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ABSTRACT 

Tuberculosis (TB) is a leading cause of death globally, despite current treatment options. 

The old and rarely used oral antibiotic, clofazimine (CFZ), is a potentially viable treatment 

option against TB infections due to its activity against TB, multidrug-resistant TB (MDR), 

and extensively drug-resistant TB (XDR-TB).  CFZ is a highly hydrophobic with poor 

pharmacokinetic and adverse drug reaction profiles following oral administration. 

Development of an inhaled CFZ formulation could achieve high drug concentrations in 

infected lung tissue, reduce systemic drug exposure, and lessen the adverse effects 

associated with oral delivery. This project explores the formulation and processing 

parameters for inhaled CFZ formulations and the inhaled CFZ dose amount in vivo. 

Dry powder inhalations of CFZ or CFZ – salt (CFZ – mesylate, CFZ – tosylate, CFZ – 

lactate) with dipalmitoylphosphatidylcholine (DPPC) were prepared in 80 : 20 ratios of 

CFZ or CFZ-salt to DPPC using aqueous spray drying of suspensions. The resulting 

powder formulations were characterized for, batch yield, drug content, hydrodynamic and 

aerodynamic particle size distribution, antibacterial efficacy, cytotoxicity, and solubility. 

Moreover, formulations were also characterized for their solid state and particle 

morphology. Lead formulation was dosed in BALB/c mice to analyze the amounts of 

inhaled CFZ. 

CFZ DPPC formulation, among all others, had the highest batch yield, narrowest range of 

hydrodynamic particle size distribution, and a roughly spherical morphology. CFZ DPPC 

also demonstrated the best aerodynamic performance with the fine particle fraction of 56% 

and mass median aerodynamic diameter of 3.2 µm and thus, was superior to CFZ – salt 

DPPC formulations. Additionally, CFZ DPPC had improved anti - bacterial efficacy 

compared to unprocessed CFZ and a selectivity index of greater than 2000, indicative of 
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its safety. In vivo analysis of CFZ DPPC in BALB/c mice using a validated dosing chamber 

revealed an inhaled CFZ concentration of about 16.79 µg/g of wet lung suggesting that 

CFZ DPPC particles were inhalable in potentially effective amounts. 

CFZ DPPC formulation was found to have the best outcomes as compared to other CFZ-

salt DPPC formulations with no compromise in anti-TB activity and acceptable inhaled 

amounts, in vivo, thus, being preferable for inhaled lung delivery. 
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 Background 

Tuberculosis (TB) is a contagious bacterial infection caused by Mycobacterium 

tuberculosis (Mtb). It usually affects lungs (pulmonary TB), however, it can also affect 

sites other than lungs such as brain, spleen, liver (extrapulmonary TB). In spite of the 

current research advancements TB continues to be one of the top 10 leading cause of death 

globally. Approximately, 10 million new cases of TB were reported in 2018 causing 1.3 

million deaths in HIV negative and an additional 300,000 deaths in HIV-positive people. 

Although effects of TB are seen globally, it is more prevalent in South-east Asia, Africa 

and Western pacific region accounting for more than 80 % of the TB cases with about 

>90% of the cases reported in adults (Figure 1.1) (‘WHO | Global tuberculosis report’, 

2020). Increased prevalence in these regions can be linked to the high economic burden in 

these areas. Persistent poverty in these developing regions of the world can be allied to 

nutrition problems which further weakens the immune system, making people more prone 

to TB. Furthermore, limited surveillance system, poor diagnosis and  limited treatment 

options in hard to reach areas of the developing countries makes the treatment of TB even 

more challenging leading to increased TB cases. (Zaman, 2010) 

 



3 
 

 

Figure 1.1 Estimated rates of global TB incidence in 2018 (‘WHO | Global tuberculosis 

report’, 2020) 

About 186,772 cases of multi drug resistant TB (MDR-TB) and 13,068 cases of extensively 

drug resistant TB (XDR-TB) were reported in 2018. High mortality rates associated with 

TB are due to increasing rates of mycobacterial resistance which necessitates the need for 

the development of new treatment options making TB a global emergency (‘WHO | Global 

tuberculosis report’, 2020). 

The primary cause of high rates of mortality and morbidity is the microbiological and 

biochemical nature of the causative organism and the pathogenesis of the disease.   Mtb is 

an aerobic bacillus that thrives well in the tissues rich in oxygen such as lungs. It is slender 

rod-shaped bacteria neutral to gram staining. Due to its complex cell wall structure 

containing mycolic acid and other lipids, it is impervious to usual stains. Therefore, it is 
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also called as acid-fast bacteria. This complex nature of cell wall also severs as a barrier 

for the antibiotics making extermination of the bacteria difficult (Mohan, 2010). 

The most common route of infection is, inhalation of droplets containing bacillus leading 

to pulmonary tuberculosis.  Ingestion of organism by swallowing of infected sputum is the 

primordial cause of intestinal or tonsillar tuberculosis. Other rare means of transmission of 

disease include inoculation of bacilli into the skin that may occur in individuals working 

on the postmortem of the infected tissue and transplacental infection from mother to fetus 

(Mohan, 2010). 

 

 Pathogenesis 

TB primarily affects the respiratory physiology.  The human respiratory tract extends from 

the mouth and nose to the alveoli in the deep lung.  Four main regions have differing 

structures, functions, and airflow patterns to facilitate gas exchange.  The lung also 

functions as a convenient route of drug delivery that often relies on inhaled particle 

deposition at various regions in the respiratory tract. The first region of human respiratory 

system consists of the upper respiratory tract and includes nose, mouth and pharynx. It 

provides a passage for the inhaled air to be breathed in and out and functions as an air filter 

and humidifier. Moreover, the upper respiratory tract is also involves in swallowing, cough 

and speech (Pierce and Worsnop, 1999). The second region, also called as conduction zone 

consists of airways that communicate inhaled air from the upper airways to the terminal 

bronchioles.  It includes the first 15 generations of airway branching, beginning with 

trachea and ending with terminal bronchioles. The third region is also referred to as the  

transitional system serves as a transition zone between conduction and respiratory zone ( 
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Hakim and Usmani, 2014). It consists of airway bifurcations in generations 17-19 and 

includes the respiratory bronchioles and first alveoli.  Finally, fourth region, extending 

form airway generations, 20 – 23 is the respiratory zone.  It is the primary site of gas 

exchange and consists of highly vascularized alveolar sacs which are the main sites for 

tuberculosis infection. (Patwa and Shah, 2015; Knudsen and Ochs, 2018).  

Mycobacterium tuberculosis (Mtb) gains access to the alveoli of lungs predominantly via 

the aerosol route. A cycle of TB infection begins with the inhalation of droplet containing 

bacilli dispersed in air. The inhaled bacilli are phagocytized by alveolar macrophages that 

further invade underlying epithelium. This triggers the immune system, monocytes and 

lymphocytes start adhering to the infected macrophage forming a ‘granuloma’. Inside the 

granuloma, infected macrophages are surrounded by monocytes, other macrophages and 

lymphocytes create a necrotic tissue in the center (Figure 1.2). If these granulomas are 

stable, the infection remains contained and is called as latent phase tuberculosis. However, 

if the necrotic center liquifies, Mtb bacilli contained in the granuloma are emptied into the 

airway producing infected cough with transmissible bacteria that continue to spread 

infection. This is called the active phase of TB. Through the lymphatic system, infected 

macrophages can be carried to lungs, lymph nodes, kidneys, bones, and other parts of the 

body, leading to extra pulmonary TB (Miranda et al., 2012).  
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Figure 1.2 Pathogenesis of tuberculosis (Ndlovu and Marakalala, 2016) 

 

 Current Treatment and Problems 

Currently approved treatments for TB are complex multi-drug regimens that last for 

months.  These treatment approaches attempt to eliminate the infection and prevent the 

emergence of antibiotic resistance  to main-line drugs.  Examples of currently used anti-

tubercular drugs are given below in Table 1.1 
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Table 1.1 Classification of anti-tubercular drugs (‘WHO | Global tuberculosis report’, 

2020) 

Group Category of drug 
line Examples 

Group 
1 First line agents Isoniazid, rifampicin, ethambutol, pyrazinamide 

Group 
2 

Second line agents 

Fluroquinolones like levofloxacin, moxifloxacin etc. 

Group 
3 Linezolid, bedaquiline, delamanid 

Group 
4 Amikacin, capreomycin, kanamycin 

Group 
5 Clofazimine, ethionamide/prothionamide, carbapenems 

Group 
6 

Cycloserine, para-amino salicylic acid, 
amoxicillin/clavulanate 

 

Generally, the recommended treatment for TB lasts 6 – 9 months. It starts with an intensive 

phase lasting for 2 months where in a patient is given a combination of four first line agents 

isoniazid (INH), rifampicin (RIF), ethambutol (EMB), pyrazinamide (PYZ). This is 

followed by a continuous phase lasting for 4 – 7 months where patient takes combination 

of isoniazid and rifampicin. The first two months of the treatment ensures the killing of the 

actively multiplying bacteria, whereas the continues phase is to ensure the complete 

eradication of al the dormant bacilli (latent phase) in order to treat the infection completely. 

In cases of drug resistance TB infection the treatment period might be as long as 2 years 

and involve incorporation of second line anti-TB agents (Table 1.1).  (CDC, 2016; Zhang, 

Yew and Barer, 2012) .  

The principle hurdle in the treatment of TB is the length and complexity of the treatment 

regimen leading to the problems with patient medical adherence. Inadequate treatment due 

to poor medical adherence, improper prescribing, or drug malabsorption due to 
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pathophysiologic conditions increases the cases of acquired resistance. Moreover, 

tubercular bacilli sometimes undergo chromosomal mutations that makes them insensitive 

to many antibiotics causing the development of chromosomal resistance. Emergence of 

acquired and chromosomal resistance further lengthens the treatment duration of TB (Chan 

and Iseman, 2002). Drug resistance has been a major challenge in the treatment of 

tuberculosis. This can either be multidrug resistant (MDR) TB, defined as the resistance of 

the bacteria against at least INH and RIF or extensively drug resistant (XDR) TB, defined 

as the resistance against INH and RIF plus any of the fluroquinolones and any one of the 

injectable antibiotics (amikacin, kanamycin, or capreomycin) (CDC, 2016).  

In order to tackle the problem of resistance, combination drug therapies were used with 

treatment durations lasting anywhere from 18 to 24 months (‘WHO | Global tuberculosis 

report’, 2020). A strategy called DOTS (Directly observed treatment, short course) was 

used as a part of global TB control as a standard treatment regimen. However, with advent 

of globalization and rise in the cases of HIV infections, resistance forms of TB infection 

also increased (Seung, Keshavjee and Rich, 2015).  

Several reasons can be attributed to the development of drug resistance. Cause of MDR-

TB was initially attributed to the nosocomial transmissions occurring between HIV 

patients. As the diagnosis of TB strains all over the world improved, it became evident that 

drug resistant TB was a growing threat to the world. The most common cause of 

development of mycobacterial resistance is the genetic mutations in the bacteria that confer 

resistance to the drugs. The reason for the global spread of resistance includes, improper 

treatment regimen. Once the bacteria develop resistance, sometimes DOTS can exacerbate 

the problem. Additionally, use of short-course therapy repeatedly can lead to resistance 
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against all first line agents. Furthermore, development of drug resistance can also be due 

to community transmission, which is a TB infection due to transmission of a MDR-TB 

strain from another patient instead of an inadequate treatment (Seung, Keshavjee and Rich, 

2015).  

A major hurdle in the treatment of TB is HIV. This is particularly a challenge because, TB 

is the leading cause of death for patients infected with HIV. HIV infected patients have a 

compromised immune system that prevents the formation of stable granulomas, thus, 

spreading the infection by the conversion of latent TB into the active phase. It is estimated 

that 15% of the patients infected with AIDS die of TB every year. Moreover, drug-drug 

interactions between anti-HIV agents such as nonnucleoside reverse transcriptase 

inhibitors (NNRTIS) and anti-tubercular drugs such as rifampicin, creates a major obstacle 

in the treatment of TB. Constant drug monitoring is required in such cases which might be 

difficult in some low resourceful countries (Laurenzi et al., 2007). Presence of other co-

morbid conditions also leads to drug interactions. For example, INH increases gastric pH 

and interferes with the action of antacids. Similarly, rifampicin interacts with myriad of 

drugs including oral anti-coagulants, antidepressants, antifungals, contraceptives, 

corticosteroids etc. (De Siqueira, 2010; Marcos Abdo Arbex and Hélio Ribeiro de Siqueira, 

2010).  

In addition, most of the drugs employed in the treatment of TB are given orally and hence, 

are prone to first pass metabolism. Substantial first pass metabolism contributes to low 

drug amounts that reach the site of anti-TB action in the alveolar macrophages. Therefore, 

higher oral doses are often needed to produce adequate antibacterial efficacy which can 

also cause systemic adverse drug reactions. For example, many first line anti-tubercular 
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drugs can cause severe hepatotoxicity. Additionally, common adverse effects include 

dermatological, gastrointestinal, hypersensitivity, neurological, hematological and renal 

reactions (Forget and Menzies, 2006). Furthermore, treatments for TB are concerning in 

poor and developing countries due to  high economic burden. An average per patient cost 

for the treatment of drug susceptible TB in 2018 was about $18,527. However, for the 

treatment of MDR – TB and XDR – TB it was $174,939 and $544,182, respectively 

(‘WHO | Global tuberculosis report’, 2020). 

The currently available treatments have substantial limitations to adequately address the 

increasing TB prevalence and emergence of resistance. Therefore, there is an urgent need 

to develop new treatment options to possibly decrease the duration of treatment, simplify 

treatment regimens, or prevent the emergence of resistance while remaining low cost for 

clinical use in the developing world.  

Re-formulating poorly tolerable but highly effective antibiotics, particularly if they can be 

targeted at the site of action is a potentially viable option to address the limitations 

associated with current therapy. Localizing such formulations at the site of infection (lungs) 

to treat TB is a desirable for many reasons. First, targeted pulmonary delivery could 

produce high localized concentration of drugs compared to their systemic concentrations, 

thus, circumventing the oral route and the side effects associated with it. Second, drugs or 

formulations administered via inhalation route would not undergo first pass metabolism 

and expected to have a faster onset of action, thus, being needed in low doses.  Lastly, 

improved concentrations of drugs at the site of infection also makes the prolonged course 

of action easier. (Ashlee D. Brunaugh et al., 2017). 

 



11 
 

 Inhaled therapies for the treatment of tuberculosis 

With the advent of drug resistant tuberculosis, scientists have a growing interest in inhaled 

therapies.  Extensive literature is available on formulating inhaled therapies for the 

treatment for tuberculosis. However, no formulation is clinically available for the treatment 

of pulmonary tuberculosis. The reason for this delay could be due to the complexity of the 

respiratory system and the complicated engineering process involved for the making 

formulations suitable for inhalation. 

Being one of the chief interfaces between environment and the TB bacteria, the respiratory 

system has evolved to get rid of the foreign agents via mechanical, chemical and 

immunological defense mechanisms (Olsson et al., 2011). Intended inhalable formulation 

should have appropriate properties to overcome these barriers and reach the site of infection 

in order to elicit action. The effectiveness of the respiratory tract to be free of the incoming 

foreign particles depends on the ‘particle properties’ (shape, size, charge and density), 

breathing patterns and the morphology of respiratory tract which determine  the mechanism 

of drug deposition.  

Particles are deposited in the lungs by the mechanism of inertial impaction, sedimentation, 

or diffusion. Typically, impaction occurs in extra thoracic airways and in the 

tracheobronchial tree. Particles greater than 5 μm are deposited by in the upper respiratory 

track due high mass and inertia through impaction. Such particles cannot penetrate lower 

tissues of the respiratory track. Sedimentation and diffusion are more predominant in the 

lower respiratory track. Sedimentation is common in bronchi and bronchioles and occurs 

when forces due to gravitation overcome the buoyancy of the particles. Diffusion occurs 

due to the Brownian motion of the particle and is important for the particles to deposit in 
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alveoli. Particles  greater than 5 µm deposit in the upper respiratory track due to impaction 

and particles smaller than 0.5 µm are exhaled, therefore, a particle size of 0.5 – 5 µm is 

intended for inhalation.  (Heyder, 2004).  

Despite the oral therapy of antibiotics, many patients continue to infected from TB. This is 

since anti-microbials given orally, fail to reach the extensive cavitary lesions of 

tuberculosis. Inhaled drug therapy is a promising approach for the treatment of tuberculosis 

because lungs serve as the primary source of entry for the mycobacteria, and targeting 

alveolar macrophages harboring TB bacilli is one of the potential means to treat TB 

infections. Researchers have demonstrated the suitability of various delivery system 

including, nanoparticles, liposomes and microparticles to be anti-tubercular drug carriers.  

Sacks et. al studied such patients and administered them with inhaled gentamycin or 

kanamycin. It was observed that inhaled therapy was effective in 86% patients suffering 

from drug susceptible tuberculosis and  in 58% patients suffering from drug resistant TB 

(Pandey and Khuller, 2005). Additionally, in one of the studies, a subset of nine patients 

out of 200 patients positive for TB were administered inhaled kanamycin out of which four 

were completely cured after 8 weeks of the treatment. The treatment was tolerated well and 

was free of side effects (Muttil, Wang and Hickey, 2009; Hickey, Misra and Fourie, 2013). 

Furthermore, use of polymeric microparticles to deliver anti-tubercular drugs particularly 

of interest for many researchers. Suarez et.al studied the effect of inhaled rifampicin loaded 

microparticles on the colony forming units (CFUs) of tuberculosis bacteria in lungs. 

Colony forming units is a microbiological unit to quantify viable bacterial cells. A decrease 

in CFUs is an indication of reduction in bacterial cell count thus suggesting a reduction in 
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bacterial infection. It was observed that CFUs were significantly reduced in the treatment 

group receiving inhaled microparticles as compared to the control groups.  

To summarize, inhaled drug delivery is a potential way to address the existing problems 

with current treatment regimen. 

 

 Clofazimine – A promising drug candidate 

Clofazimine is a weakly basic riminophenazine antibiotic with reported activity against 

various species of mycobacteria . It is effective in the concentrations of 0.125 to 2 µg/ml 

(Ashlee D. Brunaugh et al., 2017). Clofazimine is a particularly appealing drug candidate 

for the treatment of tuberculosis because it has activity against drug resistant cases of 

bacteria and is a second line anti-TB drug recommended by WHO for treating MDR-TB 

(Grosset et al., 2013). CFZ exhibits strong propensity for macrophages and its up taken by 

them readily. CFZ also has several properties that make it a promising candidate for the 

treatment of tuberculosis, that include its ability to shorten the duration of treatment when 

coupled with first line anti-TB agents (Tyagi et al., 2015) . Additionally, CFZ is also 

effective in cases of patients co-infected with HIV (Padayatchi et al., no date; Tyagi et al., 

2015; Ashlee D Brunaugh et al., 2017). In 2010, a large cohort study conducted in 

Bangladesh suggested CFZ was highly effective in the treatment of MDR-TB (Dooley et 

al., 2012; Gopal et al., 2013) 

Although, the exact mechanism of action for CFZ is unknown, it is believed that CFZ acts 

on the outer membrane of Mtb. Its antibacterial activity is because of the intracellular redox 

cycling Gopal et al., 2013 . The mechanism involves oxidation of clofazimine generating 

peroxide and superoxide radicles that are bactericidal. Furthermore, CFZ interferes with 
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the potassium uptake causing membrane dysfunction leading to bacterial cell death. It is 

also postulated that, CFZ binds to the guanine bases of DNA. These bases are found 

abundantly in bacterial cells as compared to mammalian cells. CFZ is therefore responsible 

in blocking template function and inhibiting bacterial proliferation, eventually causing 

bacterial death. (Barry et al., 1957; Dooley et al., 2012; Gopal et al., 2013) 

Clofazimine has been used along with rifampicin for the treatment of different forms of 

leprosy. It is also used for the treatment of infections caused by mycobacterium avium 

complex (MAC), both, pulmonary and extra pulmonary. Studies indicate the use of CFZ 

for the treatment Crohn’s disease, ulcerative colitis, lupus erythematosus (McEvoy and 

American Society of Health-System Pharmacists., 2020). Furthermore, it is used in the 

treatment of pyroderma gangreosum where patients fail to respond to corticosteroids and 

dapsone (McEvoy and American Society of Health-System Pharmacists., 2020).  

Recent reports suggest that CFZ  is active in vitro against mycobacterium tuberculosis. It 

has been employed in the cases for multidrug resistant tuberculosis.  In one of the studies 

conducted on clofazimine and its analogs for 20 strains of Mtb that included 16 drug 

resistant strains (resistant to one or more drugs), MIC of CFZ was found to be between 

0.12 to 1 µg/ml for drug susceptible tuberculosis and about 0.06 to 2.00 µg/ml for MDR – 

TB (Reddy et al., 1996) suggesting it activity in vitro, against resistant strains. 

A study using a mouse TB model evaluated the combination of CFZ with second line anti-

TB agents for treatment of tuberculosis (Tyagi et al., 2015). MDR – TB infected mice were 

treated with and without CFZ for 9 months and it was found that the lungs of mice receiving 

CFZ were culture free in 5 months after the initiation of therapy as opposed to the lungs of 

mice that did not receive CFZ, even showing high culture positive infections even after 9 
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months of therapy. This study demonstrated that, addition of CFZ in the second line drugs 

increases the bactericidal activity of the therapy along with shortening the duration of 

treatment (Tyagi et al., 2015). Tang et. al reported another study from china where the 

success rate for treating MDR-TB using CFZ was 76 % greater than the control group 

(Tang et al., 2015). Another research group provides evidence for the synergistic action of 

CFZ with moxifloxacin and capreomycin against 30 strains of Mtb including 13 MDR 

strains and two XDR strains (Li et al., 2019). In a retrospective study conducted by ‘The 

National Tuberculosis Program’ and the Damien Foundation in Niger, CFZ was a part of 

short treatment regimen (STR) that lasted for the duration of nine to fourteen months and 

included gatifloxacin, clofazimine, ethambutol and pyrazinamide was supplemented by 

kanamycin, prothionamide and medium to high doses of isoniazid. The cure rates for STR 

were greater than 80% indicating the efficacy of CFZ (Piubello et al., 2020). 

Thus, CFZ is not only effective against Mtb, but is also known to reduce the duration of 

TB treatment along with being active against the resistant forms of TB infections making 

it a potential anti-TB agent . 

 

 Inhaled clofazimine 

Clofazimine has an excellent anti-tubercular potential however, its poor pharmacokinetic 

and adverse drug profile limit its clinical utility. Targeted pulmonary delivery of 

clofazimine could be a solution for associated problems. One of the ways to target CFZ in 

lungs is via dry powder inhalation. Targeted pulmonary delivery of CFZ would increase 

the concentration of CFZ at the site of action i.e. lungs, circumvent the first-pass 

metabolism of CFZ and consequently, be required in low doses. This would decrease the 
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systemic absorption and reduce the side effects associated with oral CFZ (Muttil, Wang 

and Hickey, 2009;  Misra and Fourie, 2013). 

Clofazimine is a preferred molecule for inhalation delivery because of its hydrophobic 

nature, although it’s high lipophilicity and low water solubility makes it a poor candidate 

for intravenous and oral administration, these properties make it an ideal candidate for 

inhaled delivery. The limited fluid capacity of lungs presents a challenge for poorly soluble 

drugs to be dissolved and absorbed into systemic circulation. CFZ can take advantage of 

this because limited absorption of CFZ will increase its concentration at the site of action, 

potentially decreasing the associated side effects (Ashlee D Brunaugh et al., 2017) 

One key study was published by Verma et.al. in 2013 demonstrated that an inhaled 

antitubercular drug reduces the bacterial burden of TB in a mouse model of tuberculosis.   

Verma et.al compared the conventional oral treatment of first line anti-TB agents including 

isoniazid and rifampicin with oral and inhaled CFZ at three dose levels, 240 µg, 480 µg 

and 720 µg in tuberculosis infected mice. It was observed inhaled CFZ at the doses of 480 

µg and 720 µg caused significant reduction in colony forming units of tuberculosis bacteria. 

This reduction in CFUs was comparable to that of drugs approved for the treatment of TB 

such as isoniazid and rifabutin. 
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 Properties of clofazimine 

 

Figure 1.3 Structure of clofazimine 

1.5.2.1 Physicochemical properties of clofazimine  

Clofazimine (Figure 1.3) is a riminophenazine that is brick red in color and is fat soluble 

with a molecular weight of 473.4 g/mol. It is extremely hydrophobic having an 

octanol/water partition coefficient of 7.66 and is due, in part, to the lipophilic phenazine 

core. It is practically insoluble is water and has the aqueous solubility of 0.23 mg/L. 

However, it is soluble in organic solvents such as benzene and chloroform; sparingly 

soluble in methanol, ethanol, and ether and poorly soluble in acetone and ethyl acetate. It 

is weakly basic in nature with a pKa value of 8.51.The high pKa value allows for the 

creation of drug-salt forms using an acidic counter-ion. According to Biopharmaceutical 

Classification System (BCS), CFZ is a BCS Class II compound with a high permeability 

owing to its lipophilic nature and poor aqueous solubility (Zhang et al., 2017).  

1.5.2.2 Pharmacokinetic properties of CFZ 

CFZ’s low aqueous solubility and extreme lipophilicity leads to an erratic absorption 

profile with high interpatient variability and is dependent on several factors such as dose, 



18 
 

dosage form, presence of food in the GI tract and particle size. For example, administration 

of CFZ as coarse crystals results in the absorption of approximately 20% of the dose. 

However, if administered with an oil-wax base, it increases to 45 – 70% of the dose. Due 

to its highly lipophilic nature, it is principally distributed to fatty tissues, and the cells of 

reticuloendothelial system. Additionally, it also distributes into lymph nodes, adipose 

tissue, skin, adrenals, lungs, liver. CFZ has a high propensity for macrophages, and thus, 

is up taken by the macrophages throughout the body. Steady state concentrations are 

achieved after 30 days of CFZ therapy (McEvoy and American Society of Health-System 

Pharmacists., 2020). 

Clofazimine is principally eliminated unchanged in urine. Three metabolites of CFZ are 

reported in literature. Metabolite 1 is formed as a result of dehalogenation, Metabolite 2 by 

deamination followed by glucuronidation, and metabolite 3 by hydration of glucuronide 

metabolite. CFZ is retained in tissues and is eliminated very slowly. Elimination half -life 

of CFZ is about 8 days. On the other hand, tissue half-life of CFZ is about 70 days. High 

tissue half-life is because CFZ distributes from central to peripheral compartment followed 

by re-equilibrium to the central compartment for its elimination, which is very slow 

(McEvoy and American Society of Health-System Pharmacists., 2020). 

 

 Adverse effects of clofazimine 

Clofazimine if given in doses less than 100 mg is well tolerated. Tissue and body fluid 

discoloration is the major side effect of CFZ owing to its   lypophilic nature. Skin, GI tract 

and eyes are the major sites for side effects. About 75 – 100% of the patients receiving 

CFZ experience pink to brownish skin discoloration which is evident after 1 – 4 weeks of 
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initiation of CFZ therapy. It usually disappears in 6 – 12 months post discontinuation, 

however, skin sometimes may retain the traces for 4 years or even longer. About 38 - 57% 

of the patients treated with CFZ have reported conjunctival discoloration during treatment. 

Whereas, 2 – 32% of patients have reported drying, itching, burning, irritation and watering 

of the eye. GI intolerance is the major dose limiting side effect of CFZ. About 60% of 

patients administered with CFZ suffer from GI disturbances that include nausea, vomiting, 

constipation, bowel congestion, GI bleeding, abdominal and epigastric pain. GI effects are 

dose dependent and most commonly occur in patients receiving more than 100 mg of CFZ 

(McEvoy and American Society of Health-System Pharmacists., 2020).  

 

 Dipalmitoylphosphatidylcholine (DPPC) 

 

Figure 1.4. Structure of dipalmitoylphosphatidylcholine 

Excipients are commonly involved in formulations meant for inhalation purposes. Inhaled 

formulations have particles in micron size range, such low particle sizes are often 

associated with high surface energy and thus have sticking tendencies. Addition of 

excipient is therefore important to reduce the surface energy and consequently improve the 

flow properties, to eventually improve the aerodynamic performance.   

Phospholipids are commonly used excipients for inhaled formulation. They are 

biocompatible, biodegradable and improve the migration of inhaled particle to deep lung. 

DPPC (Figure1.4), also known as lecithin, is a natural phospholipid and is a chief 
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component of lung surfactant accounting for 70% of pulmonary phosphatidylcholines. It is 

an amphiphilic compound with zwitterionic polar head and two palmitoyl side chains 

connected to the glycerol backbone and is a biological component of many cell membranes. 

DPPC is present at the air-liquid interface in form of gel at body temperature. It reduces 

the surface tension and prevents the alveoli from collapsing. It maintains fluid balance in 

the lungs and protects lungs against edema (Duan et al., 2013). 

DPPC is known to improve the aerodynamic performance of the formulations. Park et al 

studied aerosol dispersion performance of spray dried vancomycin and clarithromycin with 

and without the incorporation of DPPC. Formulations containing DPPC had better aerosol 

performance than those not containing DPPC (Park et al., 2013). One study indicated that, 

aerosolized tobramycin inhalation when formulated with DPPC caused effective spreading 

of the antibiotic in the lungs, thus, improving its deposition (Iasella et al., 2018). Another 

study also suggested that, the incorporation of 0.5% to 20% DPPC during spray drying for 

the preparation of dry powder inhalation of temocillin increases the fine particle fraction 

by 4 – 5 fold (Cuvelier et al., 2015). DPPC is the main constituent of ‘Exosurf’ which was 

approved by FDA in 1990 for the treatment of respiratory distress syndrome (Dechant and 

Faulds, 1991).  

Therefore, DPPC is an ideal excipient to incorporate in formulations meant for inhalation 

purposes. 

 Preliminary studies 

Preliminary studies in Tolman lab have explored inhaled clofazimine formulations.  Our 

lab has been working with CFZ and its formulations since 2015. Previous work done in 

this laboratory demonstrated that organic spray drying of CFZ and DPPC produces 
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optimum sized inhalable formulation ideal for pulmonary delivery. Four formulations were 

prepared using organic spray drying consisting of different concentrations of CFZ with 

DPPC that ranged from 100% to 50% w/w and were characterized for batch yield, drug 

content, particle size, aerodynamic performance, chemical and physical stability and in 

vitro anti-TB activity. Out of the four CFZ formulations, CFZ : DPPC in 80 : 20 w/w ratio 

had the best aerodynamic particle size distribution. However, limited batch yield due to 

organic spray drying suggested further formulation optimization. (Sabnis, 2015). 

Low batch yield of organic spray drying was one of the limitations of organic spray drying. 

This was further worked upon by another student in our lab, Mr. Ahmed Albariqui who 

used aqueous spray drying for the preparation of solid lipid microparticles for pulmonary 

delivery. After screening several lipids and surfactants, characterizing them, it was found 

that, aqueous spray drying of CFZ with DPPC in 80 : 20 ratio produced optimum sized 

particles appropriate for pulmonary delivery (Ahmed Albariqui, 2017). However, low 

batch yield of the lead formulation (CFZ DPPC) post aqueous spray drying was a 

substantial problem and thus, there was a further need to optimize the formulation. 

 

 Determination of an Inhaled Dose  

Lungs are and attractive target organ for drug delivery, providing a direct access to the 

disease. They have evolved to prevent unwanted particles from invading lungs. In addition, 

humidity, airway geometry, mucociliary clearance, and alveolar macrophages play a key 

role in eliminating foreign particles from entering lungs, thus, also acting as barriers 

towards the efficacy of drugs. Therefore, lung has a limited capacity to inhale foreign 
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particles without impairment of lung function or gas exchange (Labiris and Dolovich, 

2003).  

Determination of inhalation dose limits is difficult as compared to other routes of 

administration. This is because the amount of dose delivered depends upon several factors 

such as duration of exposure, particle size of the formulation and changes associated with 

the breathing patterns (Pauluhn, 2003). The dose limits for inhaled antibiotics are 

particularly challenging for tuberculosis due to high MIC values of anti-TB drugs. The 

challenges associated with dose limitations necessitates a key understanding of the inhaled 

dose necessary to produce antitubercular activity in vivo.  For example, Verma et al 

reported an inhaled amounts 480 to 720 µg of clofazimine. However, the results reported 

were ambiguous in describing the actual dose the animals received.  Similarly, the 

Banaschewski et.al. described an inhaled CFZ dose of 60 µg/g of wet lung (Banaschewski 

et al., 2019) 

A key limitation for inhaled CFZ formulations is then the actual dose that can be inhaled 

into the deep lung to treat a TB infection. Hence, a need exists to quantify the inhaled dose 

inhaled CFZ dose. 

 

 Hypothesis 

Several challenges associated with tuberculosis makes it crucial for the formulating 

scientists to come up with better treatment options. Inhaled therapy of clofazimine is a 

potential treatment option to overcome the challenges associated with the treatment of TB. 

Additionally, evaluation of the inhaled dose may provide information about the efficacy 

and in turn comment about the potential of the formulation to treat tuberculosis. This thesis 
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project aims at developing an inhaled CFZ formulation with optimum properties suitable 

for pulmonary delivery and evaluation of the inhaled dose. 

The hypothesis of this project is: 

‘An optimized dry powder inhalation of clofazimine will improve anti-TB activity and 

achieve a potentially effective inhaled in vivo dose in mice’ 

This project has three specific aims to test this hypothesis 

• Specific aim 1 - Formulation and characterization of dry powder inhalation of 

clofazimine. 

• Specific aim 2 - In vitro evaluation of inhaled formulations for their efficacy and 

cytotoxicity 

• Specific aim 3 - In vivo evaluation of the lead formulation for the assessment of the 

inhaled dose 
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 Development and Characterization of Inhaled Clofazimine 
Formulations 
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 Introduction 

Clofazimine (CFZ) has activity against Mtb including the resistant strains (Gopal et al., 

2013). However, its clinical use is limited by poor pharmacokinetic properties and adverse 

effect profile following oral dosing. CFZ’s poor pharmacokinetic properties are primally 

due to its high lipophilicity and poor aqueous solubility.  

As described in Chapter 1, the formulation of CFZ with a lipophilic surfactant such as 

DPPC would be an efficient way to form particles that are more aerodynamically favorable 

than CFZ’s orthorhombic or acicular shaped needles and help loft CFZ out from a DPI and 

into the deep lungs. Additionally, DPPC is a natural lung surfactant that is already approved 

by the FDA for inhalation delivery and could help restore a patient’s impaired lung function 

in cases of TB infections (Obladen et al., 1983). 

The improvement of CFZ’s poor aqueous solubility could improve the conventional CFZ 

therapy.   Even marginal improvements on CFZ’s extremely low aqueous solubility and 

very high lipophilicity could promote uniform distribution of drug throughout the lung. 

One method reported in the literature to improve the aqueous solubility of drugs, including 

drugs to treat pulmonary conditions, involve forming drug-salt forms.  Several inhaled drug 

salt forms have been reported in the literature that have shown enhanced activity compared 

to parent drug (Durham et al., 2015). One example for the treatment of pulmonary 

tuberculosis is from Durham et. al. who prepared ammonium salts of pyrazinoic acid 

(active form of pyrazinamide) and demonstrated an increased potency towards inhibiting 

mycobacterial growth as compared to pyrazinoic acid alone. Another example beyond lung 

infections is from Jashnani et. al who compared albuterol free base with salt forms of 

albuterol and demonstrated that salt forms showed better emptying from device as 
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compared to free base (Jashnani and Byron, 1996). The aerodynamic performance of these 

salt forms was compared to free drug under different environmental conditions that 

involved varying ranges of temperature and humidity. It was found that one of the salt 

forms had the best aerodynamic performance compared to others and was least sensitive to 

the changes in temperature and humidity suggesting that salts forms can be stable for 

increased time period.  

Preparing salt forms of CFZ along with the addition of DPPC can improve the drug’s poor 

aqueous solubility (Williams et al., 2013; Elder, Holm and De Diego, 2013). Inhalation of 

CFZ salts that demonstrate an improved solubility profile should improve CFZ distribution 

in lungs and reach lung regions that may harbor latent or active mycobacteria leading to 

more effective drug delivery (Durham et al., 2015). Therefore, developing CFZ salts with 

DPPC can improve aerodynamic performance and be a potential approach to improve drug 

distribution in lungs along with being an efficient means to eradicate Mtb from lungs. 

Controlled particle engineering processes have been used to produce formulations suitable 

for inhaled dry powder delivery. Spray drying is a commonly used technique to engineer 

particles with a particle size distribution suitable for lung delivery. As with all laboratory-

scale formulation production, thorough formulation characterization is important to 

optimize processing parameters to produce the desired properties in the inhaled 

formulation.   

The current thesis project expands on this preliminary work through aqueous spray drying 

to prepare CFZ and CFZ salt formulations as a dry powder for inhalation.  
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 Materials 

Clofazimine and dipalmitoylphosphatidylcholine (DPPC) was purchased from Sigma-

Aldrich (St. Louis, MO). Methanol (optima grade and lab grade) was obtained from Fisher 

Scientific (Pittsburg, PA). Methane sulfonic acid and toluene sulfonic acid were purchased 

from Acros organics, a division of Fisher Thermo scientific (Pittsburg, PA). Lactic acid 

was purchased from Sigma Aldrich (St. Louis, MO). Deionized (DI) water was obtained 

using a Purelab Ultra water purification system (ELGA LabWater, Woodridge, IL). Bath 

sonicator and Isotemp magnetic stir plate were purchased from Fisher Scientific (Pittsburg, 

PA).  

 

 Methods 

 Preparation of spray dried clofazimine formulations 

Four formulations of CFZ were prepared using the technique of antisolvent precipitation 

(ASP) which was followed by spray drying (Figure 2.1)  
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Figure 2.1. Diagrammatic representation of preparation of CFZ formulation using anti-

solvent precipitation followed by aqueous spray drying. 

 
Anti-solvent precipitation (ASP) is a commonly used technique for the preparation of 

nanoparticles of poorly soluble drugs (Thorat and Dalvi, 2012). Preliminary studies were 

conducted using ASP to prepare CFZ formulations that were adapted to the needs of this 

project.  Specifically, a 1 mg/ml solution of CFZ in acetone (solvent) was injected into 

water (anti-solvent) that contained DPPC in an 80:20 weight ratio. The volume of solvent 

(acetone) to anti-solvent (water) was 1:10 v/v.  The resulting suspension was sonicated 

using bath sonicator for 20 mins (low energy sonication) or probe sonicated for 20 mins at 

4W energy (high energy sonication) followed by spray drying. 
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Three CFZ - salt forms were prepared using methanesulfonic acid, toluenesulphonic acid 

and lactic acid as the counter-ion. CFZ and the counter-ionic acid were both added to 

acetone in  the molar ratio of  1:1  Excess salt (CFZ : salt = 1:1.2) was added to acetone to 

ensure complete salt formation. The resulting CFZ - salt solution in acetone (solvent) was 

injected into water (anti-solvent). Final suspensions were probe-sonicated for 20 mins at 

4W energy followed by spray drying to result in the formation of dry powders for 

inhalations. Theoretical amounts of CFZ in CFZ DPPC and CFZ-salt formulations are 

given below in table 2.1 

Table 2.1. Theoretical amount of clofazimine in CFZ formulations.  

Starting fluid Method of 
preparation Formulation 

Theoretical Drug 
Loading (%) 
(CFZ-Salt : 

DPPC) 

Aqueous 
suspension 

Anti-solvent 
precipitation 
followed by 

aqueous spray 
drying 

CFZ : DPPC 80-0 : 20 
CFZ-M : DPPC 64.33-15.67 : 20 
CFZ-T : DPPC 53.97-26.03 : 20 
CFZ-L : DPPC 65.02-14.88 : 20 

*Theorectical yield represents the calculated amount of CFZ in each formulation 

The processing parameters for spray drying can be adjusted to prepare micron-sized 

particle suitable for inhalation (Lechanteur and Evrard, 2020). For this experiment, CFZ 

formulations suspensions were spray dried in open cycle using a laboratory-scale mini 

spray dryer Buchi B-290 (Buchi Labortechnik AG, Flawil, Switzerland) (Table 2.1).   

Approximately 1 L of suspension containing 1.1% w/v solids was sprayed over 

approximately 2 hours. The inlet temperature is the temperature of the drying chamber 

where the liquid component of the feed liquid is evaporated. The outlet temperature is the 

temperature of the air that contains dried particle before they are collected in the collection 

vessel. Aspiration rate represents the rate of drying gas and the feed rate is the amount of 
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liquid fed into the spray dryer per unit time. Feed concentration represents the 

concentration of solids in the liquid component. Parameters used for spray drying of CFZ 

DPPC are described in table 2.2. 

Table 2.2 Processing parameters for spray drying 

Parameters Value 
Inlet temperature (⁰C) 145 

Outlet temperature (⁰C) 69 
Aspiration (%) 100 

Feed rate (ml/min) 15 
Atomization gas rate (L/hr.) 536 
Feed concentration (% w/v) 1.1 

 

 

 Batch Yield 

Spray dried formulations were recovered from the collection vessel and cyclone chamber 

after the completion of spray drying.  Batch yield was calculated by the recovered mass 

divided by the theoretical mass that was spray dried. Formulation that deposited on the 

walls of the primary drying chamber and the filter were not collected and do not contribute 

to the yield.  Percent batch yield was calculated using the following equation: 

 

Percent batch yield =  
Recovered mass
Theoretical mass

∗ 100 

 

Equation 2.1: Calculation for percent batch yield 
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 Detection and Quantification of CFZ 

Clofazimine concentrations were analyzed using a validated UPLC method. An Acquity 

UPLC system running Empower 3.5 Software was used (Waters Corporation, Millford, 

MA, USA).  The system was equipped with a HSS T3 (2.1 X 100 mm, 1.8 µm) column 

with a citrate : methanol (24:76) mobile phase was used for chromatographic separation. 

Parameters for detection and quantification of CFZ are given in table 2.3 

Table 2.3 UPLC parameters for detection and quantification of clofazimine 

Parameter Value 
Column Acquity HSS T3 (2.1 X 100 mm, 1.8 µm) 

Mobile phase Citrate buffer (pH 3) : Methanol (26 : 74) 
Flow rate 0.3 ml/min 

Detection wavelengths 286, 492 nm 
Retention time 1.3 min 

Run time 2.0 min 
 

*This method was validated for accuracy, precision,  and linearity according to the USP 
guidelines by a senior lab member Shrouq Farah.  

 

 For the purpose of determining drug content, 5 mg of each CFZ formulation was dissolved 

in 100 ml of mobile phase. Subsequently, clofazimine content was determined using 

equation 2.2 

Percent drug content =  
Calculated amount of clofazimine
Theoretical amount of clofazimine

∗ 100 

Equation 2.2 Calculation of percent drug content 

 



32 
 

 Formulation particle size distribution 

Particle size distribution is a critical aspect of inhaled formulations. A particle size of 1 – 

5 µm is desired. Particle size for CFZ formulation was determined using hydrodynamic 

and aerodynamic particle size distribution. The former is the actual average particle size of 

a formulation whereas, the later correlates particle size with particle density, morphology 

and volume of particles to comment upon the deposition of inhaled particles into 

respiratory system.  

 

2.3.4.1 Hydrodynamic particle size distribution 

The formulations particle size distribution was determined using a Malvern Mastersizer 

2000 equipped with a Hydro 2000S dispersion unit (Malvern Pananalytical Ltd., Malvern, 

UK). CFZ and CFZ formulations were added to the dispersion unit until an obscuration 

range of 3 – 10% was achieved. Measurements were made in triplicate at the stirrer speed 

of 3500 rpm with 100% ultrasound. 

   

2.3.4.2 Aerodynamic particle size distribution 

The aerodynamic particle size distribution CFZ formulations was determined using a USP 

apparatus 5, the Next Generation Impactor (NGI) without a pre-separator (MSP Corporation, 

Shoreview, MN, USA). Prior to use, impaction cups for stages 1-7 and the MOC were coated 

with 1% silicone in hexane and allowed to dry.  CFZ formulations were loaded into size 3 

gelatin capsules to contain 15 ± 2 mg of formulation.  Loaded capsules were placed in four 

different inhaler devices: Handihaler, Aerolizer, Plastiape monodose RS01 low resistance 

inhaler and Plastiape monodose RS01 medium resistance inhaler that were operated at 60 



33 
 

L/min airflow rate with a 4 second inhaler device exposure to the airstream or 80 L/min 

airflow rate with a 3 second device exposure.  Airflow rates were operated at 60L/min or 80 

L/min in order to achieve a pressure drop of at least 4kPa across the device for a time required 

to draw 4L air through apparatus.  The Plastiape inhalers were generously provided by Creare 

LLC (Hanover, New Hampshire, USA). The inhaler devices were attached to the induction 

port of NGI using a custom-made adapter using Slygard 184 silicone elastomer kit (Dow 

Corning, MI, USA).  

After each airflow exposure, the inhaler device, capsule, adapter, induction port, stages 1 to 

7, micro-orifice collector (MOC), filter, were each washed with 100 ml of mobile phase 

(citrate: methanol- 24 : 76) to collect the deposited formulation. The drug mass from each 

sample was quantified using the chromatographic conditions described previously.  The USP 

guidance was followed to calculate the mass median aerodynamic diameter (MMAD), 

geometric standard deviation (GSD), and fine particle fraction (FPF) for each formulation.  

All aerodynamic particle size distribution evaluations were measured in triplicate. 

 

 Solid State Characterization  

Solid state characterization comments about the physical properties of formulation. 

Physical properties of formulation may impact its stability, processability, appearance and 

formulation performance. Solid state characterizations of CFZ formulation were 

determined using Differential scanning calorimetry (DSC), thermogravimetric analysis 

(TGA), X-ray diffraction (XRD) and bright field microscopy as described below. 
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2.3.5.1 Differential Scanning Colorimetry 

Thermograms for bulk ingredients and formulations were obtained using Shimadzu DSC-

60 differential scanning calorimeter (Kyoto, Japan) equipped with a cooling system and a 

nitrogen purge of 20 ml/min. Differential Scanning calorimetry experiments were 

performed by crimping approximately 5 mg of sample in a standard hermetic aluminum 

pan using T-zero sample press. Raw materials and the spray dried samples were heated 

from 25 ºC (room temperature) to 300 ºC at the rate of 5 ºC/min. All the resulting 

thermograms were analyzed TA60 version 3.1 software (Kyoto, Japan). 

 

2.3.5.2 Thermogravimetric Analysis 

Thermogravimetric analysis of bulk ingredients and formulations was carried out using 

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

sample was weighted in standard T-zero aluminum pans and heated from 25 ºC to 300 ºC 

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

 

2.3.5.3 Powder X-Ray Diffraction. 

X-Ray diffractograms (two dimensional) for bulk ingredients and spray dried formulations 

were obtained using an Empyrean X-ray single diffractometer (Almelo, Netherlands) with 

target radiation source of copper. The angular range of 5.0°- 60.0° 2θ was scanned with a 

step size of 0.05° 2θ and dwell time of 1.15 s at each step for all the samples.  
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 Particle Morphology 

The particle morphology for bulk ingredients and formulations was evaluated for spray 

dried powders using bright field compound microscopy as well as scanning electron 

microscopy.   

 

2.3.6.1  Bright field compound microscopy 

Powder samples were examined using Leica Microscope DM2500M (Buffalo Groove, IL). 

Raw clofazimine and CFZ formulations were mounted on a slide and observed under the 

magnification of 50 X.  

 

2.3.6.2 Scanning electron microscopy 

Surface morphology of all CFZ formulations was analyzed using scanning electron 

microscopy (SEM). This was performed using NovaNano SEM 450. Particle were coated 

with 3 – 5 nm Au to avoid charging. Acceleration voltage of 5 kV was used for imaging. 

 

 Results and discussion 

 Spray Dried Formulation Properties 

Aqueous spray dried CFZ DPPC formulations were bright orange in appearance while all 

spray dried CFZ-salt form formulations were dark brown to black in color. This contrasts 

with a darker red-orange color for bulk CFZ.  The color change is likely due to different 

CFZ crystal structures for CFZ-salt forms.  (Figure 2.2) 
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Figure 2.2 Spray dried CFZ formulations 

 

All spray dried CFZ formulations produced free-flowing powders that tended to loosely 

adhere to the walls of cyclone chamber with substantial particle collection on the filter. 

Powder deposition on the cyclone filters was collected for analysis with the powder in the 

collection chamber.   

 

 Batch Yield 

The batch yield for organic spray dried CFZ DPPC formulations was less than 42%.  This 

was likely due to excessive production of fine particles that bypassed the cyclone chamber 

and collection vessel for deposition on the filter.  There was substantial improvement for 

CFZ DPPC CFZ – lactate DPPC 

CFZ – mesylate DPPC CFZ – tosylate DPPC 
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all aqueous spray dried CFZ DPPC and CFZ-salt DPPC formulations with values that 

ranged from 57.33-62.37% (Table 2.4).  

Aqueous spray drying due to high batch yields was therefore preferred for the preparation 

of CFZ-salt DPPC formulations.  

Table 2.4 Batch yield results for spray dried clofazimine formulations 

Starting fluid Method of 
preparation Formulation Batch yield (%) 

Organic Solution 
(Preliminary data) 

Organic spray 
drying CFZ DPPC < 42 

Aqueous 
suspension 

Anti-solvent 
precipitation 
followed by 

aqueous spray 
drying 

CFZ DPPC 62.37 ± 1.97 

CFZ – lactate DPPC 60.90 ± 5.14 

CFZ – mesylate 
DPPC 60.12 ± 2.23 

CFZ – tosylate 
DPPC 57.33 ± 2.31 

 

 

 Detection and Quantification of CFZ 

The UPLC method used for the analytical detection and quantification of CFZ that was 

developed and validated by a former student was repeated and verified for continued 

accuracy (Sabnis, 2015). Retention time of CFZ was found to be 1.3 mins (Figure 2.3).  

Furthermore, this method was found to be linear over the concentration range of 0.5 – 62.5 

mcg/ml. (Figure 2.4).   
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Figure 2.3. Clofazimine peak at the retention of 1.3 mins. 

 

Figure 2.4. Calibration curve for clofazimine. 
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Percent drug content of CFZ in all CFZ formulations ranged from 52.7% - 83.2% of the 

theoretical drug content.  These values are similar to the calculated theoretical drug content 

suggesting that there were negligible drug losses as a result of spray drying (Table 2.5).  

Table 2.5: Drug content results for clofazimine formulations 

Starting Fluid Method of 
preparation Formulation 

Theoretical 
Drug content 

(%) 

Drug Content 
(%) 

Organic 
Solution 

Organic spray 
drying CFZ DPPC 80 77.23 

Aqueous 
suspension 

Anti-solvent 
precipitation 
followed by 

aqueous spray 
drying 

CFZ DPPC 80 83.22 ± 1.97 

CFZ – lactate 
DPPC 65.12 63.51 ± 1.70 

CFZ – mesylate 
DPPC 64.33 63.62 ± 0.66 

CFZ – tosylate 
DPPC0 53.97 52.73 2.44 

 
 
 

 Formulation particle size distribution 

2.4.4.1 Hydrodynamic particle size distribution 

In particle size distribution, the parameter D10 is the point up to which 10% of the total 

volume of material is contained. Similarly, D50 and D90 are the point below with 50% and 

90% of the total volume of materials is contained respectively (Sabnis, 2015) 

Data obtained from both, unprocessed CFZ and spray dried CFZ formulations 

demonstrated unimodal particle size distributions (Figure. 2.5 and Figure. 2.6).  
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Figure 2.5: Particle size distribution of bulk clofazimine and dipalmitoyl 
phosphatidylcholine before spray drying. 

 

 

Figure 2.6: Comparison of particle size distribution of unprocessed raw materials and 
processed formulation 
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Unprocessed CFZ had a broad range of particle size distribution with most of the particles 

lying between 5 – 35 microns with the median (D50) value of greater than 15 microns 

indication the 50% of particles by volume had a particle size greater than 15 µm. On the 

other hand, unprocessed DPPC revealed a narrow range of particle size distribution (PSD) 

with most of the particle lying between 2 – 10 microns (Table. 2.6).  

Organic spray drying of CFZ DPPC produced particles that ranged between 0.3 to 5 

microns with a median value of 4.64 µm.  However, preparation of CFZ formulations by 

the process of aqueous spray drying using bath sonicator (low energy) produced larger 

particles with a broad range of PSD with majority of particles lying between 1 – 20 microns 

and a median value of 4.03 µm. Alternatively, use of probe sonicator (high energy) for the 

formulation of CFZ DPPC reduced the particle size and the particles had a narrow range 

of particle size distribution with the particle size between 1 – 5 microns and a median value 

of 2.93 µm, well suited for inhaled formulations (Table. 2.6). 

All CFZ – salt DPPC formulations demonstrated a particle size distribution with most 

particles lying between 1 – 10 microns. The median values for CFZ – mesylate DPPC, CFZ 

– tosylate DPPC and CFZ – lactate DPPC were 3.42 µm, 5.24 µm, 3.40 µm respectively. 

Although, CFZ salt DPPC formulations had a broader range of PSD as compared to CFZ 

DPPC, CFZ – mesylate DPPC and CFZ – tosylate DPPC had median values of less than 5 

µm, meaning 50% of the particle had a particle size less than 5 µm (Table. 2.6).  

A comparison of D90 revealed that, among all CFZ formulations only organic spray dried 

CFZ and aqueous spray dried CFZ using high sonication energy had a D90 value of less 

than 5 microns, suggesting that 90% of the particles of these two formulations had a particle 

size less than 5 microns (Table. 2.6).  
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Table 2.6 Hydrodynamic particle size analysis for unprocessed raw materials and 
processed clofazimine formulations 

 

 Stating 
fluid 

 Sample D10 ± SD D50 ± SD D90 ± SD 

Before 
spray 

Drying 
 No 

Sonication 

Unprocess
ed CFZ 

6.85 ± 
0.23 

16.23± 
0.77 

31.55 ± 
1.86 

Unprocess
ed DPPC 

2.69 ± 
0.12 

4.64 ± 
0.92 

8.39 ± 
3.52 

After 
spray 
drying 

Organic 
solution 

No 
Sonication 

CFZ : 
DPPC_80 

: 20 

0.36 ± 
0.38 

1.79 ± 
0.24 

4.17 ± 
0.66 

Aqueous 
suspension 

Low 
energy 

sonication 

CFZ : 
DPPC_80 

: 20 

1.95 ± 
0.23 

4.03 ± 
0.46 

15.53 ± 
2.60 

High 
energy 

sonication 

CFZ : 
DPPC_80 

: 20 

1.82 ± 
0.06 

2.93 ± 
0.17 

4.74 ± 
0.42 

CFZ-
Mesylate 

DPPC 

1.61 ± 
0.01 3.42 ± 0.1 7.67 ± 

0.29 

CFZ-
Tosylate 
DPPC 

3.10 ± 
0.56 

5.24 ± 
0.65 

8.74 ± 
0.52 

CFZ-
Lactate 
DPPC 

1.48 ± 
0.19 

3.40 ± 
0.95 

10.00 ± 
4.34 

 

Organic and aqueous spray drying of CFZ and CFZ DPPC resulted in particles having a 

narrow PSD as compared to unprocessed CFZ, indicating that process of spray drying was 

favorable to produce smaller particles. Although, organic spray drying of CFZ DPPC 

produces majority (90%) of particles within the respirable range, low batch yields 

accompanying organic spray drying, limits its use when large scale production of 

formulation is involved.  
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In case of aqueous spray drying, increase in the sonication energy decreased the particle 

size resulting in the narrow particle size distribution. This increase in the sonication energy, 

produced particles with size comparable to the particles produced by organic spray drying 

and with the optimum particle size required for inhalation. Therefore, aqueous spray drying 

using high sonication energy was chosen as an appropriate technique for the preparation of 

CFZ-Salt DPPC formulations. 

 

2.4.4.2 Aerodynamic particle size distribution 

Hydrodynamic particle size is the actual particle size of the formulation. Aerodynamic 

particle size on the other hand comments about the deposition of particle suspended in the 

airstream. It takes into consideration particle morphology, particle density and the rate of 

airflow in which the particle is suspended to indicate the mechanism by with the particle 

may deposit in the respiratory system 

The aerodynamic particle size distribution of spray dried CFZ DPPC and CFZ-salt DPPC 

formulations followed similar trends to the hydrodynamic particle size distributions.  The 

MMAD for CFZ DPPC formulations was in the inhalable range with values between 3.09-

3.81 μm when operated at the flow rate of 60 L/min using different inhaler devices  

However, the FPF for formulations ranged from 17.11 - 45.59% (Table 2.7). This 

difference in the FPF can be attributed to the design of the inhaler device.  
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Table 2.7 Aerodynamic parameters for spray dried CFZ -DPPC using four inhaler  

devices and different flow rates 

Inhaler 
Device Flow rate Number of 

actuations % FPF MMAD 
(µm) GSD 

Handihaler 

60 L /min 1 

17.11 ± 1.81 3.81 ± 0.15 2.54 ± 0.17 

Aerolizer 22.94 ± 1.51 3.47 ± 0.33 3.44 ± 0.77 

RS01 
Plastiape 

low 
resistance 

inhaler 

29.54 ± 0.21 3.57 ± 0.12 2.67 ± 0.16 

RS01 
Plastiape 
medium 

resistance 
inhaler 

  

45.59 ± 0.94 3.09 ± 0.11 2.21 ± 0.06 

80 L /min 
1 45.94 ± 1.87 3.12 ± 0.09 2.26 ± 0.06 

2 55.52 ± 3.86 2.23 ± 0.22 2.54 ± 0.24 

* Number of actuations correspond to the number of times same inhaler device with same  
capsule loaded with formulation was run through NGI. That is, 2 actuations meant that the 
vacuum was turned on for 3 secs with the device loaded with capsule into the induction 
port. This was followed by turning vacuum off and switching it on again for 3 secs for 
second time with the same inhaler device intact at the induction port. 
 

Handihaler (Figure 2.7 a and b ) has four piercing needles of one side of device. As opposed 

to this, Aerosolizer (Figure 2.7 c and d) and RS01 Plastiape low (Figure 2.8 c1) and medium 

(Figure 2.8 c2) resistance inhalers have piercing needles on both sides of the device. 

Piercing the capsule from two sides as opposed to one ensures better powder dispersion, 

thus, lowering the amounts of formulation sticking to the sides of capsule and resulting in 

improved formulation delivery from other three inhaler devices. The difference between 

RS01 low and medium resistance inhalers is the diameter of air inlet (Figure 2.8 c1 and c2). 

Plastiape RS01 low resistance inhaler device has a larger air inlet responsible for lower air 

resistance as compared to Plastiape RS01 medium resistance inhaler that has smaller air 
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inlet and consequently, higher air resistance. Small air-inlet in case of Plastiape RS01 

medium resistance inhaler creates a higher pressure inside the device, generating a greater 

degree of turbulence and subsequently allowing better powder dispersion which eventually 

explains improved aerodynamic parameters with the use of RS01 Plastiape medium 

resistance inhaler. Therefore, Plastiape RS01 medium resistance inhaler was preferred. 

 

 

 

 

 

 

 

 

Figure 2.7: (a) Handihaler with the cover closed. (b) Handihaler with cover open (c) 

Aerolizer with the cover closed. (d) Aerolizer with cover open and mouthpiece attached 

to the capsule chamber. (Möhwald, 2017; Tuteric et al., 2017) 
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Figure 2.8: (a)  Plastiape RS01 low resistance inhaler. (b) Plastiape RS01 medium 

resistance inhaler. (c;c1) Plastiape RS01 low resistance inhaler and (c:c2) Plastiape RS01 

medium resistance inhaler.  Aerolizer with cover open and mouthpiece detached from the 

capsule chamber to fill capsule. 

 

In addition, increasing the airflow velocity to 80 L/min did not increase the fine particle 

fraction substantially (Table 2.7)  Similar values of fine particle fraction at 60 L/min and 

80 L/min indicate that the dispersion and aerosolization of CFZ DPPC formulation is 

independent of the change in flow rate. This might eventually imply that the dispersion and 

aerosolization of CFZ DPPC from the device is also independent of patient inspiratory flow 

rate. This is highly encouraging as tuberculosis negatively impacts lung function. 

Furthermore, independence of the flow rate also broadens the scope of this product to 

pediatric and geriatric population who may have decreased lung capacity than a healthy 

individual.  

Increase in the number of actuations (from one to two), increased the fine particle fraction 

(Table 2.7). CFZ DPPC formulation tends to stick to capsule and inhaler device. Increase 

in the % FPF with an increase in the number of actuations can be explained by the idea 

that, application of vacuum for a longer period, forces the fine particles stuck to the capsule 

(c) 

(c1) (c2) 
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and the walls of inhaler device to be dispersed. These fines leave the device and deposit on 

NGI stages depending on their aerodynamic particle size. This implies that, if a patient 

suffering from active TB were to use this formulation, the patient would be advised to 

inhale the dose once as advised by the pharmacist hold the breath for a few secs and then 

exhale. This would be followed by second inhalation of same dose using same device 

immediately after the first dose in order to maximize the amount of formulation reaching 

lungs. 

 

2.4.4.3 Different CFZ formulations 

Aerodynamic performance of aqueous spray dried CFZ formulations was evaluated at the 

airflow of 80 L/min with 2 actuations. Results of the aerodynamic particle size distribution 

of all the CFZ formulations are compared in table 2.8. 

Table 2.8: Aerodynamic particle size distribution for clofazimine formulations 

Formulation Flow rate Number of 
actuations % FPF MMAD 

(µm) GSD 

CFZ DPPC 

80 L /min 2 

55.52 ± 
3.86 2.23 ± 0.22 2.54 ± 0.24 

CFZ-lactate 
DPPC 

54.23 ± 
3.32 2.53 ± 0.34 2.57 ± 0.34 

CFZ-
mesylate 

DPPC 

48.45 ± 
6.49 3.22 ± 0.41 2.23 ± 0.18 

CFZ-
tosylate 
DPPC 

42.49 ± 
2.36 3.12 ± 0.24 2.27 ± 0.07 

  

All the CFZ formulations had optimum MMAD values with the aerodynamic size range 

between 1 – 5 µm that is required for particles to reach deep lungs. For inhaled formulations 



48 
 

and ideal GSD value is less than 1.2. However, values lower than 3 are also acceptable. All 

CFZ formulations had the GSD value between 1.2 and 3 which suggested that all the 

formulations were not monodisperse but were in the acceptable range (Gao et al., 2017; 

Mitchell et al., 2017). CFZ DPPC had the lowest MMAD and consequently the highest % 

FPF among all CFZ formulations. Values of MMAD for CFZ DPPC, CFZ-lactate DPPC 

and CFZ – tosylate DPPC were found to be 2.23 µm, 2.53 µm and 3.22 

 µm respectively. 

This increase in the value of MMAD explains the decreases in the % FPF of CFZ-lactate 

DPPC and CFZ-mesylate DPPC as compared to CFZ DPPC. Data obtained from 

aerodynamic particle size distribution of CFZ formulations was in accordance with the data 

obtained from hydrodynamic particle size distribution. The percent fine particle fraction 

observed for CFZ DPPC, CFZ – lactate DPPC, CFZ – mesylate DPPC, and CFZ – tosylate 

DPPC was 55.52, 54.23, 48.45, and 42.49, respectively. The Median d (0.5) values 

obtained from Malvern analysis for CFZ DPPC, CFZ – lactate DPPC, CFZ – mesylate 

DPPC, and CFZ – tosylate DPPC were 2.93 µm, 3.40 µm, 3.42 µm, and  5.24 µm 

respectively. This further explains the decrease in the fine particle fraction of the 

formulations was due to increase in their particle size. 

Lowest MMAD and subsequently, high FPF obtained for CFZ DPPC formulation makes 

it preferred over other CFZ formulations. 

 

 Solid State Characterization  
 
Thermogravimetric analysis provides data about the moisture or the solvent content in 

formulations in form of dehydration or desolvation events that occur during heating. These 
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events are displayed in terms of percent weight loss on a thermogram. In case of spray 

dried powders, insufficient drying of formulation in the drying chamber might lead to 

solvent/water entrapment which eventually might lead to stability issues. TGA analysis 

might help one to determine such solvent entrapment.  

All spray dried formulations have stable properties in the solid state.  All spray dried 

formulations maintained near constant weight until till 200°C suggesting that powders 

contained no residual moisture or solvent after aqueous spray drying (Figure 2.9).   

However, the preparation of CFZ salt forms as well as the incorporation of DPPC in spray 

dried formulations suggested differing crystal structures from those found in bulk CFZ 

(Figure 2.10 and Figure 2.11).  For example, bulk CFZ exhibited a sharp melting 

endothermic events at 225.72°C while some spray dried formulations had lower melting 

endothermic event at 219.08°C for CFZ-DPPC (aqueous spray dried), 218.61°C for CFZ 

DPPC (organic spray dried),  and 210.28°C for CFZ – lactate DPPC.  In contrast, higher 

melting endothermic events than bulk CFZ occurred at 236.39°C for CFZ – mesylate DPPC 

and 231.24°C for CFZ – tosylate DPPC.  Additionally, CFZ – mesylate DPPC and CFZ – 

tosylate DPPC showed two separate melting endotherms with the lower event occurring at 

approximately 62.50°C in both cases suggesting DPPC remains present as distinct 

macroscale crystals in the spray dried formulations. The higher endothermic events likely 

represent the presence of distinct CFZ-salt crystals from CFZ-salt DPPC co-crystals.  These 

differing crystal structures were confirmed by X-ray diffraction that showed qualitative 

variability in peaks from bulk CFZ and require further analysis (Figure 2.11).  Macro-scale 

differences in spray dried CFZ crystal structures were also observed by brightfield 

microscopy (Figure 2.12).  Images qualitatively identify variations from the orthorhombic 



50 
 

shape of bulk CFZ to roughly spherical in case of CFZ DPPC formulation. Change in the 

crystal morphology of CFZ from orthorhombic to roughly spherical in case of CFZ DPPC 

can be attributed to the addition of DPPC. DPPC has a surface-active nature, due to which 

it can migrate to the surface of the particle and influence the particle shape (Vehring, 2008). 

Additionally, there are reports in literature suggesting that DPPC can aid in formation of 

spherical particles (Vanbever et al., 1999). 

Furthermore, CFZ DPPC was present in small aggregates. However, these aggregates 

might be easily dispersible as evident from the results of aerodynamic size distribution that 

indicate highest % FPF for CFZ DPPC. 

CFZ – salt DPPC formulations had relatively larger particles with the retention of 

orthorhombic shape of crystals.  This could be because the large crystal size of CFZ with 

the salt counter-ion. Presence of large crystals in case of CFZ-salt DPPC formulations 

resulted in the broad particle size distribution range in hydrodynamic particle size 

distribution, which resulted in decreased fine particle fractions values. 
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Thus, data obtained from microscopy, along with hydrodynamic and aerodynamic particle 

size distribution suggested that CFZ DPPC formulation was superior of CFZ – salt DPPC 

formulations. 

 

Figure 2.9. Thermogravimetric analysis of unprocessed CFZ, unprocessed DPPC and 

CFZ formulations. *CFZ DPPC (aqueous) represents aqueous spray dried CFZ 

formulation and CFZ DPPC (organic) represents organic spray dried CFZ formulation.  
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Figure 2.10 DSC thermograms for of unprocessed CFZ, unprocessed DPPC and CFZ – 

salt DPPC formulations. *CFZ DPPC (aqueous) represents aqueous spray dried CFZ 

formulation and CFZ DPPC (organic) represents organic spray dried CFZ formulation 
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Figure 2.11: X-ray diffraction pattern of unprocessed CFZ, unprocessed DPPC and CFZ 

formulations 
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Figure 2.12 Brightfield compound microscopic images of CFZ and spray dried CFZ 

formulations (a) Unprocessed CFZ (b) CFZ DPPC; (c) CFZ-tosylate DPPC; (d) CFZ-

lactate DPPC; (e) CFZ-mesylate DPPC 

 

 Conclusions 

All CFZ formulations were successfully prepared using the technique of anti-solvent 

precipitation. Aqueous spray dried CFZ DPPC had greater batch yield and no substantial 

difference in the particle size as compared to organic spray dried DPPC. Therefore, 

aqueous spray drying was superior to organic spray drying and was preferred to spray dry 

CFZ – salt DPPC formulations.  

Based on the results obtained from batch yield, hydrodynamic and aerodynamic particle 

size distribution, and surface morphology CFZ DPPC had superior batch yields, optimum 

range of hydrodynamic particle size distribution with the majority (90%) of particles below 

5 µm which is desired for deep lung delivery. Furthermore, it also had the least value of 

MMAD and subsequently highest % FPF with a roughly spherical morphology ideal for 

(e) 
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inhaled delivery. Therefore, CFZ DPPC formulation was superior to CFZ – salt DPPC 

formulations and thus, was selected as lead.  
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 In Vitro Evaluation of Inhaled Clofazimine Formulations 
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 Introduction  

After production and characterization of CFZ DPPC and CFZ-salt DPPC formulations, our 

next focus is to differentiate them and identity a lead formulation for further testing. With 

an aim to further compare these formulations the aqueous solubility of formulations will 

be determined. In vitro aqueous solubility assays help in determining the absorption profile 

of formulations and comment about their bioavailability. Although, CFZ DPPC has better 

aerodynamic profile a better understanding of solubility of CFZ DPPC as well as other 

CFZ-salt formulations will help one understand the absorption profile of formulations 

which in-turn will comment about their bioavailability.   

Furthermore, efficacy and cytotoxicity are the critical aspects of drug development process. 

Efficacy assays to determine MIC (minimum inhibitory concentration) help us understand 

the potency of a drug or formulation. However, cytotoxicity assays comment upon the 

formulation safety. An ideal formulation is such that is it effective at very low 

concentrations and cytotoxic at very high concentrations. Thus, determination of MIC and 

safety profile for formulations would further help in identifying a lead. 

This chapter involves the determination of in vitro solubility, efficacy and cytotoxicity 

studies performed for all the spray dried CFZ formulations.  

 

 Materials 

Clofazimine and Dipalmitoylphosphatidylcholine (DPPC) was purchased from Sigma-

Aldrich (St. Louis, MO). Methanol (optima grade and lab grade) was obtained from Fisher 

Scientific (Pittsburg, PA). Methane sulfonic acid, toluene sulfonic acid and lactic acid was 

purchased from Sigma Aldrich (St. Louis, MO) Deionized (DI) water was obtained using 
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a Purelab Ultra water purification system (ELGA LabWater, Woodridge, IL). Bath 

sonicator and Isotemp magnetic stir plate were purchased from Fisher Scientific (Pittsburg, 

PA). A549 cell line was purchased from ATCC. Hams F-12 media was obtained from 

Sigma Aldrich (St.Louis, MO). Non-essential amino acids (NAA), L-Glutamine, sodium 

pyruvate, and trypsin were purchased from Fischer Scientific (Pittsburg, PA).  

 

3.3 Methods 

3.3.1 In vitro aqueous solubility 

The equilibrium solubility of bulk CFZ, and spray dried CFZ-DPPC and CFZ-salt DPPC 

formulations was determined using an alcoholic solvent due to CFZ’s extremely low 

aqueous solubility.  This method was adapted from a study published by Bolla and Nangia 

(Bolla and Nangia, 2012).  Briefly, equilibrium solubility measurements were determined 

using shake flask method, performed in triplicate. Excess powder, (bulk CFZ or spray dried 

CFZ formulations) was added to 3 ml of 60% ethanol (pH – 6.8) scintillation vials and 

sealed. Each vial contained approximately 5 ± 1 mg of powder that were kept on a platform 

shaker at 500 rpm for 24 hours until equilibrium was assumed to have been reached. After 

approximately 24 hrs, 1 ml samples of the resulting suspension were withdrawn and 

centrifuged for 5 mins. After which, 0.5 ml of supernatant was diluted with 0.5 ml of mobile 

phase and was analyzed using UPLC. 

 

3.3.2 Cellular screening for cytotoxicity 

A549 cell lines were sub-cultured thrice.  Cells were maintained at 5% CO2 at 37°C and 

were passaged at about 95% confluency. The cells were then trypsinized and seeded in 96 
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well plate for 24 hrs. This allowed the cells to attach to the bottom of well plate. Solubilized 

CFZ or CFZ – salt formulation treatments were prepared by dissolving CFZ or CFZ – salt 

with up to 0.5% DMSO. The solutions of CFZ and CFZ – salt formulations were serially 

diluted with 5-fold dilution from 500 µg/ml to 0.032 µg/ml using Ham’s F12 nutrient 

medium. After the completion of 24 hrs, media was replaced by the treatments in triplicate. 

Treatments were removed after 4 hours and replaced by 200 µL of fresh media and the 

cells could grow for 72 hrs, after which 20 µL of MTT reagent (5 mg/ml) was added to 

each well. Plates were incubated for four hrs. at 37 °C after which MTT and media were 

removed and replaced with 20% sodium dodecylsulphate (SDS) : dimethylformamide 

(DMF) – 1:1 to dissolve the formazan crystals. The plates were incubated at 37°C for 30 

mins to aid the dissolution of formazan crystals. This was followed by keeping the plates 

on orbital shaker for 30 mins to ensure the complete dissolution of formazan crystals. The 

absorbance of the dissolved formazan crystals was measured using plate reader at 540 nm. 

The control wells contained cells with 200 µL of media with 0.5% DMSO without the 

treatment. 

Percent cell viability was calculated using the following equation: 

Percent cell viability =  
Absorbance of sample
Absorbance of control

∗ 100 

Equation 3.1. Equation for the calculation of percent cell viability 

A graph of percent cell viability Vs concentration was plotted to determine the IC50 values. 

Concentration corresponding to 50% cell viability was called as IC50.  Finally, selectivity 

index was calculated using the following equation: 
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𝑆𝑆𝑆𝑆 =
IC50
𝑀𝑀𝑆𝑆𝑀𝑀

 

Equation 3.2. Equation for the calculation of selectivity index (SI) 

 

3.3.3  In vitro efficacy 

CFZ and CFZ-salt formulations were screened for their activity against Mtb (M. tb H37Rv 

mc2 6206 strain).  

In order to determine MIC, CFZ and CFZ – salt formulations were serially diluted in 96-

well plate with 7H9-ADC-0.05% tyloxapol medium supplemented with 0.2% 

casaminoacids, 48 μg/ml pantothenate and 50 μg/ml L-leucine. Mycobacterial pathogens 

were added to these plates and incubated for a week. MIC was determined using 

colorimetric resazurin microtiter assay and visually scanning for growth (Bhattarai, 2019). 

Antimicrobial activity of CFZ and CFZ-salt formulations was determined at Colorado State 

University by Dr. Mary Jackson’s lab. 

 

 Results and discussion 

 In vitro solubility 
 
It is routinely observed that salts have higher solubilities than the parent API. Similar trend 

was observed with CFZ formulations containing, lactic acid, methane sulfonic acid and 

toluene sulphonic acid as counter ions. CFZ – salt DPPC formulations had higher 

solubilities than CFZ. Figure 3.1 demonstrates solubility trend of CFZ formulations in 

comparison to parent API (CFZ).  
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Figure 3.1 Solubility of unprocessed clofazimine and spray dried CFZ formulation. 

 

Solubility of CFZ DPPC was found to be similar to the solubility of CFZ suggesting that 

addition of DPPC does not influence the solubility of CFZ. However, formulation of CFZ 

– salts led to an increase in CFZ solubility. CFZ – mesylate DPPC had 19 times greater 

solubility than CFZ. Solubility enhancements for CFZ – tosylate DPPC and CFZ – lactate 

DPPC were 16 times and 3 times respectively. (Table 3.1)  
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Table 3.1. Solubility information for unprocessed and spray dried CFZ formulations  

Counteri
on Formulation 

Solubility 
after 24 

hrs. 
(mg/ml) 

Aqueous 
solubility 

of 
counterio
n (mg/ml) 

pKa of 
the 

counte
rion 

(PubCh
em, 

2020) 

Molecular 
weight of 
counter 

ion (g/mol) 

- CFZ 0.03    

- CFZ DPPC 0.03    

Lactate CFZ - lactate DPPC 0.10 (X 3) 562 3.86 90.08 

Methane
sulfonate CFZ - mesylate DPPC 0.59 (X 19) 1000 -1.9 96.10 

Toluenes
ulfonate CFZ - tosylate DPPC 0.50 (X 16) 670 -2.8 172.2 

 

Several properties of counterion including hydrophilicity and pKa are known to affect the 

solubility of the resulting salt. More hydrophilic counterions form salts with higher aqueous 

solubility. Furthermore, lower the pKa, stronger is the acid, salts of strong acids bring about 

a greater lowering of pH in the surrounding media and assist in solubilizing CFZ. Solubility 

can also be influenced by the molecular weight of the counterion. Generally, large 

compounds with high molecular weight have lower comparative values of solubility. 

(Serajuddin, 2007; Bolla and Nangia, 2012). 

Solubility of the CFZ – salt DPPC formulations correlated with the solubilities of the salt 

counterion. Methane sulfonic acid is the most hydrophilic counterion with the highest 

solubility of 1000 g/mol (Table 3.1). Additionally, methane sulfonic acid is relatively a 

stronger acid with low pKa and molecular weight amongst other counterions. This explains 

the subsequent highest solubility of CFZ – mesylate DPPC. A relatively lower solubility 
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of CFZ – tosylate DPPC can be explained by, lower hydrophilicity and high molecular 

weight of the toluene sulfonic acid counterion. The least increase in solubility of CFZ – 

lactate DPPC might be due to its relatively low hydrophilicity and a high pKa value of the 

lactic acid counterion. Additionally, boiling point of lactic acid is 122 °C, spray drying of 

CFZ-lactate DPPC at 145 °C might result it dissociation of CFZ-lactate salt, further causing 

a decrease in solubility. 

Low aqueous solubility of CFZ DPPC among other salt formulations makes it ideal for 

inhaled delivery. This is because, owing to low solubility of CFZ DPPC in lungs, it would 

not undergo instantaneous dissolution and subsequent absorption. Lower systemic 

absorption would help to reduce systemic side effects associated with CFZ. Low aqueous 

solubility of CFZ DPPC can take advantage of the natural uptake mechanism of alveolar 

macrophages and target Mtb residing inside macrophages. (Ashlee D. Brunaugh et al., 

2017). 

 

 Cellular screening 

Compared to controls, MTT assay revealed a decrease in the percent cell viability with an 

increase in concentrations. Percent viability was found to be greater than 80% up to the 

concentration of 20 µg/ml for all CFZ formulations beyond which it decreased with the 

increase in the concentration.  Figure 3.2 demonstrates percent cell viability for all CFZ 

formulations. 
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Figure 3.2 Percent cell viability for CFZ formulations 

 

Percent cell viability values for CFZ and CFZ DPPC were similar for concentrations less 

than 20 µg/ml. Surprisingly, in relation to CFZ, CFZ DPPC showed better IC50 value of 

greater than 500 µg/ml. Consequently, CFZ DPPC had the highest selectivity index of 

greater than 2000 even at the highest concentration of 500 µg/ml.  In comparison to CFZ 

and CFZ DPPC, CFZ – salt DPPC formulations exhibited a higher decrease in the percent 

cell viability with increase in concentrations. CFZ – mesylate DPPC and CFZ – tosylate 

DPPC showed lowest values of percent cell viability at the concentration of 500 µg/ml and 

the subsequently low IC50 values of 48.97 µg/ml for CFZ – mesylate DPPC and 52.41 

µg/ml for CFZ – tosylate DPPC. Percent cell viability of 0.5% DMSO controls was found 

to be 100, suggesting 0.5% DMSO was non-toxic. Table 3.2 demonstrates IC50 values and 

the subsequent selectivity indices for all clofazimine formulations.  
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Table 3.2. IC50 and selectivity indices for CFZ and CFZ formulations  

 

The higher the values of IC50 and selectivity indices, safer is the drug. CFZ DPPC and CFZ 

– lactate DPPC had highest value for IC50 and the selectivity index of greater than 2000 

and thus, were safer than other CFZ formulations. 

Decrease in the percent cell viability for CFZ – salt formulations can be explained based 

on their solubilities. CFZ – mesylate DPPC had the highest solubility among other CFZ-

salt formulation which was followed by CFZ – tosylate DPPC and subsequently these 

formulations also had the greatest reduction in percent cell viability. There are reports in 

literature suggesting that  solubilized CFZ is responsible cell apoptosis and upregulates 

inflammatory cytokines (Russell et al., 2009; Yoon et al., 2015). On the contrary, CFZ 

DPPC owing to its low solubility did not cause cell apoptosis, evident from a very high SI 

value.  

Physiologically, although apoptosis of alveolar macrophages might cause the obliteration 

of Mtb, excessive apoptosis develops caseum in the host, if the host is unable to clear the 

cellular debris appropriately. (Russell et al., 2009) Use of discreet particles of formulation 

such as CFZ DPPC might help to avoid this phenomenon. 

 MIC (µg/ml) IC50 (µg/ml) SI index 

CFZ 0.25 63.09 252.36 

CFZ DPPC 

0.125 

> 500 >2000 

CFZ – lactate 
DPPC > 500 >2000 

CFZ – mesylate 
DPPC 48.97 391.76 

CFZ – tosylate 
DPPC 52.41 419.28 
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 In vitro efficacy 
 
MIC studies of CFZ formulation against Mtb demonstrated that formation of clofazimine 

salts and CFZ – salt DPPC decreases the MIC value as compared to unprocessed CFZ. 

Additionally, formulation of CFZ DPPC without salts also resulted in a decreased value of 

MIC. Unprocessed DPPC and salt counter – ions did not show any activity against Mtb. 

(Table 3.3) 

Table 3.3. Minimum inhibitory concentration values for unprocessed controls and spray 

dried CFZ formulations 

Sr. 
no 

Sample 
Name Description 

MIC (µg/mL) 
MtbMtbMtb(
H37Rv mc2 

6206) 
1 CFZ Unprocessed clofazimine 0.25 
2 DPPC (D) Unprocessed DPPC >64 
3 CFZ D Clofazimine DPPC <0.125 
4 CFZ-M D Clofazimine – mesylate DPPC <0.125 
5 CFZ-T D Clofazimine – tosylate DPPC <0.125 
6 CFZ-L D Clofazimine – lactate DPPC 0.5 
7 CFZ-M Clofazimine – mesylate <0.125 
8 CFZ-T Clofazimine – tosylate <0.125 
9 CFZ-L Clofazimine – lactate <0.125 
10 M Methane sulfonic acid >64 
11 T Toluene sulfonic acid >64 
12 L Lactic acid >64 
13 Control Amikacin  
14 Control Clofazimine  
15 Control Clarythromycin  
16 Control Ciprofloxacin  
17 Control Cefoxitin  
18 Control Rifampicin  
19 Control Rifampicin 0.156 
20 Control Isoniazid 0.078 
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*CFZ: Clofazimine; DPPC: Dipalmatoylphosphatidylcholine; CFZ – M DPPC : 
Clofazimine – mesylate DPPC; CFZ – T DPPC : Clofazimine – tosylate DPPC; CFZ – L 
DPPC : Clofazimine – laclate DPPC; CFZ – M: Clofazimine tosylate CFZ – T: Clofazimine 
mesylate; CFZ – L: Clofazimine lactate 
 

Decreased MIC suggests an improvement in the activity. Improvement in efficacy can also 

be attributed to the addition of DPPC. DPPC is the natural lung surfactant with superior 

spreading qualities.  There are reports in literature suggesting that using DPPC as a 

formulation excipient leads to beneficial effects on MIC against M. tb. (Chimote and 

Banerjee, 2009) 

Improved activity in case of CFZ – salt and CFZ – salt DPPC formulations as compared to 

bulk unprocessed CFZ can also be due to the increased solubility of CFZ due to salt 

formation. This increase in activity was comparable to the activity of rifampicin. Among, 

CFZ – salt DPPC formulations, CFZ – lactate DPPC demonstrated an increase in the MIC 

value indicative of slightly less efficacy which can be due to low comparative solubility of 

CFZ – lactate DPPC.  

To summarize, none of the formulation excipients have an inhibitory effect on the 

interaction of clofazimine with mycobacteria, which is a positive sign towards the 

development of inhaled clofazimine formulation for the treatment of pulmonary 

tuberculosis. 

3.5 Conclusions 

Formation of CFZ – salt increased the solubility of CFZ by 3 – 19 times depending to the 

salt counter-ion. Consequently, all CFZ – salt DPPC formulations had an increased 

solubility as compared to bulk unprocessed CFZ. This increase in solubility, resulted in an 

21 Control Bedaquiline 0.5 
22 Control Clofazimine 0.25 
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improved efficacy as evident by the decreased MIC values. However, it led to a decrease 

in percent cell viability of A549 cells, suggesting that CFZ – salt DPPC formulations were 

more toxic than unprocessed CFZ or CFZ DPPC to epithelial lung cells. On the other hand, 

CFZ DPPC, not only had an improved MIC value but also was non cytotoxic to epithelial 

lung cells as compared to unprocessed CFZ and other CFZ formulations. 

Thus, data obtained from in vitro cell based studied indicated that, CFZ DPPC was superior 

to CFZ – salt DPPC formulations and thus was selected as our lead. 
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 Validation of dosing chamber and in vivo evaluation of 
inhaled dose 
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 Introduction 

Inhaled drug delivery can result in 10 to 24-fold decrease in the dose compared to systemic 

amounts (Yazdi and Smyth, 2016). Therefore, determination of the in vivo inhaled doses 

is critical to understand the amounts of inhalation drug necessary to achieve pharmacologic 

action against Mtb.   

As previously mentioned, Verma et. al evaluated the anti-tubercular activity of clofazimine 

in mice and reported inhaled doses of 240-720 µg.  (Kumar Verma et al., 2013).  However, 

the actual dose the mice received is unclear due to ambiguities in the method descriptions 

and reference to a separate study by Kaur et.al. (Kaur et al., 2008).   

Kaur reported the validation of a rudimentary murine nose-only dosing apparatus based on 

custom modifications to a 15 ml centrifuge tube.  They reported that out of the 20 mg that 

was administered to the tube, 2.5 mg was collected at the dosing port that represents the 

amount that is potentially inhaled but then identified that only approximately 300 µg was 

actually inhaled by mice that resulted in lung concentrations of 0.38 µg. The development 

of this apparatus confirmed that inhaled microparticles with appropriate aerodynamic 

properties could be targeted to lungs, in particular, the alveolar macrophages. However, 

the apparatus was manually fabricated and could handle just one animal at a time, which 

limits it’s us for studies that incorporate small number of animals. Therefore, modifications 

to such type of apparatus are necessary to extend the use of dosing chamber for experiments 

involving large cohort of animals.  

Two types of dosing chambers are employed in preclinical testing of aerosol formulations. 

They include, 1. Nose only exposure and 2. Whole body exposure. Nose only dosing 

chambers are relatively small and hence need lower amounts of formulation, leading to 
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high exposure concentrations and less wastage. On the other hand, whole body exposure 

systems are large and requires much higher amounts of formulation. Additionally, since 

the entire animal body is exposed to drug/formulation, it is difficult to investigate the 

contamination due to other routes of administration.  

Oyabu et.al conducted a study to compare whole-body and nose only exposure of the 

deposition of inhaled titanium dioxide nanoparticles in vivo in rats and concluded that both 

the methods results in same deposition in lungs (Oyabu et al., 2016). Thus, considering the 

fact that nose only dosing apparatus results in similar depositions as whole body exposure 

system, and is associated with other advantages, nose only dosing chamber was developed 

in collaboration with Creare LLC for the purpose of this research. 

Several research groups have reported the use of nose of dosing chamber. Kaur et.al 

fabricated hand-held nose only dose apparatus in 2008, using a centrifuge tube, however, 

it had serious limitations of inconsistency and could be used for only one animal at a time 

(Kaur et al., 2008). Sinha et. al developed a rectangular dosing chamber in 2013, using 

centrifuge tubes which had similar problems as Kaur et.al, viz, inconsistent dose deposition 

at each port. Additionally, large rectangular chamber required higher amounts of 

drug/formulation (Sinha and Mukherjee, 2012). Kaur et. al in 2020 developed a dosing 

chamber with a capacity of holding three mice at a time. The automated air-supply in the 

chamber achieved uniform dose deposition at each port as compared to other nose-only 

inhalation apparatus. However, using this apparatus for studies involving larger groups of 

animals would be time consuming (Kaur et al., 2020).  

To summarize, availability of equipment to test inhalation aerosols for large scale 

preclinical pharmacokinetic and toxicity testing is limited. 
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The present work was undertaken, to develop a six-port inhalation dosing apparatus with 

the purpose of developing an equipment suitable for large scale inhalation testing allowing 

us to dose multiple animals at once. Moreover, we also intended to make the apparatus 

robust and durable for repeated clinical testing. 

This chapter describes the validation of a custom 6-port rodent nose-only dosing chamber 

fabricated by Creare LLC. As a new inhaled dosing apparatus, this 6-port nose-only dosing 

apparatus must be validated to quantify the actual inhaled dose received by mice.  

Specifically, validation includes evaluation of dose deposition, the development of 

extraction protocols for quantification of inhaled clofazimine from biological matrices, and 

the in vivo evaluation of an inhaled dose in mice. 

 

 Materials 

Clofazimine and Dipalmitoyl phosphatidylcholine (DPPC) was purchased from Sigma-

Aldrich (St. Louis, MO). Methanol (optima grade and lab grade) was obtained from Fisher 

Scientific (Pittsburg, PA). Arizona test dust and six port animal dosing apparatus was 

provided by Creare LLC (Hanover, New Hampshire). Rat plasma was purchased from 

Innovative Research. Inc. BALB/c mice were purchased from Charles River (Stilwell, 

Kansas) 

The 6-port dosing chamber was custom designed and manufactured out of aluminum.  It 

was designed to include: 1) A central cylindrical dosing chamber containing six sample 

ports forming the base for deposition and fluidization of formulation for aerosol generation; 

2) A metal tubing with curved end attached to a rubber pipette bulb. The bulb was the 

source of turbulent air which was generated when the bulb was squeezed and released, the 
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purpose of metal tubing was to introduce turbulent air to the dosing chamber; 3) A plastic 

lid to cover the top of dosing chamber; 4) O-rings, to ensure that the seal between the 

central chamber and lid was air tight; 5) Animal restrains to incorporate mice and rats from 

CH technologies (www.chtech.com) (Figure 4.1) 

 

 

 

 

 

 

 

 

 

Figure 4.1. Parts of six port nose only dosing apparatus. 

 Methods 

 CFZ Quantification from Biological Matrices  
 

The procedure for quantification of clofazimine from biological matrices was adapted from 

published studies that describe CFZ quantification from blood or tissues  (O’Connor, 

O’Sullivan and O’Kennedy, 1996; Patil, Deshpande and Deshpande, 2018).  The approach 
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was focused on a binary liquid-liquid extraction using miscible and immiscible organic 

solvents.  

Briefly, clofazimine was dissolved in acetone and precipitated in water at known 

concentrations to screen extracting solvents that included dichloromethane (DCM), tert-

butyl methyl ether (TBME), chloroform, and ethyl acetate.  The viability of one extraction 

or multiple organic extractions was also evaluated.  Similarly, several drugs and chemicals 

were screened as potential internal standards and include phenazine (PHZ), rifampicin, 

salicylic acid and bedaquilline.  

After initial solvent and internal standard screening studies, the extraction and 

quantification of CFZ from biological matrices was performed sequentially on the 

following matrices: fetal bovine serum, purchased rat plasma, plasma obtained from non-

dosed mice, and lung homogenate obtained from non-dosed mice.   

Briefly, 0.2 mL of biological matrices were placed in clean 2 mL conical vials.  CFZ and 

PHZ were separately dissolved in acetone at known concentrations (CFZ at 2 µg/ml, 20 

µg/ml and 200 µg/ml while PHZ was 10 µg/ml) and 100 μL of the solutions were added to 

the vials.  Vials were vortexed for 1 minute followed by the addition of 1.6 ml of methanol 

followed by another 5-minute vortex. The mixture was then centrifuged at 14000 rpm for 

10 mins to form a precipitated protein pellet. The supernatant was collected and transferred 

to a glass test tube containing 3 ml of DCM as the extracting solvent and 0.5 ml of citrate 

buffer (pH : 2.8). The resulting mixture was vortexed for 5 minutes and then allowed to 

settle for the formation of a liquid 2-phase system. Clofazimine partitioned in DCM that 

formed the bottom layer of the test tube that was carefully removed and evaporated under 

gentle heating until only solids remained. The solid residue was reconstituted using 1 ml 
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mobile phase followed by vortexing for 1 minute. The resulting mixtures were then 

centrifuged at 14000 rpm for 2 minutes to separate any residual undissolved substance. 

Typically, there was little to no biological residue after reconstitution.  The supernatant 

obtained post centrifugation was injected in UPLC with the chromatographic parameters 

same as mentioned previously for the detection of CFZ. 

 

  In vitro Determination of the Dose Available for Inhalation  
 
Consistency of inhaled dose is a critical aspect of any experiment involving inhalation 

dosing of animals. This is because, inconsistent inhaled dosing not only affects the 

conclusions of the study, but also questions the validity of experiment. Validation of dosing 

apparatus requires consistent amounts of formulation deposition after every individual run 

as well as at six ports. This was done by determining the dose available to be inhaled after 

every run and then validating the dosing apparatus to achieve consistent dose availability. 

The 6-port dosing apparatus was assembled, and pre-weighed cotton balls were used to 

completely occlude each delivery port. Each cotton ball was shaped and placed to simulate 

a rodent snout at the site where powder would be available for inhalation by the animal.  

Each port was then closed using the plastic plug to ensure that the cotton balls were held 

in place (figure 4.2).  Weighed mass of Arizona Test Dust or spray dried CFZ-DPPC was 

placed into the central chamber for the first run in order to coat the dosing apparatus and 

was termed as “loading dose”.  
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Figure 4.2. Arizona test dust in the central chamber with cotton at the delivery ports held 

in place by rubber stoppers and lid with metal tubing attached to the rubber bulb. 

The bulb was actuated once per second for 20 seconds.  The chamber lid was opened, and 

the cotton balls were carefully removed in order to not disturb deposited powers.  The mass 

of powder deposited on each cotton ball was determined gravimetrically.  Fresh cotton 

balls were placed at each port and a supplemental “charge dose” of powder was then added 

to the chamber.  The lid was reattached, and the bulb was actuated as previously described.   

Each repetition of powder lofting and mass collection was designated as a “run”.  Runs 

were repeated seven times to determine uniformity between doses. 

Several sets of experiments using Arizona test dust and CFZ DPPC formulations were 

conducted to validate the dosing apparatus for consistent dose deposition. The 

experimental parameters for dose validation are described in Table 4.1 for Arizona Test 

Dust and Table 4.2 for CFZ DPPC.   
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Table 4.1. Summary of experimental parameters using Arizona test dust 

 

Parameter Experiment 1 Experiment 2 Experiment 3 Experiment 4 

Open port 6 Ports 6 Ports 5 Ports 5 Ports 

Pressure 
Chamber had 

elevated 
pressure 

Chamber had 
elevated 
pressure 

One port left 
open as a vent 

to prevent 
elevated 
pressure 

One port left 
open as a vent 

to prevent 
elevated 
pressure 

Charge dose 1000 mg 1000 mg 1000 mg 1000 mg 
Loading dose 150 mg 150 mg 150 mg 150 mg 

Cotton Ball 
~0.5 g average 

Not shaped 
(spherical) 

~0.5 g average 
shaped 

(conical) 

~0.3 g average 
shaped 

(conical) 

~0.3 g average 
shaped 

(conical) 

Intra-run 
Powder 

Handling 

Powder was 
moved and 

collected in the 
center after 
every run 

Powder was 
gently tapped 
loose from lid. 

Powder was 
gently tapped 
loose from lid. 

Powder was 
gently tapped 
loose from lid. 

 

Table 4.2 Summary of experimental parameters for conducting CFZ dosing experiments 

for the low dose  and high dose arm. 

Parameter Experiment 1 
(low dose) 

Experiment 2 
(low dose) 

Experiment 3 
(low dose) 

Experiment 4 
(high dose) 

Open Port 5 Ports used 5 Ports used 5 Ports used 5 Ports used 

Pressure 

One port left 
open as a vent 

to prevent 
elevated 
pressure 

One port left 
open as a vent 

to prevent 
elevated 
pressure 

One port left 
open as a vent 

to prevent 
elevated 
pressure 

One port left 
open as a vent 

to prevent 
elevated 
pressure 

Charge dose 1000 mg 750 mg 1000 mg 1300 mg 

Loading dose 150 mg 250 mg 250 mg 325 mg 

Cotton Ball 
~0.3 g average 

shaped 
(conical) 

~0.3 g average 
shaped 

(conical) 

~0.3 g average 
shaped 

(conical) 

~0.3 g average 
shaped 

(conical) 
Intra-run 
Powder 

Handling 

Powder was 
gently tapped 
loose from lid. 

Powder was 
gently tapped 
loose from lid. 

Powder was 
gently tapped 
loose from lid. 

Powder was 
gently tapped 
loose from lid. 
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 In vivo Determination of the Inhaled Dose  

All animals were handled under protocols approved by the Creighton University, 

Institutional Animal Care and Use Committee.  Male BALB/c mice that weighed between 

30-32 g were used for animal studies.  Following arrival of mice from Charles River 

Laboratories, mice could recover for at least 4 days before further handling or procedures 

were conducted.  All mice were gradually trained to temporary restraint in commercially 

available restraint tubes with positive reinforcement to promote proper snout placement in 

the dosing chamber without exposure to any lofted powders. 

Five experiments were conducted in order to analyze the inhaled clofazimine dose by mice. 

Five to six mice were dosed in the dosing chamber for different time periods ranging from 

20 to 200s Table 4.3 describes the experimental parameters employed for these 

experiments    

Table 4.3 Parameters for in vivo inhaled dosing of BALB/c mice 

Parameters Experime
nt 1 

Experiment 
2 

Experiment 
3 

Experiment 
4 

Experiment 
5 

Number of 
mice dosed 6 5 4 4 4 

Number of 
control mice 0 1 1 1 1 

Loading dose 1000 mg 1000 mg 1000 mg 1000 mg 1000 mg 
Charge dose 250 mg 250 mg 250 mg 250 mg 250 mg 

Time for 
dosing 20 secs 200 secs 30 secs 60 secs 90 secs 

 

The delivery ports were occluded with cotton and sealed using rubber stopper in order to 

hold cotton in place. After the attachment of the metal tubing with seal, the rubber bulb 

was squeezed for 20 secs (frequency : 1 squeeze/sec) for coating the central chamber. This 

was called as priming. The inner walls of the central chamber and the lid accumulated a 
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coating of microparticles that led to uniformity of dose deposition at each delivery port for 

the subsequent runs.  About 1g loading dose of CFZ DPPC formulation was added to the 

central chamber with the purpose of priming.  After priming, rubber stoppers and cotton 

bulbs were removed. Lid of the chamber was carefully unscrewed without disturbing the 

assembly. A charge dose of 250 mg was added to the chamber. Six mice were labelled 

appropriately, weighed and placed in the animal restraint tubes, which were then attached 

at the six delivery ports of the central chamber. The lid was screwed tight and the rubber 

bulb was squeezed for 20 times in 20 secs for fluidizing the formulation inside chamber 

(figure 4.3).  

 

Figure 4.3 In vivo inhaled CFZ DPPC administration using nose only doing apparatus 

 

After dosing, animals were euthanized in CO2 chamber, with CO2 switched on for about 3 

– 5 mins. Once mice stopped breathing, blood was drawn from animals using cardiac 

puncture. About 0.4 to 1 ml of blood was collected from each mouse. The whole blood was 

centrifuged on 14,000 rpm for 3 min to separate plasma. The separated plasma was 

transferred into another 2 ml Eppendorf tube. Animal organs such as lungs, liver, kidney, 
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spleen was harvested and stored in clean 2 ml Eppendorf tubes, flash freezed using dry ice, 

and stored at -80 °C for further analysis. Left over formulation after the dosing was 

recovered from the central chamber and stored appropriately.  

Inhaled CFZ was extracted from the lungs of mice for the purpose of analysis and 

quantification. Lungs were minced and homogenized. Phosphate buffer (pH: 7) was added 

to aid homogenizing process in order to form a suspension that would be easy to pipette. 

About 200 µL of this suspension was added to 2 ml Eppendorf tube and spiked with 20 µg 

of PHZ. The resulting mixture was taken through the biological extraction as described in 

section 4.3.1. 

 

 Results and discussion 

 Extraction and Quantification of CFZ from Biological Matrices 

The chromatograms obtained after extraction of CFZ and PHZ from rat plasma are given 

in figure 4.4 and figure 4.5 respectively. UPLC peak of CFZ and PHZ along with their 

retention times are demonstrated in figure 4.6 and 4.7 respectively. 

 

Figure 4.4. Chromatogram of extracted clofazimine in rat plasma using UPLC 
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Figure 4.5. Chromatogram of extracted phenazine in rat plasma using UPLC 
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Figure 4.7  UPLC peak of phenazine recovered from rat plasma 

Results obtained for the percent recovery of clofazimine and phenazine using rat plasma  

at low medium and high concentrations of 2 µg/ml, 20 µg/ml and 200 µg/ml respectively 

for CFZ  and 1 µg/ml,  10 µg/ml and 80 µg/ml for phenazine are given in figure 4.8. Percent 

recovery of CFZ was found to be 82.2%, 84.9%, and 83.2% for low, medium and high 

concentrations respectively and 73.4%, 82.1%, and 78.5% for phenazine.

 

Figure 4.8 Percent recovery of clofazimine and phenazine using DCM as extraction 
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Similar percent recoveries for both drug of interest and internal standard suggested that 

method developed for liquid-liquid extraction of CFZ from biological standards was valid. 

The developed extraction method was further applied for the analysis and quantification of 

CFZ from lung tissue samples of BALB/c mice.  

However, the conventional UPLC method could not be used to analyze CFZ deposited in 

the lung tissue of animals. This was because some unknown compound originating from 

mouse blood interfered with the absorbance of CFZ at its absorption maxima which 

confounded the analysis of CFZ using UPLC. Figure 4.9 represents the chromatogram of 

unknown compound interfering with the analysis of CFZ.  

 

Figure 4.9 Chromatogram of the unknown compound interfering with the absorption of 

clofazimine. 

Although, method of analysis using UPLC is highly accurate and precise, co-eluting 

compounds cannot be accurately analyzed using UPLC. Since, the unknown compound 
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originating either from whole blood or tissue was eluting at the same time as that of CFZ, 

UPLC was not the ideal method to detect and analyze CFZ extracted from tissue samples. 

The problem of co-elution can be resolved using mass spectroscopy. Mass spectrometer 

generates ions and separates them based on their mass to charge ratio (m/z). Since, mass 

spectrometers can even resolve ions differing by a single atomic mass, they are high 

specific and therefore ideal for the detection of co-eluting compounds  (Dworkin, 2011). 

Extracted CFZ from tissue samples were therefore analyzed using mass spectroscopy to 

quantify the amounts of inhaled CFZ. 

The LC-MS system used for the analysis of CFZ was an Agilent 1200 HPLC system 

(Agilent Technologies, CA, USA) coupled with AB Sciex API 5500 QTrap (Applied 

Biosystems, Foster City, CA, USA). Analyst 1.4.2 software was used for the purpose of 

analyzing data. The method for detection of CFZ was developed by Dr. Pavan Kumar 

Prathipathi from Dr. North’s lab, Creighton University, Omaha, Nebraska. 

The analytical parameters used for the detection and quantification of CFZ using LC – MS 

are given below in table 4.4 

Table 4.4. Parameters for the detection of CFZ using LC-MS 

Parameter Value 

Column Phenomenex Kinetex EVO C18 column 
(50 × 3.0 mm, 5 µm) 

Mobile phase 30 : 70 – 0.1% Formic acid : Acetonitrile 
Flow rate 250 µL/min 

Ions CFZ: 473.0/431.1 
PHZ: 181.2/127.1 

Retention time 0.8 min 
Run time 2 min 
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For the purpose of analyzing CFZ using LC – MS, a calibration curve was plotted by 

spiking the known concentrations of serially diluted CFZ (5000 ng/ml to 39.06  µg/ml) in 

rat plasma (figure 4.10). This was further used to quantify CFZ deposited in mouse lung 

after an inhaled in vivo dose. 

 

Figure 4.10 Calibration curve for quantification of CFZ from rat plasma 

 In vitro Determination of the Dose Available for Inhalation  

Average amount of Arizona test dust or CFZ DPPC microparticles deposited on six cotton 

balls after every run were calculated to determine the consistency of dose deposition 

between runs. Additionally, average amount of microparticles deposited at each delivery 

port after multiple runs was also determined to understand the variability between dose 
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summarized in table 4.5 and table 4.6 respectively. 

y = 0.0002x + 0.0538
R² = 0.9794

0

0.2

0.4

0.6

0.8

1

1.2

0 1000 2000 3000 4000 5000 6000

Pe
ak

 a
re

a 
ra

tio
 o

f C
FZ

 to
 in

te
rn

al
 

st
an

da
rd

 P
HZ

Concentration (ng/ml)

Calibration curve for CFZ extracted from rat plasma



86 
 

Table 4.5  Summary of average amount of Arizona test dust deposited after every run 

and at each port 

Observations Experiment 1 Experiment 2 Experiment 3 Experiment 4 
Inter run Deposited mass 

range: 4-10 mg 
Broad standard 

deviations 

Deposited mass 
range: 6-9.6 mg 
Broad standard 

deviations 

Deposited mass 
range: 3.8-6 mg 

Intermediate 
standard 

deviations 

Deposited mass 
range: 3.4-5.7 

mg 
Narrowest 
standard 

deviations 
Inter port Deposited mass 

range: 4.8 – 8.6 
mg 

Broad standard 
deviations 

Deposited mass 
range: 5.5 – 

10.4 mg 
Broad standard 

deviations 

Deposited mass 
range: 4.2 – 6.1 

mg 
Intermediate 

standard 
deviations 

Deposited mass 
range: 3.9 - 5.2 

mg 
Narrowest 
standard 

deviations 
 

Table 4.6  Summary of average amount of CFZ DPPC deposited on cotton balls after 

every run and at each port 

Observations Experiment 1 Experiment 2 Experiment 3 Experiment 4 
Inter run Deposited 

mass range: 
3.7-11.2 mg 

Broad standard 
deviations 

Deposited 
mass range: 
2.1-4.6 mg 

Narrow 
standard 

deviations 

Deposited 
mass range: 

3.6-6 mg 
Narrow 
standard 

deviations 

Deposited 
mass range: 7.5 

– 10  mg 
Narrow 
standard 

deviations 
Inter port Deposited 

mass range: 7.4 
– 8.8 mg 

Broad standard 
deviations 

Deposited 
mass range: 3.1 

– 4.3 mg 
Narrow 
standard 

deviations 

Deposited 
mass range: 4.2 

– 6.3 mg 
Narrow 
standard 

deviations 

Deposited 
mass range: 8.0 

– 10.9 mg 
Narrow 
standard 

deviations 
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In case of Arizona test dust, experiment 1 and experiment 2 demonstrated a slight decrease 

in dose deposition after each run. Increased pressure inside the chamber due to occlusion 

of all six ports caused most of the ATZ to deposit on cotton in the initial runs. Thus, 

reducing the amount remaining in the chamber for subsequent dosing, causing a decreasing 

trend. Leaving one open port for experiment 3 and 4 reduced the pressure spikes thus, 

improving the consistency of dose deposition after every run and at each port (figure 4.11 

and figure 4.12). 

 
Figure 4.11  Average amount of Arizona test dust deposited on cotton during each run 
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Figure 4.12  Average amount of Arizona test dust deposited on cotton at each port 

 

Addition of 1 g of loading dose and 150 mg of charge dose in the dosing apparatus resulted 

in relatively consistent average dose deposition. Therefore, similar experimental 

parameters were used with CFZ DPPC formulation. 

A decreasing tread was observed for CFZ DPPC deposited on cotton balls with the increase 

in the run number (figure 4.13). However, higher amounts of CFZ DPPC was deposited 

after every run as compared to ATZ (figure 4.13 and figure 4.14). These higher amounts 

could be due to low density of  CFZ DPPC formulation. Addtionally, fine particles present 

in CFZ formulation disperse well in the dosing chamber and deposit on the cotton balls 

easily during the initial few runs. With subsequent runs, the amount of fine particles of the 

formualtion in the dosing chamber visibly decreases contributing to the decreasing trend. 

This is because larger formulation aggregates remain in the bottom of the chamber that do 

not disperse well.  

0.00

2.00

4.00

6.00

8.00

10.00

12.00

14.00

16.00

Experiment 1 Experiment 2 Experiment 3 Experiment 4

A
m

ou
nt

 o
f f

or
m

ul
at

io
n 

de
po

si
te

d 
at

 e
ac

h 
po

rt
 (m

g)

Arizona test dust_Inter-port variability

Port 1 Port 2 Port 3 Port 4 Port 5



89 
 

Since the average CFZ DPPC deposition during the intial runs was higher as compared to 

ATD , loading dose was decreased to 750 mg. However, owing to the decresing trend of 

formulation deposition with the subsequent run, the charge dose was increased to 250 mg 

to obtain consistency in dose deposition. This resulted in a decreased  variability between 

runs, however, it also decreased the average amount of CFZ DPPC depositing on cotton 

balls (from 8.03 ± 2.75 mg for experiment 1 to 3.69 ± 0.86 mg for experiment 2). Thus, the 

loading dose was increased back to 1000 mg to maintain the consistency and increase the 

average amount of CFZ DPPC depositing at each delivery port, which resulted in the 

average deposition of about 5.15 ± 1.07 mg on cotton ball after each run with consistent 

depositon (figure 4.13). 

Experiment 4 was performed with an objective to test the applicability of dosing chamber 

to deposit higher amounts of CFZ DPPC formulation for each run and at each delivery port, 

Therefore, loading dose and charge doses were increased to 1300 mg and 325 mg 

respectively. This increase resulted in an increased deposition of CFZ DPPC from 5.14 ± 

1.07 to 8.89 ± 0.89 mg (figure 4.13 and figure 4.14). 
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Figure 4.13  Average CFZ DPPC formulation deposited on cotton during each run 

 
 

Figure 4.14. Average CFZ DPPC formulation deposited on cotton at each port. 
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No overlap was observed between low dose (experiment 3) and high dose (experiment 4) 

deposition in the central chamber of the dosing apparatus, suggesting that the dosing 

apparatus could be used for depositing higher doses at the delivery port with no difficulty.  

Similar trend was observed for the dose deposited at each port of the dosing apparatus 

(figure 4.14). Thus, the dosing apparatus was successfully validated for low dose and high 

dose CFZ DPPC deposition with consistency in the amounts deposited at after every run 

and at each delivery port after multiple runs. 

 

 Dose Validation 

After validation of doing apparatus for high and low dose deposition, preliminary in vivo 

experiments were conducted to analyze the amount of inhaled CFZ. In total, five 

experiments with differing time for formulation fluidization were conducted. Results 

were analyzed from first two experiments are as follows: 

 

4.4.3.1  In vivo  Inhaled CFZ DPPC – Preliminary Experiment 1 

Mice were dosed as per the protocol described in section 4.3.3. 

It was observed that mouse fur was coated with CFZ DPPC formulation for several mice 

indicating the mice were not properly placed in the restraint tube.  CFZ DPPC leaking into 

the restraint tube led to uncertainties in the theoretical amounts of CFZ to which animals 

were exposed. Therefore, the experiment was repeated by changing time for which the 

formulation was lofted, and the number of animals dosed. The leakage of lofted 

formulation around the mouse also led to uncertainties in the theoretical CFZ dose to which 

the animals were exposed.  Large inter-animal dose variability was also observed.  Thus, 
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the experiment was repeated by changing two key parameters, no of animals dosed in one 

group and time for with the formulation was fluidized. Results obtained from analysis of 

CFZ inhaled by BALB/c mice are as given in table 4.7 and figure 4.15 

Table 4.7  Amount of CFZ inhaled by each mouse and normalized amounts of CFZ/g of 

wet lung tissue 

Animal 
(Sample) 

Inhaled CFZ Dose 
(μg) 

Normalized CFZ 
Concentration 

(μg CFZ/g wet lung) 
Mouse 1 

(lung) 9.75 ± 1.17 38.95 ± 4.66 

Mouse 2 
(lung) 5.02 ± 11.16 20.44 ± 45.45 

Mouse 3 
(lung) 2.48 ± 1.97 8.99 ± 7.17 

Mouse 4 
(lung) 2.57 ± 3.21 13.10 ± 16.37 

Mouse 5 
(lung) 4.96 ± 3.44 17.06 ± 13.41 

Mouse 6 
(lung) 2.84 ± 2.88 11.39 ± 11.54 

 

Figure 4.15. Concentration of CFZ per gram of wet lung tissue. 
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Six animals received inhalations with a charge of 250 mg for 20 s, an average amount of 

about 18.22 µg of CFZ equivalent to 22.96 µg  of CFZ DPPC formulation per gram of wet 

lung was found to be the average. 

4.4.3.2 In vivo  Inhaled CFZ DPPC – Preliminary Experiment 2 

Preliminary experiment 2 was performed in the similar manner with the two key changes, 

1. Five mice were dosed in the dosing chamber, one port was attached to spacer device 

provided by Creare LLC. for venting purposes 

2. Animals for experiment 2 were dose for 200 s  

Observations 

Leaving one port open for regulating pressure inside the dosing chamber reduced pressure 

spikes as a result of which, only mouse snouts were exposed to CFZ DPPC. Mouse body 

was not covered with CFZ DPPC. However, large amount of formulation escaped via the 

open vent, reducing the amount of formulation left in the chamber. Additionally, CFZ 

DPPC stopped lofting after 120 s suggesting that 200 s was a longer than required to 

fluidize CFZ DPPC. Hence, this duration was decreased to 30 s, 60 s, and 90 s for 

experiment 3, experiment 4 and experiment 5 respectively. 

Consistency of inhaled CFZ improved for experiment 2. However, the amount of inhaled 

CFZ was comparatively lower than experiment 1. Table 4.8 and figure 4.16 provides the 

average amount of CFZ deposited in the lungs of each mouse based on the mass of CFZ 

recovered as well as a normalized concentration of CFZ per wet lung mass. 
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Table 4.8  Amount of CFZ inhaled by each mouse and normalized amounts of CFZ/g of 

wet lung tissue 

Animal 
(Sample) 

Inhaled CFZ Dose 
(μg) 

Normalized CFZ 
Concentration 

(μg CFZ/g wet lung) 
Mouse 1 

(lung) 3.59 ± 1.1 14.42 ± 4.41 

Mouse 2 
(lung) 2.64 ± 3.3 10.58 ± 13.35 

Mouse 3 
(lung) 1.83 7.33 

Mouse 4 
(lung) 0.04 ± 0.02 0.18 ± 0.06 

Mouse 5 
(lung) 2.48 ± 3.18 9.97 ± 12.76 

 

 

Figure 4.16  Concentration of CFZ inhaled per gram of wet lung tissue. 

 

0.00

5.00

10.00

15.00

20.00

25.00

30.00

Mouse Lung 1 Mouse Lung 2 Mouse Lung 3 Mouse Lung 4 Mouse Lung 5

C
on

ce
nt

ra
tio

n 
of

 C
FZ

 (µ
g/

g 
of

 w
et

 lu
ng

)

Inhaled CFZ/g of wet lung_Experiment 2

Average concentration of CFZ: 8.5 µg/g
Average concentration of CFZ DPPC: 10.63 µg/g

MIC: 0.125 µg/ml



95 
 

Five animals received inhalations with a charge of 250 mg for 200 s, an average amount of 

about 8.5 µg/g of CFZ equivalent to 10.63 g/µg of CFZ DPPC was inhaled by each mouse. 

Decrease in the average amount of CFZ inhaled for experiment 2 as compared to 

experiment 1 might be due the decreased pressure in the central chamber, the resulted in 

the decreased amount of CFZ deposition at each port. 

 

Experiment 1 and experiment 2 revealed an average concentration of about 13.43 µg of 

CFZ equivalent to about 16.79 µg of inhaled CFZ DPPC formulation.  

Successful quantification of CFZ DPPC extracted from lung tissue suggested that CFZ 

DPPC particles were inhalable. Very few studies from literature report the amounts of CFZ 

in lungs after an inhaled dose. Banaschewski et al reported an inhaled CFZ formulation 

concentration of about 60 µg/g of lung tissue (Banaschewski et al., 2019). Amounts of CFZ 

DPPC inhaled in vivo after experiment 1 and experiment 2 was less than this value. Verma 

et. al reported an inhaled CFZ concentrations as high as 480 µg and 720 µg (Kumar Verma 

et al., 2013). Inhaled CFZ DPPC values obtained for this project are much lower than these 

values. However, the amounts of CFZ DPPC inhaled were higher than the MIC value 

(<0.125 µg/ml) of CFZ DPPC indicating that the formulation was inhaled in potentially 

effective amounts.  

Experiment 1 and experiment 2 had some errors that occurred during dosing of animals 

and the data obtained does not represent these errors completely. Therefore, further 

improvement in the dosing and analysis is essential for the evaluation of inhaled CFZ dose 

in Experiment 3, 4 and 5. 
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 Conclusions 

This chapter demonstrated the validation of six port nose only dosing chamber for the 

inhaled delivery of CFZ DPPC for low as well as high dose deposition. A loading dose of 

1 g followed by charged doses of 250 mg for subsequent runs could achieve a deposition 

approximately 5 mg at each sample port after each run. Furthermore, increase in loading 

dose to 1300 mg and charge dose to 325 mg increased the deposition to about 9 mg.  

This apparatus can be a promising tool for the testing of aerosols such as dry powder 

inhalers on a laboratory scale. Testing six animals at a time provides an added advantage 

of extending the use of this apparatus for large scale pharmacokinetic and toxicological 

studies involving the use of more animals. The apparatus can also be employed for rodents 

by changing the restraint tubes. 

Clofazimine extracted using biological samples was analyzed using mass spectroscopy. 

Analysis of inhaled CFZ in vivo revealed that, dose deposition of about 5 mg in the delivery 

port resulted in the in vivo average inhaled CFZ DPPC dose of 16.79µg/g (about the MIC 

value of the formulation) suggesting that CFZ DPPC particles had optimum aerodynamic 

performance and were inhalable in potentially effective amounts, thus, proving the 

hypothesis of the study. 
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 Conclusion 

 
This primary focus of this research project was to develop an optimized formulation for 

inhaled delivery of clofazimine for the treatment of pulmonary tuberculosis. We 

hypothesized that development of an optimized dry power inhalation of clofazimine will 

improve its anti-TB activity, and a potentially inhalable dose in vivo.  

This project had three specific aims to test the hypothesis, 

• Specific aim 1 - Formulation and characterization of dry powder inhalation of 

clofazimine. 

In specific aim 1, four clofazimine formulations, CFZ DPPC, CFZ – mesylate 

DPPC, CFZ – tosylate DPPC, CFZ – lactate DPPC were prepared and optimized 

for their inhaled delivery.  Optimization of CFZ formulations enhanced the 

suitability of the formulations to be inhaled. A comparison of all four CFZ 

formulations revealed that CFZ : DPPC had the best aerodynamic performance with 

roughly spherical morphology and thus was preferred over other CFZ formulations. 

 

• Specific aim 2 - In vitro evaluation of inhaled formulations for their efficacy and 

cytotoxicity 

Efficacy and cytotoxicity determination of CFZ formulations for specific aim 2, 

revealed that, all CFZ formulations, except CFZ – lactate DPPC had an improved 

efficacy as compared to bulk unprocessed CFZ as demonstrated by a decreased 

MIC values (less than 0.125 µg/ml for CFZ formulations as opposed to 0.25 µg/ml 

for CFZ). Furthermore, CFZ DPPC and CFZ-lactate DPPC demonstrated a percent 
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cell viability of about 75% at concentration as high as 100 µg/ml suggesting they 

were non-cytotoxic.   

Key finding obtained from specific aim 1 and specific aim 2 suggested that CFZ 

DPPC was the lead formulation. 

 

• Specific aim 3 - In vivo evaluation of the lead formulation for the assessment of 

the inhaled dose. 

This lead formulation was further evaluated for the in vivo inhaled dose in 

BALB/c mice, for the purpose of specific aim 3. Average amount of CFZ DPPC 

inhaled in vivo was 16.79 µg/g of lung weight which was above the MIC value of 

CFZ DPPC. This suggested that CFZ DPPC was inhaled in vivo in potentially 

effective amounts.  

 

To summarize, CFZ DPPC had optimized aerodynamic properties suitable for lung 

delivery with improved MIC value suggesting an improvement in anti-TB efficacy. 

Additionally, CFZ DPPC was inhaled in potentially effective amounts  in vivo, thus, 

proving the hypothesis of this study. 

 

 Future directions 

Future studies to further support the hypothesis of this project, some confirmatory 

characterization studies should be performed. For example, brightfield optical microscopy 

has a low resolution that does not allow us to study the surface of the microparticles. 

Scanning electron microscopy is the more appropriate tool to scan the surface of particles 
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and provide relevant data about surface morphology. SEM analysis was performed on some 

of the CFZ formulations, but the data obtained from the SEM analysis was inconclusive, 

and hence, we had to repeat the study. Furthermore, X-ray diffraction was only performed 

for some CFZ formulations. University closure due to COVID-19 impacted our ability to 

repeat the SEM analysis and XRD of the pending samples and get conclusive data.  

In addition, analysis of experiment 1 and experiment 2 suggested that CFZ DPPC was 

inhaled in potentially effective amounts. However, substantial amount of variability in the 

amounts of formulation inhaled by each animal required us to conduct further dose 

validation studies Experiments 3, 4 and 5 were conducted with an aim to decrease this 

variability. But the samples could not be analyzed due to university closure. Analysis of 

these experiments would further comment about the amount of inhaled dose in vivo. 

Moreover, the studies performed for this project indicated that CFZ DPPC was inhalable 

in potentially effective amounts in vivo. Furthermore, low solubility of CFZ DPPC could 

retain this formulation in lung for extended periods of time decreasing its concentration in 

systemic circulation. This can be confirmed by pharmacokinetic studies in mice. 

Pulmonary route would lead to localized delivery of CFZ thereby reducing the systemic 

side effects associated with CFZ, systemic and localized concentrations of CFZ after 

prolonged dosing in mice can be determined. 

CFZ DPPC had a comparatively better MIC value than bulk unprocessed CFZ. In vivo 

activity of CFZ DPPC to eradicate colonies of TB bacteria can be verified by using mouse 

models experimentally induced with tuberculosis. Additionally, this project also explored 

the toxicity of CFZ DPPC in vitro using A549 cell line. Toxicity of inhaled CFZ DPPC 

can be evaluated in vivo in rodents.  
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 Global impact 

Tuberculosis is a serious infection and a leading cause of death globally with 10 million 

new TB cases and 1.3 million deaths annually. Current treatment for TB is challenging due 

by lengthy treatment protocols, high pill burden, increasing rates of drug resistance and co-

infection with HIV. Therefore, development of new treatment approaches is essential to 

tackle the existing problems with the current TB treatment. 

WHO along with NIAID aims to target a 90% reduction in world TB cases by the year 

2030. Formulation of poorly tolerably, however, a highly effective anti-TB drug such as 

CFZ is a potential treatment option. Our lead formulation, inhaled CFZ DPPC formulation 

with optimum aerodynamic properties is inhalable effective amounts and could be an 

adjuvant in the current TB treatment. It is anticipated that CFZ DPPC will be retained in 

lungs for extended periods, providing sustained anti-TB activity. This along with existing 

treatment options could improve TB treatment outcomes, thus, aiding the global health 

missions of WHO and NIAID. 
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Appendix Ⅰ 

Stability testing of the optimized lead formulation 
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Introduction 

Stability is defined as the capacity of a particular drug or formulation to maintain its 

chemical, physical, therapeutic, microbial, and toxicological specifications when in a 

specific container closure system (Webster, 2010).  

Stability of a pharmaceutical product can be affected by environmental factors such as heat, 

light, humidity. Moreover, formulation factors such as presence of excipients, method of 

manufacturing, packaging and storage conditions may also influence the stability.  

Stability studies are an integral part for the development of pharmaceutically acceptable 

formulation.  Several changes in the storage paraments such as exposure different 

environmental conditions can affect the chemical and biological integrity of a 

pharmaceutical product. Thus, stability is one of the major concerns for formulation 

scientists. Additionally,  inappropriate storage conditions might deteriorate product’s 

quality or lead to the formation of toxic products. Hence, stability studies are conducted on 

formulation with an aim to provide an evidence about the influence of environmental 

factors such as temperature, humidity and light with the purpose of establishing shelf life 

and storage conditions for the intended formulation (ICH Q1A(R2) guidelines).   

 As per ICH guidelines, products stability can be tested using a 1. Long term study, 2. 

Intermediate study or 3. Accelerated study. Table 5.1 enlists the storage conditions and 

time period for each type. 
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Table 1. Storage conditions for long term, intermediate and accelerated  stability tested 

(ICH guidelines) 

Type of study Storage conditions Minimum time period 

Long-term 

Temperature: 25℃ ± 2℃ 
Relative humidity: 60% ± 

5% 
or 

Temperature: 30℃ ± 2℃ 
Relative humidity: 65% ± 

5% 

12  months 

Intermediate 
Temperature: 30℃ ± 2℃ 
Relative humidity: 65% ± 

5% 
6  months 

Accelerated 
Temperature: 40℃ ± 2℃ 
Relative humidity: 75% ± 

5% 
6  months 

 

For the purpose of this project, lead formulation CFZ DPPC was subjected to long term 

and accelerated stability testing conditions  

Methods 

In the current investigation, long term stability and accelerated stability studies were 

conducted on CFZ DPPC placed as  

1. Dry CFZ DPPC powder, 

2. CFZ DPPC placed in capsules and  

3. CFZ DPPC filled capsuled with secondary aluminum packing.  

These samples were subjected to long term stability studies as per ICH guidelines at 25℃ 

± 2℃/60% ± 5% condition and refrigerated condition of about 2-8°C. Additionally, 

samples were also charged for accelerated stability studies at 40℃ ± 2℃/75% ± 5%RH 

condition. Samples would be withdrawn at the time intervals of 3, 6, 9 and 12  months and 
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evaluated for percent drug content, hydrodynamic and aerodynamic particle size 

distribution, and for their solid state using differential scanning colorimetry (DSC) and 

thermogravimetric analysis (TGA). 

Table 2. Stability testing matrix for the analysis of CFZ DPPC 

Sample 

Baseline 
(control) 

Accelerated 
Conditions (h) 

Controlled 
Room 

Temperature 
(r) 

Controlled 
Refrigeration 

(c) 

 (40 0C, 75% 
RH) 

(25 0C, 60% 
RH) (5 0C) 

Powder (pow) 0  months  
3  months 

(n=3) 
6  months 

3  months  
(n=3) 

6  months 
9  months 
12  months 

3  months  
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Figure 1. Set up for environmental chamber for long term and accelerated stability 

studies 

This chapter discusses the effect of different storage and packaging condition at the end of 

3 month of stability testing  

Results and discussion 

Three samples stored in each condition (three different storage and packaging), were 

evaluated for their drug content, hydrodynamic and aerodynamic particle size distribution. 

Additionally, they were also characterized for their solid-state using DSC and TGA. 

Results obtained from the stability testing of formulations are as follows. 
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Drug content 
 

Drug content was evaluated using a validated UPLC method as described in section 2.3.3. 

Table 3 describes the drug of CFZ DPPC formulation exposed to different storage and 

stability conditions. 

Table 3. Clofazimine content in the CFZ DPPC formulation under various, secondary 

packaging systems, and accelerated stability conditions.  (n=1 for all samples.) 

Enclosure or 
Packaging 

Stability 
Conditions Sample name Clofazimine 

content (%) 

Powder Baseline Baseline 105.9 

Powder 

Refrigeration pow-c3 99.7 

Room 
Temperature pow-r3 98.3 

Accelerated pow-h3 96.4 

Filled Capsule 

Refrigeration cap-c3 107.7 

Room 
Temperature cap-r3 100.8 

Accelerated cap-h3 94.3 

Filled Capsule 
with Secondary 

Packaging 

Refrigeration pac-c3 103.4 

Room 
Temperature pac-r3 102.3 

Accelerated pac-h3 100.7 

 

All clofazimine samples demonstrated CFZ content very close to the theoretical CFZ 

content. This suggested that there was negligible drug loss during storage. Thus, indicating 

that the samples were stable during storage under accelerated conditions for 3 months . 
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Small deviations observed in percent drug content could be due to minor errors in weighing 

of samples.  

Hydrodynamic particle size distribution 

Hydrodynamic particle size was analyzed according to the protocol described in section 

2.3.4. Results obtained from hydrodynamic particle size distribution after 3 months of 

storage under specified conditions are described in table 4. 

Table 4. Hydrodynamic particle size distribution of CFZ DPPC formulation under 

various, secondary packaging systems, and accelerated stability conditions.  (n=3 for all 

samples.) 

Enclosure or 
Packaging 

Stability 
Conditions 

Sample 
name 

D10 
(μm) 

D50 
(μm) 

D90 
(μm) 

Powder Baseline Baseline 0.59 ± 0.46 1.51 ± 0.45 3.36 ± 0.57 

Powder 

Refrigeration pow-c3 0.55 ± 0.01 1.26 ± 0.05 3.34 ± 0.14 

Room 
Temperature pow-r3 0.12 ± 0.03* 0.84 ± 0.04* 2.85 ± 0.08* 

Accelerated pow-h3 0.35 ± 0.22 1.24 ± 0.10 3.49 ± 0.20 

Filled 
Capsule 

Refrigeration cap-c3 0.33 ± 0.01 1.09 ± 0.01* 3.80 ± 0.20 

Room 
Temperature cap-r3 0.67 ± 0.04 2.22 ± 0.02* 5.62 ± 0.93 

Accelerated cap-h3 0.34 ± 0.07 1.15 ± 0.12 3.58 ± 0.21 

Filled 
Capsule with 

Secondary 
Packaging 

Refrigeration pac-c3 0.11 ± 0.00* 0.81 ± 0.07* 2.66 ± 0.28 

Room 
Temperature pac-r3 0.41 ± 0.01 1.03 ± 0.04* 2.30 ± 0.04* 

Accelerated pac-h3 0.30 ± 0.18 0.71 ± 0.08* 2.08 ± 0.51* 
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Significant reductions in the average particle size (D50) were observed for almost all 

samples placed on stability.  This beneficial reduction in particle size should correspond to 

improved lung deposition in vivo.  Even more interestingly, this reduction in particle size 

was not observed for samples placed under the accelerated stability conditions at elevated 

temperature and pressure except for formulation samples placed in secondary packaging.  

  

Aerodynamic particle size distribution 
 

Aerodynamic performance of CFZ DPPC formulation was analyzed as per protocol 

described in section 2.3.5. Samples were tested using a Next Generation Impactor operated 

at 80 L/min airflow rate.  CFZ was analyzed using a validated UPLC method. Table 5.6 

describes the results from aerodynamic particle size analysis of samples. Samples were 

analyzed in triplicates (except powder samples). 

Table 5. Aerodynamic particle size distribution of CFZ DPPC formulation under various, 

secondary packaging systems, and accelerated stability conditions.  (n=3 for all samples.) 

Enclosure 
or 

Packagin
g 

Stability 
Condition

s 

Sample 
name 

FPF 
(%) 

MMAD 
(μm) GSD 

Powder 
(n=7) Baseline Baseline 55.52 ± 

3.86 
2.23 ± 
0.22 

2.54 ± 
0.24 

Powder 
(n=1 for 

each) 

Refrigerati
on pow-c3 69.70 1.50 2.50 

Room 
Temperatu

re 
pow-r3 68.07 1.33 3.09 

Accelerate
d pow-h3 69.71 1.50 2.50 

Filled 
Capsule 

Refrigerati
on cap-c3 56.05 ± 

2.57 
1.62 ± 
0.02* 

2.36 ± 
0.13 
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(n=3 for 
each) 

Room 
Temperatu

re 
cap-r3 61.73 ± 

7.67 
1.70 ± 
0.05* 

2.43 ± 
0.15 

Accelerate
d cap-h3 61.88 ± 

2.92* 
1.47 ± 
0.13* 

3.05 ± 
0.94 

Filled 
Capsule 

with 
Secondary 
Packaging 
(n=3 for 

each) 

Refrigerati
on pac-c3 59.71 ± 

6.41 
1.69 ± 
0.12* 

2.37 ± 
0.11 

Room 
Temperatu

re 
pac-r3 67.21 ± 

4.01* 
1.50 ± 
0.14* 

2.63 ± 
0.33 

Accelerate
d pac-h3 59.73 ± 

6.01 
1.63 ± 
0.28* 

2.48 ± 
0.19 

 

All samples placed on stability showed a significant reduction in the average aerodynamic 

particle size (MMAD)  that correspond to observed reductions in the particle size noted for 

the hydrodynamic particle size analysis.  Although modest, these reductions in particle size 

corresponded to a general increase in the fine particle fraction (although only statistically 

significant for 2 samples) and should correspond to beneficial improvements in the in vivo 

formulation deposition in the lung.  

Similar values of % FPF of  CFZ DPPC stored in power form, capsule and in capsule with 

secondary packing suggested no form of aggregation behavior after three months of 

stability testing which indicated that the formulation is stable on three months of storage. 

 

 Differential scanning calorimetry and thermogravimetric analysis 
 

Differential Scanning Colorimetry (DSC) and Thermogravimetric analysis (TGA) was 

performed for all stability samples as described in section 2.3.6.1 and section 2.3.6.2. Table 

5.6 describes the results obtained from DSC and TGA 
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Table 0. Thermal stability of CFZ in the formulation and formulation susceptibility to 

moisture under various forms, secondary packaging systems, and accelerated stability 

conditions. 

Form or 
Packaging 

Stability 
Conditions 

Sample 
name 

CFZ 
Melting 
Point (oC) 

Weight 
Change (30-
200oC) 

Powder Baseline Baseline 219.3 -1.18% 

Powder 

Refrigeration pow-c3 219.9 -0.23% 
Room 
Temperature pow-r3 219.9 -0.16% 

Accelerated pow-h3 219.6 0.02% 

Filled 
Capsule 

Refrigeration cap-c3 219.9 -0.08% 
Room 
Temperature cap-r3 219.9 -0.13% 

Accelerated cap-h3 220.3 0.13% 
Filled 
Capsule with 
Secondary 
Packaging 

Refrigeration pac-c3 219.9 0.10% 
Room 
Temperature pac-r3 219.9 -0.32% 

Accelerated pac-h3 220.3 -0.37% 
 

DSC plots did not show the presence of any extraneous peak. Furthermore, the absence of 

residual solvent or residual moisture in the formulations also indicated that no solvent was 

entrapped in the formulations during their preparation or storage. This provided a proof 

that CFZ formulation that was stored in a capsule, in a capsule with primary aluminum 

packing, and that was stored in powder form without capsule/primary packing was stable 

under accelerated stability conditions for a period of 3 months. 

Thermogravimetric analysis (TGA) provides information about the thermal stability of the 

formulations and about the desolvation or dehydration events that occur during heating. 

All samples had a constant weight until 220 ℃ suggesting the absence of residual solvent 
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or moisture in the formulations. Furthermore,  it also indicated that no moisture was 

entrapped during storage of samples thus, suggesting that all formulations were stable 

under accelerated stability conditions for three months. 

 

Summary 

Stability testing of CFZ DPPC under the specified condition for 3 months suggested that 

there was no negative impact of storage conditions on the formulation. Additionally, there 

was no evidence suggesting the aggregation or degradation of CFZ DPPC after 3 months 

that suggested that the formulation was stable. 
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