the 

formulation affected the aerodynamics of the clofazimine in concentration dependent 

manner.            “CLF : DPPC_80 : 20” formulation containing relatively low 
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concentration of DPPC showed the highest % FPF of 47% . However with increasing the 

concentration of DPPC, % FPF decreased to 30% which was similar to the % FPF 

obtained for the “CLF : 100” formulation containing no excipient. All % FPF values for 

formulations evaluated were lower than what is ideally observed and suggest further 

formulation development and/or optimization of processing methods are needed.  “CLF : 

DPPC_80 : 20” formulation showed the lowest MMAD of  3.22 µm and it was the only 

formulation with the optimum MMAD value within the inhalable aerodynamic size range 

of 1- 5 µm required for deposition into the deep lungs. All the other formulations showed 

the MMAD values of slightly greater than 5 µm. Increase in concentration of DPPC in 

the formulation from 20% in “CLF : DPPC_80 : 20” to 50% in “CLF : DPPC_50 : 50”, 

increased the MMAD from 3.2 µm to 5.1 µm thus indicating reduced aerodynamic 

performance. For inhaled formulations GSD value of ≤ 1.2 is considered ideal while 

values lower than 3 are acceptable. Higher the GSD value higher is the polydispersity of 

the particle size distribution. All the formulations showed the GSD values greater than 

1.2 but less than 3 indicating that the aerodynamic particle size distribution was not 

monodisperse but was acceptable [50], [78].                                                                                                                          

The nature of DPPC containing formulations to show narrow particle size distribution 

with finer (< 5 µm) particle size which was observed in Malvern laser diffraction analysis 

can be attributed to surface active nature of clofazimine. DPPC being a surface active 

agent can stabilize the droplets formed preventing them to coalesce to form bigger 

droplets during spray drying process, thus forming fine particles [60]. The “CLF : 

DPPC_80 : 20” formulation, median d(0.5) value from Malvern analysis was lower than 

its MMAD but both were below 5 µm. The “CLF : DPPC_50 : 50” formulation d(0.5) 
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value was approximately 2 µm but MMAD value was outside the respirable size range 1-

5 µm. This can indicate that this formulations contained individual particles in the size 

range of 1-5 µm which were able to disperse well in the water during particle size 

measurement by Malvern thus giving median d(0.5) value of 2 µm. However the 

individual particles were present in the form of agglomerates in the dry powder form 

which was not able to disperse efficiently under the moving airstream resulting in the 

higher MMAD values. Another reason for differences in the median diameters obtained 

from Malvern and NGI analysis can be that Malvern mastersizer reports the particle 

diameter in terms of equivalent volume sphere when dispersed in a medium such as 

water, while aerodynamic particle size reports the diameter of a particle in terms of an 

equivalent volume sphere when traveling in a moving airstream. As the two techniques 

report the particle diameter based on different principles, the median diameters reported 

in these techniques are usually different [79]. 

2.3.5 SEM 

  

          Figure 2.10: Clofazimine raw           Figure 2.11: DPPC raw 
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Figure 2.12: Leucine raw 

 

Figure 2.13: CLF : 100 

 

Figure 2.14: CLF : LEU_80 : 20 
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Figure 2.15: CLF : DPPC_80 : 20 

 

Figure 2.16: CLF : DPPC_50 : 50 

SEM image of raw clofazimine showed characteristic orthorhombic crystals of 

clofazimine while those for raw DPPC and raw leucine showed irregulary shaped crystals 

of these materials (Figures 2.10-2.12). All the three raw materials showed broad size 

distribution with the particle as high as 100 µm in size. Process of spray drying produced 

a drastic change in the morphology with the “CLF : 100” formulation showing  needle 

shaped crystals of clofazimine (Figure 2.13). These needle shaped crystals were present 

in the form of small aggregates of 10 µm or slightly bigger in size. Addition of leucine to 

the formulation did not produce any change in the morphology of spray dried clofazimine 

with “CLF : LEU_80 : 20” formulation showing needle shaped morphology similar to 
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that of “CLF : 100” formulation (Figure 2.14). However in this formulation clofazimine 

needles were present in the form of aggregates ranging in size from 20 µm - 100 µm, 

which were considerably larger sized aggregates than those found in “CLF : 100” 

formulations. Both these formulations showed broad particle size distribution owing to 

presence of variable sized particle aggregates. Incorporation of DPPC in the formulation 

dramatically changed the particle morphology of clofazimine (Figures 2.15-2.16). Both 

the formulations containing DPPC showed spherical particles varying in size from 2 – 5 

µm thus showing good agreement with the particle size results obtained from Malvern 

based on laser diffraction. The aggregation behavior of the particles seemed to be 

increased as the concentration of DPPC in the formulation increased from 20% to 50% 

with the “CLF : DPPC_50 : 50” formulation showing aggregated spherical particle while 

“CLF : DPPC_80 : 20” showing fairly separated spherical particles. 

The SEM images of “CLF : 100” demonstrated an intrinsic tendency of clofazimine to 

crystallize in needle shaped crystals during spray drying. Co-spray drying of clofazimine 

with leucine was not able to change this property which is clear from the similar needle 

shape crystals found in “CLF : LEU_80 : 20” formulation. However incorporation of 

DPPC showed dramatic effect on the shape of spray dried powders. Formulations “CLF : 

DPPC_ 80 : 20” & “CLF : DPPC_50 : 50” containing 20% and 50% of clofazimine no 

longer showed needle shaped particles instead the particles in these formulations were 

perfectly spherical. Incorporation of DPPC has been previously reported to influence the 

morphology of spray dried powders. Vanbever et al. used DPPC in the preparation of 

large porous particles intended for inhalation, where with increase in the concentration of 

DPPC the particle shape changed from torroidal to spherical[80].  Such impact of DPPC 
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on the particle shape can be due to its surface active nature. Being a surface active agent 

it has tendency to migrate to the surface which can influence the shape of the particles 

formed during spray drying [81]. DPPC is also known to have roughly circular shell like 

particle forming property when spray dried from hydro-alcoholic solutions. 

The shape of particles in the formulation correlated well with the results obtained for the 

particle size analysis by laser diffraction, aerodynamic particle size distribution and 

overall aerodynamic performance of the spray dried formulations.  

Aerodynamic diameter of a particle is given by the formula given in the section 1.5 

 

Thus aerodynamic diameter not only depends on the geometric diameter of the particle 

but to a large extent also depends upon particle shape, surface morphology, density etc. 

These factors also influence the aggregation behavior of particles in the powder. Hassan 

et al. studied the effect of particle shape on the aerosolization of dry powders [82]. 

Aerodynamic parameters such as %FPF, MMAD were determined for spherical, pollen 

shaped, plate shaped, cube shaped and needle shaped particles. Particle shape 

significantly affected the aerosolization of powders, with pollen shaped particle 

containing powder showing the best aerodynamics with low MMAD values and high FPF 

values. Spherical particles gave second best aerodynamic performance. Needle shaped 

particle showed very poor aerodynamic performance compared to spherical particles and 

it was mainly attributed to their aggregating behavior. Spherical particles have lower 

contact area and thus show better fluidization and aerosolization when inhaled. On the 

other hand, elongated particles such as needle shaped particles have very large contact 
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surface and they experience high interparticulate forces [82]. These particle form 

aggregates leading to poor aerodynamic performance. Such similar trend for effect of 

particle shape on aerodynamic performance was seen in spray dried clofazimine 

formulations. “CLF : 100” and “CLF : LEU_80 : 20” formulations which contained 

needle shaped crystals of clofazimine showed poor aerodynamic performance in NGI 

with % FPF of 30% and 20% respectively and MMAD values above 5µm. Aggregation 

behavior responsible for poor aerodynamics of these powders was well displayed in their 

SEM images. Lower %FPF value of “CLF : LEU_80 : 20” than “CLF : 100” formulation 

was further attributed to large size of the needle aggregates present in this formulation 

than in “CLF : 100”.  

“CLF : DPPC_50 : 50” formulation showed poor aerodynamic performance with the 

%FPF of 30% and MMAD value of greater than 5, irrespective of its spherical shape. 

This can again be attributed to aggregate forming property of the particles in this 

formulation which was again clearly seen in the SEM image for this formulation. The 

aggregating tendency of this formulation can be attributed to higher content of DPPC as 

DPPC is known to be slightly hygroscopic in nature [83]. Out of the four spray dried 

clofazimine formulations                   “CLF : DPPC_80 : 20” formulations showed the 

best aerodynamic performance with the %FPF value of 47% and the MMAD of 3.22 µm 

which was within the inhalable particle size range of 1-5 µm contained amount of DPPC 

just enough to produce the powders with spherical particle which are known to have low 

contact surface area. The formulation also showed low aggregation behavior at the 

concentration of DPPC used. The combined effect of these factors was, superior 

aerosolization behavior of this formulation.  
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By comparing aerodynamic properties with the results obtained for particle size analysis 

using Malvern Mastersizer, “CLF : 100” and “CLF : LEU_80 : 20” formulations showed 

broad particle size distribution which was in agreement with the SEM data which showed 

needle shaped aggregates present in variable sizes. The median d(0.5) value obtained for 

these formulations was higher than their median aerodynamic diameter (MMAD) which 

is commonly observed for needle shaped particles. Needle shaped particles are generally 

known to have lower aerodynamic diameter than their corresponding geometric diameter 

due to higher dynamic shape factor associated with them [84]. 

Thus the overall results from the particle size distribution, aerodynamic particle size 

distribution, and scanning electron microscopy showed that “CLF : DPPC_80 : 20” 

formulation containing 20% DPPC displayed the best potential performance for efficient 

inhaled delivery of clofazimine in the treatment of TB. 

2.3.6 Solid State Characterization of Spray Dried Powders  

2.3.6.1 Thermogravimetric Analysis 

Thermogravimetric analysis of the formulation provides information about the thermal 

stability of the formulation as well as the dehydration or desolvation events seen in the 

thermogram can give idea about the moisture content or solvent content of the 

formulation [85]. This analysis is important for the powders prepared by spray drying as 

insufficient drying which often results in the high residual solvent content in the spray 

dried powders can be identified from their TGA thermogram. It can also give some idea 

about the hygroscopic nature of the spray dried powders. Hygroscopic powders with 

tendency to absorb moisture can show dehydration event in the TGA thermogram.  
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Figure 2.17: Thermogravimetric analysis for raw clofazimine, raw DPPC and spray dried 

clofazimine formulations 

TGA thermograms for the raw clofazimine, raw DPPC and spray dried clofazimine 

formulations are shown in the Figure 2.17. Both the raw materials and all the spray dried 

formulations were found to be stable till the temperature of 210 ⁰C. All the powders 

maintained the constant weight till the temperature of 210 ⁰C indicating the absence of 

residual spray drying solvent or moisture in the spray dried formulations as well as 

absence of moisture in the raw materials. The weight loss was seen beyond 210 ⁰C in 

some of the powders which can be due to degradation of the powders beyond this 

temperature.  

2.3.6.2 Differential scanning calorimetry 
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DSC analysis provides information about the physical state of drug (i.e. whether the drug 

is present in crystalline from or amorphous form) in the formulation. Particle engineering 

techniques such as spray drying involve rapid particle formation from the solution 

droplets containing the drug in the dissolved form. This spontaneous particle formation m 

ay lead to partial or complete loss of crystallinity resulting in the drug being present in its 

amorphous form in the formulation [86]. Amorphous form of the drug is characterized by 

different physico-chemical properties most importantly it has different solubility values 

[87]. Thus the two forms also have significantly different dissolution profiles and hence 

determination of physical state of the drug in the formulation is very important while 

developing the formulation. Figure 2.18 shows DSC thermograms of raw clofazimine, 

raw DPPC and spray dried clofazimine formulations. 
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Figure 2.18: DSC thermograms for raw clofazimine, raw DPPC, and spray dried 

clofazimine formulations 

Raw clofazimne and raw DPPC were crystalline in nature as indicated by their melting 

peaks seen in the DSC thermograms. Clofazimine showed single endothermic melting 

peak at about 219 ⁰C which corresponds to its melting point reported in the literature 

[33]. Raw DPPC showed two endothermic melting events. The first melting event 

occurred at 67 ⁰C which represents increased mobility of DPPC acyl chains and the 

second event seen at 200 ⁰C which represents the melting endotherm for DPPC 

molecules[88]. All the spray dried formulations showed characteristic endothermic 

melting peak of clofazimine indicating that clofazimine is present in crystalline form in 

the formulations and process of spray drying has not converted clofazimine into 

amorphous form. However in DPPC containing formulations, clofazimine melting peak 

showed slight shift to the lower temperature as the concentration of DPPC in the 

formulation is increased from 20 % in “CLF : DPPC_80 : 20” formulation to 50 % in 

“CLF : DPPC_50 : 50” formulation. This phenomenon is commonly observed in binary 

formulations where the melting environment of the individual components is altered due 

to the presence of the second component in the system, which is reflected as slight shift 

in the melting temperature. 

2.3.6.3 X-ray powder diffraction analysis (XRPD) 

XRPD analysis helps in distinguishing crystalline and amorphous materials. Crystalline 

materials produce a characteristic diffraction pattern when X-rays are incident upon them 

while amorphous materials produce a halo pattern as they lack the ordered arrangement 

of atoms unlike crystalline materials [89]. Diffractogram produced by a crystalline 
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material is fingerprint of its crystalline structure and any change in the crystal structure as 

well as reduction in crystallinity are reflected in the diffractogarm. As discussed 

previously, spray drying can affect the crystallinity of materials being spray dried thus X-

ray powder diffraction analysis of spray dried powders is important. Figure 2.19 shows 

X-ray powder diffractogram for raw clofazimine, raw DPPC and spray dried clofazimine 

formulations.  

 

Figure 2.19: X-ray powder diffraction pattern for raw clofazimine, raw DPPC and spray 

dried clofazimine formulations 

Results obtained for XRPD analysis of raw materials and spray dried clofazimine 

formulation showed good agreement with DSC thermograms. Clofazimine was present in 

crystalline form in all the spray dried formulations however there was a small decrease in 

the intensities of the peaks seen for the spray dried formulations which may indicate 

slight decrease in crystallinity. 

2.3.6.4 IR spectroscopy 
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Processing methods such as spray drying can cause degradation of the drug being spray 

dried if the processing parameters used are too harsh for the drug. In addition to that, 

excipients present in the formulation can also chemically interact with the drug[90]. To 

ensure chemical integrity of drug in the formulation IR spectroscopic analysis can be 

done. Each compound shows characteristic set of absorption bands in its IR spectrum. IR 

spectra of the compound is considered as a chemical fingerprint of the compound and any 

change in the chemical structure of the compound is reflected into its IR spectrum. Figure 

2.20. shows IR spectra of raw clofazimine, raw DPPC and the spray dried formulations             

“CLF : 100”, “CLF : DPPC_80 : 20” and “CLF : DPPC_50 : 50”. IR spectrum of 

clofazimine shows characteristic peaks at 1600 cm-1 corresponding to imine group of 

clofazimine and a series of peaks in the range of 1600 – 1500 cm-1 corresponding to 

aromatic C=C bonds. On the other hand DPPC shows carbonyl group peak at about 1750 

cm-1 and amino group peak between 3000 – 2800 cm-1. “CLF : 100” shows same 

characteristic peaks as that seen in the raw clofazimine indicating there is no chemical 

change in the clofazimine due to spray drying. “CLF : DPPC_80 : 20 and 50 : 50” 

formulations show characteristic peaks of clofazimine as well as DPPC without any shift 

in the peak position or broadening of the band. This indicates that there was no chemical 

incompatibility between clofazimine and DPPC when present together in the 

formulations. 
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Figure 2.20: Infra-red spectra of raw clofazimine, raw DPPC and formulations “CLF : 

100”, “CLF : DPPC_80 : 20” and “CLF : DPPC_50 : 50” 

2.3.7 Activity of Spray Dried Clofazimine Formulations 

The minimum inhibitory concentration (MIC) of an antibiotic is a measure of 

antimicrobial efficacy of the agent to prevent bacterial growth. The lower the MIC value, 

the higher the potency of that agent. Presence of formulation excipients may modify the 

way in which drug interacts with the bacteria which may increase or decrease the anti-TB 

efficacy of the drug. Table 2.10: shows the MIC values for raw clofazimine, “CLF : 100” 

and “CLF : DPPC_80 : 20”. 

 

 

-NH2 group -C=O group -C=N group 
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Table 2.10: MIC values for raw clofazimine & spray dried clofazimine formulations 

Formulation MIC (µg/mL) 

Clofazimine raw 0.8 

CLF : 100 0.8 

CLF : DPPC_80 : 20 0.64 

 

Raw clofazimine and “CLF : 100” formulation showed the MIC of 0.8 µg/mL which 

indicated that there was no loss in activity of the clofazimine after spray drying. 

Incorporation of DPPC in the formulation did not adversely affect the MIC of 

clofazimine. “CLF : DPPC_80 : 20” formulation showed the MIC of 0.64 µg/mL which 

was lower than the MIC of raw clofazimine.  

2.4 Conclusion  

DPPC was successfully incorporated with clofazimine into a dry powder suitable for 

inhalation by spray drying method. DPPC produced concentration dependent effect on 

the aerodynamic performance of clofazimine. “CLF : DPPC_80 : 20” formulation 

showed the best observed aerodynamic performance due to ability of DPPC to promote 

the formation of microparticles with  inhalable particle size of 1 – 5 µm, spherical 

morphology and low aggregation behavior at the concentration of DPPC used in this 

formulation. “CLF : 100” and  “CLF : DPPC_80 : 20” formulation showed MIC values 

comparable to that of raw clofazimine indicating that clofazimine retained its anti-TB 

activity in both these formulations. The study highlighted the great potential of DPPC to 

be used as an excipient in the DPI formulation of clofazimine for efficient delivery to the 

lungs. 
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Optimal aerodynamic parameters were obtained by incorporating clofazimine with DPPC 

in dry powder inhaler formulation without compromising the anti-TB activity of 

clofazimine thus proving the hypothesis of the study. 
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Chapter 3 

Preparation and Characterization Clofazimine Salts 
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3.1 Introduction 

The disadvantages of clofazimine in clinical use are related to drug aqueous insolubility 

and very high lipophilicity.  Clofazimine has a log p value of 7.132 and aqueous 

solubility of 1.03 – 0.49 µg/mL due to the hydrophobic chemical structure of the drug 

molecule [33].   When taken in vivo, clofazimine accumulated in fatty tissues and forms 

needle shaped crystals that then produce side effects such as tissue inflammation and 

hyperpigmentation. One solution to improve clofazimine concentrations at the site of TB 

infections and avoid poor drug distribution to the lung following systemic distribution 

due to aqueous insolubility and high lipophilicity is targeted pulmonary delivery by 

inhalation as described previously.  Another potential solution to address aqueous 

insolubility is forming salts of clofazimine with improved aqueous solubility that can 

then be considered for treatment of TB by inhaled route.  

Use of high solubility salt of clofazimine for TB treatment can provide several 

advantages. First, M tuberculosis bacilli are physically present in different places within 

the lungs such as extracellularly to the necrotic granuloma, inside the granuloma, in the 

alveolar secretions, inside the macrophages, etc. [91]. To efficiently eradicate all these 

bacterial populations, drug must distribute throughout the lung and surrounding tissues in 

order to reach poorly aerated or perfused areas of the lungs that might be harboring 

bacilli [92]. Use of soluble salts of clofazimine will promote better clofazimine 

solubilization leading to improved drug absorption into the tissues leading to higher 

clofazimine concentrations in molecularly dispersed form. Delivery of clofazimine salts 

will likely result in better drug distribution throughout the lung in order to promote 

eradication of bacterial populations present in the poorly accessible areas of the lung.  
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Drug salts have also been reported in the literature to have different aerodynamic 

performances which could further be used to optimize aerodynamic delivery of 

clofazimine.  Specifically, Byron et al. studied the aerodynamic performance of albuterol 

free base and its salts processed similarly into micronized powder. The performance was 

measured  in terms of emptying from the inhaler and aerodynamic deposition profile in 

impactor under different conditions of temperature and humidity [93]. They found that all 

the salts showed better emptying from the inhaler with higher quantity of total dose being 

aerosolized from the inhaler than the free base. Stearate salt showed the best aerodynamic 

performance with high fine particle fractions and good inhaler emptying which was least 

affected by increase in the relative humidity and temperature.  Investigating different salt 

forms of clofazimine can potentially improve therapeutic efficacy of inhaled clofazimine 

therapy for treatment of TB by both improving the aerodynamic performance of inhaled 

powders and improving the solubilization of clofazimine leading to improved lung 

distribution. 

The selection of appropriate salt forms for drug delivery is a complex process. Potential 

candidate selection involves preparation of salts of the drug with a series of counter-ions 

and then characterizing them in terms of their physicochemical properties. Although the 

improvement of drug solubility is the major application of salt formation, drug salts have 

also been reported for other purposes [94]. Factors such as ability of the counter-ion to 

form crystalline salts, the counter-ion toxicity in association with the intended route for 

drug delivery, the counter-ion ability to form salts with desired solubility profiles, and the 

influence of counter-ion and crystal habit on aerodynamic performance are important 

considerations for targeted delivery of clofazimine to the lungs. For example, some 
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hydrochloride salts of drugs have been reported to be too acidic for parenteral 

administration [95].   

Common classifications of salt form counter-ions for weakly basic drugs, such as 

clofazimine, are listed in Table 3.1.   

Table 3.1: Common salt formers for the basic drugs [96] 

Salt former  Examples 

Inorganic acids Hydrochloride, hydrobromide, sulfate, nitrate, phosphate 

Sulfonic acids Mesylate, tosylate, besylate, napsylate 

Carboxylic acid Acetate, propionate, maleate, benzoate 

Hydroxy acids Citrate, lactate, succinate, tartrate, glycolate 

Anionic amino acids Glutamate, aspartate 

 

A critical condition for successful counter-ion selection is the pKa of the salt former. It is 

necessary that the pKa of the drug molecule and that of the salt former has to be at least 3 

or more units apart. For example, for formation of stable salt of clofazimine which is a 

weak base with the pKa of 8.51, salt forming acids with the pKa of at least 4 or lower 

should be considered. If this difference is less than 4 log units, the salt formation reaction 

is not sufficiently energetically driven and can lead to partial salt formation with rapid 

dissociation of the salt into the free drug and counter-ion [97]. 

The characterization of drug salt forms is important to identify the best salt candidate 

with the most desirable properties [98]. Typically, solid state characterization of salt 

forms involves thermogravimetric analysis, differential scanning calorimetry, and X-ray 

powder diffraction analysis give information about thermodynamic properties (e.g. 
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crystalline or amorphous drug) of the salt. Specialized techniques such as single crystal 

X-ray diffraction are also used to understand the structure of salt crystals. Techniques 

such as infrared spectroscopy, NMR spectroscopy & mass spectroscopy are also used to 

ensure that salt formation has taken place as opposed to co-precipitation of the drug and 

counter-molecule. Moisture sorption testing is also carried out to give idea about 

hygroscopic nature of the salt form. Solubility testing and dissolution profile 

determination are two important tests carried out for salts to evaluate the adequate 

solubility parameters of salts.  Salt form stability is also evaluated using a variety of these 

physicochemical characterization techniques. Some drug salts can exhibit polymorphisms 

that have different physicochemical properties and stability profiles.  The stable salt can 

be further tested for pharmacological performance before it can developed into the 

formulation. Thus salt screening and development of the formulation of the drug salt is a 

really extensive process. 

Salt formation can be the best approach to improve the solubility of clofazimine and 

some work has previously been done in this area. Bolla et al. used salt formation 

approach for improving the solubility of clofazimine [99]. This group formed and 

characterized clofazimine salts with methanesulfonic acid, maleic acid, isonicotinic acid, 

nicotinic acid, malonic acid. These salt formers fulfilled the criteria of pKa difference of 

more than 4 log units. A variety of characterization tests were performed on the salts. 

Based on the crystal structures obtained from the single crystal X-ray diffraction analysis, 

clofazimine was found to react with acids in the following manner shown in the Figure 

3.1. 
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Figure 3.1: Formation of clofazimine salt  

The imine nitrogen of clofazimine was found to be involved in the salt formation 

reaction. The probable reason for that may be the higher basicity of this nitrogen because 

the imine nitrogen is connected to the electron donating isopropyl group which increased 

the electron density at this nitrogen making it more basic. Salts were also tested for their 

solubility in a water/ethanol solvent system due to the low inherent aqueous solubility of 

clofazimine. The methanesulfonic acid salt of clofazimine was the highest solubility salt 

(94 times the solubility of clofazimine) among the salts tested and provided preliminary 

evidence suggesting a significant increase in the clofazimine solubility can be achieved 

by salt formation. However the study looked at a small selection of the salt formers and 

an expanded investigation of other salt forming acids is needed.  

3.2 Objective 

Our objective was to screen other classes of potential acid salts by forming and 

characterizing clofazimine salts. Two salts forming acid classes were explored in the 

project: sulfonic acids (methanesulfonic acid, benzenesulfonic acid and toluenesulfonic 
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acid) and hydroxyl acids (citric acid, lactic acid and tartaric acid).  The sulfonic acids are 

stronger than the comparatively weaker hydroxyl acids. Sulfonic acids were chosen 

because the mesylate salt of clofazimine was already reported to provide increased 

solubilization and determining the potential of other members of sulfonic acid series 

could identify trends or additional increases.  Hydroxyl acids are known to be 

comparatively safer acids with ability to produce salts with good aqueous solubility. 

Clofazimine salts with these acids were formed and preliminary characterization was 

performed on a single batch of all the salts prepared with the aim of initiating the 

screening process for clofazimine salts. 

3.3 Materials 

Clofazimine and lactic acid were purchased from Sigma Aldrich (St. Louis, MO). Citric 

acid anhydrous and tartaric acid were purchased from Fisher (Pittsburg, PA). 

Methanesulfonic acid, toluenesulfonic acid monohydrate and benzenesulfonic acid were 

purchased from Acros organics, a division of Fisher Thermo scientific (Pittsburg, PA). 

Methanol and acetone were purchased from Fisher Scientific (Pittsburg, PA). 

3.4 Methods 

3.4.1 Preparation of clofazimine salts 

Six clofazimine salts were prepared using three salt formers from sulfonic acid series and 

remaining three salt formers from hydroxyl acid series (Table 3.2 and Table 3.3). Due to 

probable stoichiometric ratios, salts were prepared as clofazimine : salt former in a molar 

ratio of  1:1.    
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Table 3.2: Clofazimine salts under study 

Salt Forming Acid 
Class 

Salt name Salt former 

 
Sulfonic acids 

CLF mesylate Methanesulfonic acid 

CLF besylate Benzenesulfonic acid 

CLF tosylate Toluenesulfonic acid 

 
Hydroxyl acids 
 

CLF citrate Citric acid 

CLF lactate Lactic acid 

CLF tartrate Tartaric acid 

 

Table 3.3: pKa, molecular weight and structure of the salt formers 

Salt former pKa Molecular weight 
(Da) 

Chemical Structure 

 
Methanesulfonic acid 

 
-1.2 

 
96.10 

 
 
Benzenesulfonic acid 

 
0.7 

 
158.17 

 
 
Toluenesulfonic acid 

 
-1.34 

 
172.2 

 
 
Citric acid 

 
3.12 

 
192.12 

 
 
Lactic acid 

 
3.86 

 
90.08 

 
 
Tartaric acid 

 
3.02 

 
150.08 

 
 

To make 1: 1 molar ratios of clofazimine salts, a slight excess of acid was used (i.e. 1.2 

equivalents of acid was used for 1 equivalent of clofazimine) to ensure complete salt 

formation. Solid acids were dissolved in a sufficient volume (5 – 7 mL) of solvent, 
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acetone or methanol, to dissolve the weighed quantity of acid while liquid acids were 

used as supplied (Table 3.4). 

Table 3.4: Preparation of solution of salt former 

Salt former Solvent used for preparation of solution 

Methanesulfonic acid Liquid State 
Toluene sulfonic acid 

Acetone Benzene sulfonic acid 

Citric acid 

Lactic acid  
Methanol Tartaric acid 

 

About 0.3-0.4 g of clofazimine was dissolved in 35 – 40 mL of acetone to prepare a 

clofazimine solution. Acid solutions or the liquid were added to the clofazimine solution 

and the resulting solution was shaken for 30 minutes. Salt crystals precipitated out of this 

solution during shaking. The slurry, containing the salt crystals, was then filtered and salt 

crystals were allowed to air-dry. Dried salts were then transferred into vials and stored in 

the desiccator prior to characterization. 

3.4.2 Characterization of clofazimine salts 

Clofazimine salts were characterized by thermogravimetric analysis (see section 2.2.7.1 

above), differential scanning calorimetry (see section 2.2.7.2 above), X-ray powder 

diffraction (see section 2.2.7.3 above) infrared spectroscopy (see section 2.2.7.4 above) 

and MIC determination (see section 2.2.8 above).   

The equilibrium solubility of clofazimine and its salts was determined using the shake 

flask method [100]. Solubility was determined in 60 % ethanol-water in order to compare 
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the enhancement in the solubility due to salt formation [99]. The pH of the 60% ethanol 

used for solubility measurement was measured to be 6.7. Excess clofazimine salt was 

added to 3 mL of 60% ethanol medium in scintillation vials. Vials were sealed and kept 

on the incubator shaker for 24 hours to achieve equilibrium solubility. After 24 hours, 

1mL of solution from each vial was withdrawn and centrifuged. Then 0.5 mL of 

supernatant was diluted with the mobile phase and the concentration was determined 

using UPLC (see section 2.2.2 above).  

3.5 Results and Discussion 

 3.5.1 Thermogravimetric Analysis 

 

Figure 3.2: TGA thermogram for clofazimine and clofazimine salts 

CLF citrate and lactate showed no change in mass up to the temperature of approximately 

190 ⁰C while CLF tartrate demonstrated no mass change up to 220 ⁰C. Sulfonic acid salts 
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showed no change in mass up to the higher temperatures of approximately 240 ⁰C. It is 

suggested that all salts maintained constant weight up to their degradation temperature, 

indicating no solvent residue was present following the preparation of the salts (Figure 

3.2).  

3.5.2 Differential Scanning Calorimetry 

All the clofazimine salts prepared showed sharp endothermic melting peaks suggesting 

the salts were crystalline in nature (Figure 3.3). Solid state of the drug is of immense 

importance while developing a formulation [101]. The crystalline nature of the salt was 

the property that was desirable. Preparation of amorphous salts is not desirable as the 

amorphous solids are thermodynamically unstable and have a tendency to transition into 

the thermodynamically more stable crystalline forms. During the development of dosage 

forms where the drug is solid, the conversion of amorphous form into the crystalline form 

during the storage raises the questions about stability of the dosage form and also affects 

the overall performance of the formulation adversely. DSC studies were not conducted to 

evaluate the polymorphic transition of clofazimine salts.  The various endothermic peaks 

observed do suggest clofazimine has different salt forms based on the counter-ion further 

suggesting varied salt forms between the different acids used.   
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Figure 3.3: DSC thermograms of clofazimine and its salts 

Table 3.5: Melting points of clofazimine and its salts 

Sample Melting Point (⁰C) 
Clofazimine 219.4 

CLF mesylate 258.82 
CLF besylate 251.73 
CLF tosylate 227.13 
CLF citrate 199.82 
CLF lactate 195.98 
CLF tartrate 235.22 

 

3.5.3 X-ray Powder Diffraction 

XRPD analysis of clofazimine salts showed good agreement with the DSC results (Figure 

3.4). Specifically, all salts showed characteristic diffraction patterns with some slight and 

some substantial variation indicating different crystalline structures between the salts 
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prepared. As discussed previously, each crystalline compound produces it characteristic 

XRD pattern and any change in the crystal structure is reflected in its diffraction pattern. 

Position of peaks in the X-ray diffractogram is associated with the ‘d’ spacing of the unit 

cell of crystals. With the formation of crystals with different structure, the ‘d’ spacing 

value changes and thus the peaks are shifted to lower or higher 2θ value. Some sharp 

diffraction peak positions observed in the salts were substantially different than that seen 

in clofazimine indicating significant change in the crystal structure of clofazimine after 

salt formation. These shifts are most pronounced for hydroxyl acid salts of clofazimine 

with more subtle variations for sulfonic acid salts. 

 

 

 

Figure 3.4: X-ray diffraction analysis for clofazimine and its salts 

3.5.4 IR Spectroscopy 

All the salts showed slight change in the peaks in the imine group region of 1600- 1500 

cm-1 which can be attributed to involvement of imine nitrogen in salt formation. 
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Hydroxyl acid salts (citrate, lactate and tartrate) showed characteristic peaks at 1750 cm-1 

corresponding to carbonyl group. Sulfonic acid salts showed peaks in the region of 1050 

– 1000 cm-1 corresponding to sulfonate groups present in these salts. All the salts showed 

broadened hydroxyl group peak in the range of 3400 - 2900 cm-1, again indicating salt 

formation. 

3.5.5 Solubility testing 

 

Figure 3.5: Solubility testing of clofazimine and its salts 

Salt formation increased the solubility of clofazimine with all the salts showing higher 

equilibrium solubility than clofazimine free base (Figure 3.5). Clofazimine mesylate 

showed the highest solubility among all the clofazimine salts. Various contrasting 

theories are available which discuss the different factors which determine the solubility of 

drug salts. Properties of the counter-ions such as molecular weight, their hydrophilic 

nature, pKa value are known to influence the solubility of the salt formed [102]. Salt 

formers with lower pKa values are able to reduce the pH of the surrounding medium 

much lower than those with higher pKa thus increasing the solubility of weakly basic 
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drug. Even the counter-ions with higher hydrophilic nature are known to produce salts 

with greater aqueous solubility. Some researchers have also reported that melting point of 

the salt has an impact on its solubility. The compounds having higher melting point have 

higher crystal lattice energy and thus have lower solubility [103]. The combination of all 

these factors determines the salt solubility and solubility cannot be correlated to a single 

factor. Methanesulfonic acid has the molecular weight of 96 g/mol, which is the lowest in 

the sulfonic acid series and second lowest among both the salt forming series. Methane 

sulfonic acid is also a very strong acid with the pKa of -1.2 and is reported to have the 

aqueous solubility of up to 5000mg/ml indicating its high hydrophilicity [104]. Thus the 

highest solubility of mesylate salt of clofazimine can be due to the combined effect of 

hydrophilic nature, lower pKa and low molecular weight of methane sulfonic acid.  

3.5.6 MIC determination 

Table 3.6: MIC of clofazimine and sulfonic acid salts 

Sample MIC (µg/ml) 
Clofazimine 0.8 

CLF mesylate 1.3 
CLF besylate 1.16 
CLF tosylate 1.14 

 

MIC studies of showed that the conversion of clofazimine to the salt form resulted in a 

slight increase in the MIC indicating slight decrease in the activity. This decrease in the 

activity can be attributed to altered interaction of clofazimine with the mycobacteria 

when it is present in its salt form. This decrease is also not indicative of substantial 

differences in a qualitative activity assay such as MIC testing. Therefore, all salt forms 

retained qualitatively equivalent anti-TB activity. One of the proposed mechanisms by 
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which clofazmine acts is partitioning into the mycobacterial membrane followed by 

membrane destabilization [26]. Ionized form of clofazimine resulting from the 

dissociation of clofazimine salt may have difficulty for partitioning into mycobacterial 

membrane thus resulting higher MIC of the salts.  

3.6 Conclusions 

Preliminary work was done in the area of synthesis and characterization of clofazimine 

salts to address the poor aqueous solubility of clofazimine. Crystalline salts of 

clofazimine were successfully prepared by using sulfonic acids and hydroxy acids. 

Clofazimine mesylate was found to be the most soluble salt of all the salts formed. 

However further characterization has to be performed on the salts formed. Salts of 

clofazimine with other salt forming acids should also be formed and characterized in 

order to continue the process of salt screening for clofazimine.  
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Chapter 4: Summary and Future directions 
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4.1 Summary: 

In this Master’s thesis, inhalational delivery of clofazimine in the form of DPI 

formulation was explored. DPPC was evaluated as an excipient to improve the 

performance of the inhalable clofazimine formulation. Efficiency of DPPC as a 

formulation excipient was also compared with leucine which is an excipient used in the 

clofazimine formulation reported in the literature. Four formulations of clofazimine 

prepared by spray drying: “CLF : 100”, “CLF : DPPC_80 : 20”,  “CLF : DPPC_50 : 50” 

and “CLF : LEU_80 : 20”  and characterized. “CLF : DPPC_80 : 20” formulation showed 

the best aerodynamic performance with MMAD of 3.2 µm and highest fine particle 

fraction of 47 % due to ability of DPPC to produce spherical particles with low 

aggregation tendency with resulting good flow properties at the concentration of DPPC 

used in the formulation.                                    “CLF : DPPC_80 : 20” also showed MIC 

comparable to clofazimine indicating that there was no loss in the anti-TB activity of 

clofazimine after spray drying with DPPC.  Formulations “CLF : 100” and  “CLF : 

LEU_80 : 20” showed  poor aerodynamic performance owing their needle shaped 

morphology and aggregating behavior. Increasing the DPPC concentration in the 

formulation from 20 % to 50 % increased the powder aggregation and reduced the 

aerodynamic performance. DPPC was able to improve the aerodynamic performance of 
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clofazimine when incorporated into formulation at optimum concentration and thus 

proving the hypothesis of the study. 

As another small part of this project, crystalline salts of clofazimine were formed and 

preliminary characterization was done for the salts as a proof of concept. Salt formation 

approach was found to address the solubility issue of clofazimine with all the salts 

showing considerably higher solubility than clofazimine. Clofazimine mesylate was 

found to have the highest solubility salt among the clofazimine salts formed. Salt 

formation was accompanied by a very slight loss in the activity of clofazimine which was 

evident from the increased MIC values for sulfonic acid salts of clofazimine.  

Promising results were obtained for the inhalational delivery of clofazimine as well as for 

the salt forms of clofazimine and further studies need to be performed to widen the scope 

of this project. 

4.2 Future Directions 

Based on the studies performed, the concentration of DPPC has found to influence the 

aerodynamic behavior of the DPI formulation of clofazimine with formulation containing 

lower DPPC concentration giving better aerodynamic performance. Thus clofazimine 

formulation with further lower concentrations of DPPC such as “CLF : DPPC_90 : 10” 

can be prepared and tested for aerodynamic performance. DPPC being a surfactant is 

expected to have pronounced effect on the dissolution of clofazimine. Thus determining 

the dissolution profile of clofazimine formulation can be interesting. Anti-TB efficacy of 

CLF/ DPPC formulation should also be tested in vivo in mouse models of TB. Long term 

stability of clofazimine/ DPPC formulations should also be assessed to ensure the 

reproducibility of the formulation performance over the period of time. 
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In this project, organic solvent based spray drying was used as a method for preparation 

of clofazimine/DPPC formulations. Pulmosphere™ formulation of clofazimine and 

DPPC can alternatively be prepared and studied for its aerodynamic performance. 

Pulmosphere™ technology  ( by Novartis Pharma.) involves emulsion based spray drying 

to produce large porous particles which are known to have superior flow properties and 

dispersion from the passive DPIs [105]. Comparing the performance of pulmosphere™ 

formulation of clofazimine with the formulation prepared by organic spray drying can be 

interesting.  

The process of screening of clofazimine salts should be continued using different series 

of salt forming acids. Ideal salt candidate can be spray dried, incorporated in the DPI 

formulation and studied for its aerodynamic performance.  
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