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INTRODUCTION   

1.1 Pulmonary drug delivery 

Drug delivery via the lungs received considerable attention throughout the 1990s. 

The therapeutic benefits of drug inhalation have been appreciated for several 

decades for the treatment of respiratory diseases, such as asthma, chronic 

obstructive pulmonary disease, cystic fibrosis (CF) and pulmonary infections as well 

as for the systemic delivery of therapeutic agents [1-5]. Pulmonary drug delivery is 

an alternative to oral and parenteral route for local and systemic delivery of actives. 

Pulmonary route provides rapid onset of action, high pulmonary bioavailability, thin 

alveolar epithelium (0.1-0.2 μm) and large absorptive surface area (upto 100 m2) for 

local drug action, rapid systemic drug absorption, bypass first-pass metabolism and 

is highly perfused with blood vessels [6,7].   

1.1.1 Administration for local action [8] 

For over many years pulmonary route has been used for the treatment of lung 

diseases such as asthma and chronic obstructive pulmonary disease (COPD) [9]. 

Administration of drug by pulmonary route permits administration of low doses of 

drug for local targeting. Drug administration in low doses decreases drug 

concentration in blood, which thereby reduces systemic side effects. Direct 

administration to the lung is being studied for various categories of drugs, viz.; 

agonists, corticosteroids, antibiotics and mucolytics. Pulmonary administration of 

chemotherapeutic agents as aerosolized chemotherapy to treat local primary or 

metastatic lung tumors is beneficial as it increases local drug concentration, high 

drug penetration in cancerous cells thereby reducing systemic side effects [10]. 

Pulmonary gene therapy to deliver DNA or RNA interference is one more example 

of local drug administration. Gene disorders like cystic fibrosis, inflammatory 

diseases (COPD and asthma), infections and cancer are treated using gene 

therapy [11,12]. To combat local infections like tuberculosis, measles or flu, 

administration of vaccines by pulmonary route to induce mucosal as well as 

systemic immunity is an effective approach. Systemic immune responses to a 

vaccine equivalent to injection at identical doses can be achieved only by the 

pulmonary, non-invasive route [11,13].  

Advantages [8] 

1. Non-invasive alternative to injection and oral drug administration 

2. Avoidance of gastrointestinal upset 

3. Bypasses first pass metabolism  
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4. Rapid onset of action.  

5. Fast drug delivery of small molecules to relieve symptoms such as pain (opioids 

viz.; morphine and fentanyl), migraine (ergotamine) and nausea.  

6. Smaller dose is required to produce a pharmacological effect (compared to oral 

dosing) 

7. Reduced systemic side effects due to less concentration in the systemic 

circulation. 

Disadvantages [8] 

1.   Local side effects associated with oropharyngeal deposition 

2.   Difficulty in using delivery devices correctly 

1.1.2 Administration for systemic action 

Due to special anatomical and physiological features such as the large epithelial 

surface area, the thin alveolar epithelium and the high vascularisation, in the past 

two decades the lung has emerged as a ‘needle-free’, non-invasive route for 

systemic administration of pharmaceutical actives. Although the alveolar epithelium 

is tighter than the intestinal epithelium, the local enzymatic activity is lower, and 

there is no first-pass hepatic metabolism following pulmonary drug delivery. The 

lung as well as the intestine provides larger epithelial surface area for absorption, 

however, the drug deposits all at once on the entire alveolar surface, while it 

reaches intestinal segments sequentially [8,14].  

Advantages [8] 

1. Very large surface area for drug absorption. 

2. Permeability of lung is higher for many compounds compared to various mucosal 

route including small intestine. 

3. Rapid absorption and onset of action is achieved due to larger vasculature of 

alveolar region. 

4. Less hostile environment of lung offers administration of proteins and peptides. 

Disadvantages [8] 

1. To access and target the drug to the lung surfaces complex delivery devices are 

required which may be inefficient. 

2. For very young and elderly patients aerosol devices are difficult to use. 

3. Variations due to physiological and pharmaceutical (device, formulation) factors 

in the reproducibility of drug delivery to the lung for drugs having narrow      

therapeutic index is unacceptable. 
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4. Mucus layer as physical barrier and the interactions of drugs with mucus limits 

drug absorption. 

5. Retention time of the drugs within the lung is reduced due to mucociliary    

clearance. 

 

1.2 Anatomy of the airways 

The airway originates at the trachea and terminates at the alveolar sacs with a 

series of dividing passageways. The respiratory system is divided into of two tracts, 

upper and lower. The upper respiratory tract, consisting of the naso- and 

oropharynx and larynx, extends from the nostrils to the junction of the larynx and 

trachea. The oropharynx communicates with the mouth and serves as a 

passageway for food and air. The larynx connects the pharynx to the trachea, and 

conducts air to and from the lungs. The lower respiratory tract consists of 

tracheobronchial, gas-conducting airways and gas exchanging acini (Figure 1.1a) 

[15,16]. 

The bronchial tree trunk begins with the trachea of the airways, which 

bifurcates to form main bronchi. As the trachea passes behind the arch of the aorta, 

it divides into two smaller branches: the left and right primary bronchi. Each primary 

bronchus divides into still smaller secondary bronchi, or lobar bronchi - one for each 

lobe of the lung. The secondary bronchi branch into many tertiary (or segmental) 

bronchi that further branch several times, ultimately giving rise to tiny bronchioles 

that subdivide many times, finally forming terminal bronchioles and respiratory 

bronchioles (Figure 1.1b). Each respiratory bronchiole subdivides into several 

alveolar ducts that end in clusters of small thin-walled air sacs called alveoli, which 

open into a chamber called the alveolar sac [17]. In the classic model of the airways 

as described by Weibel [18], each airway divides to form two smaller “daughter” 

airways (Figure 1.1c and 1.2). As a result, the number of airways at each 

generation is double that of the previous generation. The model proposes the 

existence of 24 airway generations in total, with the trachea being generation 0 and 

the alveolar sacs being generation 23. In reality, the branching is not perfectly 

symmetrical [15]. 

The walls of the primary bronchi, like the trachea, are supported by 

incomplete cartilage rings. In the lungs, the rings are replaced by small plates of 

cartilage of irregular shape that completely encircle the bronchus, giving the bronchi 

a cylindrical shape, in contrast to the ovoid shape with a flattened posterior wall of 

the trachea. With further branching, the cartilage plates gradually become smaller 

and fewer in number and the smooth muscles that surround the air passageways 
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become more prevalent. Cartilage ultimately disappears at the point where the 

airway reaches a diameter of about 1 mm, whereupon it is designated a bronchiole 

[17,19].  

                           

 

Figure 1.1: Human respiratory system (a) schema of the respiratory system 

(b) the bronchial tree (c) the alveoli. 
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The various levels of the airways may also be categorized functionally as being 

either conducting or respiratory airways. Those airways not participating in gas 

exchange constitute the conducting zone of the airways and extend from the 

trachea to the terminal bronchioles. The respiratory zone includes airways involved 

with gas exchange and comprises respiratory bronchioles, alveolar ducts, and 

alveolar sacs (Figure 1.1c) [20]. 

 

Figure 1.2: A schematic of airway branching in the human lung [18]. 

1.3 Barriers to pulmonary drug delivery [8,21] 

The lung is daily exposed to large number of harmful pathogens and particles but 

different pulmonary barriers restrict these harmful particles from invading the lung. 

However, these barriers also decreases amount of the drug in the lung available for 

local effect or for systemic absorption.  

1.3.1 Surfactant 

Lung surfactants at the air/water interface are single molecule thick in most places 

which induces aggregation of small molecules resulting in engulfment and digestion 

by airspace macrophages. Long chain phospholipid amphiphiles, the primary 

constituents of lung surfactants form liquid crystals rather than micelles at 

physiological conditions in aqueous media. Alveolar lining fluid contains excess 

insoluble lung surfactants in both lamellar and ‘box-like’ tubular myelin figures, an 

extended lamellar form. 

 



Chapter 1                                                                                                     Introduction 

 

Ph. D. Thesis: Arpana Patil-Gadhe            6        BVDU Poona College of Pharmacy, Pune 

1.3.2 Epithelial surface fluid 

To reach to the epithelial cell layer macromolecules should penetrate through the 

epithelial surface fluids, which lies below the monolayer of surfactant. Ciliary activity 

continuously moves this thick mucus containing airway lining fluid towards trachea. 

Pulmonary absorption of macromolecule may be affected by pH, osmolality, ions, 

proteins, lipids and other constituents of the epithelial surface fluids.  

a) Normal volume and thickness 

The thickness of the epithelial surface fluid is about 5-10 μm and in distal region it is 

about 0.05-0.08 μm thick. In humans, total lung surface fluid volume is around 15-

70 mL. However, a therapeutic aerosol encounters very small total surface fluid 

volume. Mucociliary escalators move surface fluid towards the trachea at a speed 

of 1-10 mm/min and is continuously secreted somewhere in the airways. Distal lung 

secretes approximately 1.5 L/day of liquid, absorbed by the proximal airway 

epithelia. An adult human exhales about 400-500 mL of water every day. 

b) Fluid composition 

Lavaging technique is used to study the composition of the lung lining fluid. Lavage 

fluid may contain airway and alveolar lining fluid mixture.  

Protein concentration in surface fluid 

Extremely low concentration of protein is established due to high dilution of small 

surface fluid volume (1-3 mL) by high lavage volume (250 mL). Concentration of 

albumin in tracheal and bronchial surface fluid is approximately 0.5-0.7 mg/mL 

against 35-50 mg/mL albumin level in plasma. Urea technique was used to 

determine the levels of albumin and glucose in the human lung surface fluid. Less 

than 10 % of the albumin (4 %) and glucose (2 %) of their concentrations of plasma 

are present in the surface fluid. α1-antitrypsin (52 kDa) is an important alveolar 

surface fluid protein present in the concentration <10 % of plasma and is 

responsible to prevent proteolytic breakdown of alveolar elastin. Absence of α1-

antitrypsin in genetically deficient patients lead to emphysema. Low endogenous 

proteins in the lining fluid could be due to reabsorption mechanism or is removed 

out of the lungs by lateral fluid flow up the mucociliary escalator.   

c) Protein composition of surface fluid 

The concentration of IgG and IgA are higher whereas IgM, IgD and large non-

immunoglobulins (>300 kDa) are absent or present in very low concentration in 

surface fluid than observed in serum. The only non-immunoglobulin, transferrin (90 

kDa) is present in higher concentration in lavage (6 %) than serum (4 %). 
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d)  Mucus 

Lining fluid of airway other than alveoli is composed of different types and amount 

of mucus concentrated on the top of fluid. Mucus acts as the barrier for 

macromolecule diffusion to the epithelium. Mucociliary activity is responsible for 

movement of mucus towards trachea and out of the lung. Physical properties of the 

mucus gel, serous fluid (non-mucus component of the airway surface fluid) and 

interaction between mucus and cilia affects mucus clearance. Mucus is the complex 

mixture of mucus gland, goblet cell and epithelial cell secretions. In the absence of 

infection or disease very little mucus is present while variable amount of mucus is 

secreted during airway inflammation, infection or inhalation of irritants. 

1.3.3 Pulmonary epithelia 

There are two completely different pulmonary epithelia; airway epithelium and 

alveolar epithelium. Four major cell types are present in airway epithelium including 

basal cell (the progenitor cell), the ciliated cell, the goblet cell and the Clara cell 

(Figure 1.3).  

Figure 1.3: Lateral view of relative epithelial size and surface fluid thickness in 

different regions of the human lung. 

The highly broad and thin Type I cell and the small compact Type II cell are the 

only two cells contribute for the alveolar epithelium (Figure 1.4(a)). Approximately 2 

Type II cells per one Type I cell and one macrophage per 8 Type I cells are present 

(Figure 1.4(b)). The surface area of average human alveolus is 206 900 μm2 and 

comprised of 40 Type I and 67 Type II cells. 



Chapter 1                                                                                                     Introduction 

 

Ph. D. Thesis: Arpana Patil-Gadhe            8        BVDU Poona College of Pharmacy, Pune 

 

Figure 1.4: (a) Alveolar Type I cell; (b) If a single alveolus could be flattened, it 

might look  like this.  

1.3.4 The interstitium and basement membrane 

The space between extracellular and extravascular is called as interstitium, 

analogus to sophisticated chromatography column. For a molecule to be absorbed 

into the blood from air spaces, it must cross the interstitium. Fibroblasts, tough 

connective tissue and interstitial fluid are present in the interstitium. The connective 

tissue comprised of collagen fibers and basement membranes as the structural 

framework on which cells of the lung are mounted. The interstitial fluid is eventually 

drain into the lymphatic system as lymph.  

1.3.5 Vascular endothelium  

Vascular endothelium, the cell monolayer makes the walls of small blood and lymph 

vessels and is the final barrier for drug transport.  

a) Blood vessels 

Molecules that are absorbed from the airspaces into the blood must traverse the 

endothelium. The surface area of a pulmonary endothelial cell is about 1/5th the size 

of Type I cell. The basic alveolar structure is the septum which is composed of 

capillaries sandwiched between two epithelial monolayers and all held together by 

numerous extracellular and intracellular fibers (i.e. collagen, basement membrane, 

actin and others). The vascular endothelium is considered to be leaky to proteins 

compared to the epithelium. 

b) Lymphatics 

Pulmonary lymphatic system is considered as the ‘backdoor’ pathway by which 

macromolecule, fluid and solutes absorbed into the lung’s interstitium gets into the 

blood back. Pulmonary lymphatic vessels are originated in the interstitium near the 
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small airways and blood vessels. Lymphatic endothelia have large open flaps in 

their walls which will let micron-sized particles (i.e. fat droplets, lipoproteins, 

bacteria, viruses and immune cells) freely pass.  

 

1.4 Factors affecting pulmonary drug delivery [8,16] 

1.4.1 Mechanism of particle deposition in the airways  

Pulmonary drug delivery involves delivery of aerosols via the mouth. There are 

three major deposition mechanisms (Figure. 1.5) for the particles intended for 

pulmonary application [15,16,22]. 

a)  Inertial impaction 

The inertial impaction is the prominent mechanism for deposition of particles > 1 μm 

in the upper tracheobronchial regions. Particles with large momentum (product of 

mass and velocity) collide with the airway wall at the airway bifurcation when 

inhaled as they are unable to follow the change in the direction. Larger or denser 

particles moving with high velocity in the airstream have high momentum follow 

inertial impaction mechanism of deposition. Airflow velocity is 100 and 1000 fold 

higher in bronchi than in the terminal bronchioles and alveolar region, respectively. 

 

Figure 1.5: Aerosol deposition mechanism at an airway branching site. 

b) Sedimentation   

Settling under gravity results in the particle deposition by sedimentation 

mechanism. This mechanism is prominent in the region of low velocity, e.g. the 

bronchioles and alveolar region. Residence time of the particles in these regions 

determine amount of particles depositing by sedimentation. 
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c) Brownian motion 

This mechanism is prominent for particles < 1 μm, especially between 0.1 – 1 μm. 

As particle size decreases particle deposition by diffusion mechanism increases. 

Collision of smaller particles with airway wall results in the deposition of particles. 

Brownian diffusion is seen in the alveoli regions where airflow is negligible or 

absent. Increase in residence time in the smaller terminal airways results into 

increased deposition from sedimentation and brownian motion.  

1.4.2 Physiological factors affecting particle deposition [8] 

a) Lung morphology 

Tracheobronchial tree has successive generations of airways with decreasing in 

diameter and length.  

b) Oral vs. nasal breathing 

Nose and pharynx are the major sites where most of the environmental particles 

deposited during normal nose breathing. Therefore, mouth is used for aerosol 

inhalation for pulmonary drug delivery. 

c) Inspiratory flow rate (IFR) 

As IFR is increased, deposition is enhanced in the first few generations of the 

tracheobronchial regions by impaction mechanism due to increase in both particle 

momentum and turbulence. Airflow rate decreases from bronchi to alveolar regions 

through bronchioles. Increase in IFR results in generation of aerosol particles with 

smaller size. IFR also depends upon physical activities with 14, 40 and 120 L/min 

IFR was observed in sedentary, light and heavy activities, respectively. 

d) Co-ordination of aerosol generation with inspiration 

Pressurized metered dose inhaler (pMDI) formulation affects the generation of 

aerosol momentum and not on subject’s IFR. Co-ordination of actuation of pMDI 

during early phase of the inspiratory maneuver is crucial when particles travel at 

velocities of 2,500 – 3,000 cm/s which in worst case may lead to complete particle 

deposition in oropharyngeal region.  

e) Tidal volume 

Tidal volume is defined as volume of air inhaled in one breath which increases as 

IFR is increased. An increase in penetration and deposition of aerosol particles 

deeper into the TB and A regions can be achieved by increasing tidal volume.  
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f) Breath holding 

Breath holding optimizes pulmonary drug delivery. If the time between the end of 

inspiration and the start of the exhalation increased, time for sedimentation to occur 

increases. Breath holding for a 5-10 seconds after inspiration is recommended for 

maximum effects.  

g) Disease states 

Localized deposition in the tracheobronchial regions of the airway is seen due to 

greater airflows and turbulence in different pulmonary disorders.  

 

1.4.3 Pharmaceutical factors affecting aerosol deposition [8] 

a) Aerosol velocity 

The velocity of aerosols produced by nebulizers and dry powder inhalers depends 

upon inspiratory maneuver and lung physiology as these aerosols are transported 

into the lung by entrainment on the inspired air. However, for pMDIs velocities of 

the aerosol droplets are greater than the inspiratory airflow which results in higher 

impaction in the oropharyngeal region. 

b) Size 

Commercial devices generate polydispersed particles having wide size distribution 

and different shapes. 

 Aerodynamic diameter (dae) is the diameter of a spherical particle with unit 

density that settles at the same rate as the particle in question. dae is the term used 

to describe the particle size of particles intended for pulmonary application. The 

mass median aerodynamic diameter (MMAD) is defined as the aerodynamic 

diameter which divides the aerosol mass size distribution in half. The geometric 

standard deviation (GSD) is defined as the size ratio at 84.2% on the cumulative 

frequency curve to the median diameter. This assumes that the distribution of 

particle sizes is lognormal. A monodisperse, i.e. ideal aerosol, has a GSD of 1. 

However, pharmaceutical aerosols with a GSD of <1.22 is described as 

monodisperse while those aerosols with a GSD >1.22 are referred to as poly 

dispersed or heterodispersed.   

 Therefore, MMAD and GSD of aerosols are the critical factors determining 

the deposition patterns within the lung. Aerosols with larger MMADs will deposit 

higher in the respiratory tract since the aerosol particles will have greater 

momentum. A polydisperse aerosol shows greater deposition in the 

tracheobronchial region than a monodisperse aerosol of the same MMAD. 
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c) Shape 

Non-spherical Particles will have at least one physical dimension which is greater 

than the aerodynamic diameter. Environmental fibers of 50 μm in length can reach 

the alveolar region because they align with the inspired airflow and such materials 

impact in the airways by a process of interception with the airway walls. 

d) Density 

Mean physical diameter of the particles having densities less than 1 g/cm3 is 

greater than the aerodynamic diameter. Particle densities of micronized drugs for 

inhalation are approximately 1 g/cm3. Freeze-drying or spray-drying produces 

significantly less dense particles. Large porous particles (LPP) with physical 

diameters of 20 μm and densities of 0.4 g cm−3 are efficiently deposited in the 

lungs. 

e) Physical stability 

Therapeutic aerosols due to high particle concentration and close proximity may 

result in mutual repulsion or other inter-particulate reactions which lead physically 

instability. Dry powder inhalers (DPIs) may produce hygroscopic aerosol particles 

which during their passage through the high humidity environments of the airways, 

may increase in size and thus have a greater chance of being prematurely 

deposited. In contrast, solvent evaporation may decrease the size of aerosol 

droplets generated from pMDIs. Also, droplets from nebulizers have tendency to 

decrease in size. The changes in particle size are therefore complex and thus 

deposition in the lung may be very different from that predicted on the basis of 

particle size analysis conducted at ambient relative humidity (RH). 

1.4.4 The fate of particles in the airway [8,16] 

a) Mucus barrier 

Mucus, a viscoelastic layer in the tracheobronchial region is the first barrier for the 

drugs to reach its site of action. If the drug is given as an aerosolized powder then 

the drug first needs to dissolve in the mucus layer. Although mucus has very high 

water content (90–95%), dissolution is the rate determining step for poorly soluble 

drugs (corticosteroids) which are delivered as dry powder aerosols due to viscosity 

of mucus. Mucolytic drug such as N-acetylcysteine improves drug penetration into 

mucus by reducing its viscosity. Highly water-soluble drugs administered as dry 

powder aerosols dissolves at the very high relative humidity (>99%) present in the 

airways air and impact as solution droplets. Then this dissolved drug enters the 

aqueous environment of the epithelial lining fluid by diffusion through the mucus 
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layer. The rate of diffusion through the mucus will be dependent upon following 

factors: 

 mucus layer thickness; 

 mucus viscosity—It is the viscosity of the mucus gel intersticies (i.e. the 

microviscosity) that is critical to drug penetration and not the macroviscosity of the 

whole gel; 

 molecular size of the drug—for drugs not interacting with mucus glycoproteins, 

the diffusional resistance is only significant for molecules of mass >1 KDa; 

 any interactions which may occur between the drug and mucus—such 

interactions include the binding of positively charged drug molecules to mucus 

glycoproteins via electrostatic interactions with the negatively charged sialic acid 

residues, as well as hydrogen bonding and hydrophobic interactions. 

The mucus layer thickness in the tracheobronchial region is approximately 

0.5–5 μm which may increase to 50 μm in disease states. Mucus secretion may be 

stimulated by foreign bodies such as microorganisms and dusts or irritants such as 

cigarette smoke. In airways diseases such as bronchitis, cystic fibrosis and asthma 

hypersecretion of mucus occurs and lead to greater barrier than the normal healthy 

lung.  

b) Muco-ciliary clearance 

The rhythmic beating of cilia (approximately 1,000 beats min−1) present on the 

epithelial cells continuously propels mucus to the central bronchi, trachea and then 

to the throat. High proportion of the cilia are present in the tracheobronchial region 

(central airways) as compared to the periphery of the tracheobronchial region 

whereas cilia are absent in the alveolar region. Thus, the end of the mucociliary 

escalator lies at the terminal bronchioles. The efficient self-cleansing mechanism of 

lung clears particles and dissolved drugs entrapped in the mucus by mucociliary 

clearance within a few hours after being deposited.   

Mucociliary clearance is an organized, complex process. It depends on the 

composition and depth of the epithelial lining fluid and the viscoelastic properties of 

the mucus. Hypersecretion of mucus in airways diseases may cause an 

overloading of the ciliary transport process, resulting in a debilitated mucociliary 

clearance and the build-up of mucus as a thick, highly viscous layer. In such cases 

coughing is used to remove the excess of mucus which also may result in the 

removal of the mucus associated drug within minutes. However, aerosolized drug 

deposition takes place over a large surface area, coughing will remove mucus from 
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a few localized areas where build-up has occurred and thus the fraction of the 

deposited dose removed by coughing is likely to be small.  

c) Alveolar clearance  

Alveolar macrophages engulf deposited particles in the alveolar region which are 

then cleared from the lung by a number of different routes. The main route is via the 

mucociliary escalator, although transport from the alveolar region to the start of the 

mucociliary escalator is a very slow process and may involve transport through 

interstitium and lymphatic tissues in addition to a transfer by random movement by 

macrophages. Macrophages may also be transported via lymphatic systems to 

lymph nodes and the bloodstream. The uptake of particles by macrophages is a 

fairly rapid process but the subsequent clearance of particle-laden macrophages 

only occurs over days or weeks.  

1.4.5 Factors affecting the absorption and metabolism of drug in the 

airway [8] 

Absorption and metabolism of drugs administered to lungs for local or systemic 

effects are important. For systemically-acting drugs, for drug to reach to its site of 

action absorption is very critical. On the other hand, for locally-acting drugs 

absorption is important for removal of drug from its site of action. Metabolism of 

drugs is also an important consideration since it may lead to drug inactivation or the 

production of active or toxic metabolites. 

 

a) Area  

The architecture of the lung provides great potential for the delivery of systemically-

acting compounds, which is basically designed for the exchange of gases. The total 

surface area of the lung airways is approximately 140 m2, which is slightly larger 

than area of the small intestine. A well designed aerosol system rapidly delivers the 

drug to a high proportion of this surface area. In contrast, an orally administered 

drug will have access to the small intestine delayed by gastric emptying. 

b) Absorption barrier thickness 

As compared to other routes of drug delivery, the absorption barrier in lung is much 

smaller. The airways to blood pathlength in some parts of the alveolar region is 

thinner (<0.5 μm) than typical mucosal or epithelial membranes which facilitates 

rapid transfer of gases, vapors and other small molecules. From this alveolar region 

drug absorption is more rapid compared to absorption from any other epithelial 

route of delivery. The absorption from the tracheobronchial region is of the lung is 
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faster than from any other mucosal route of delivery, though its thickness is much 

higher than alveolar region barrier thickness. 

c) Blood supply 

A network of fine capillaries supplies 100% of the cardiac output to the lung which 

promotes rapid gaseous exchange. This is also beneficial for systemic drug 

delivery. Drugs absorbed from the lung pass directly to the heart avoiding first-pass 

metabolism in the liver, although some drugs will be subject to first-pass 

metabolism during absorption in the lung. 

d) The importance of regional differences 

The regional differences between tracheobronchial and alveolar region listed below 

play an important role in the absorption of drugs into the systemic circulation.  

i. The surface area of the tracheobronchial region is approximately 10-fold 

lower than in the alveolar region. 

ii. The airways-to-blood path length is more than 10-fold higher in the 

tracheobronchial region. 

iii. Blood flow is approximately 10-fold lower in the tracheobronchial region. 

iv. The capillary network is less extensive in the tracheobronchial region. 

v. Mucociliary clearance is only present in the tracheobronchial region. 

The rate of absorption of drugs from the alveolar region is twice that from 

tracheobronchial region and therefore delivery systems designed for systemically-

acting drugs should target the alveolar region.  

Locally-acting drugs clearly need to be targeted to the region containing 

their site of action, which is generally the TB region. Significant central deposition of 

bronchodilator drugs would give a greater pharmacodynamic response as these 

drugs act of smooth muscles of the conducting airways. Targeting locally-acting 

anti-inflammatory drugs is complex since there is dispute as to whether 

inflammation in the central airways is less or more important than that in peripheral 

airways. The situation is further complicated by possible redistribution of drugs 

within the lung, which seems likely to occur after deposition. 

e) Membrane permeability 

The epithelium of the lung is the main permeability barrier in the airways to blood 

pathway rather than the intersitium or endothelial lining of the capillaries. The 

epithelium of the lung is much more permeable than that of other mucosal routes. 

However, for hydrophilic solutes the epithelial permeability is at least 10-fold lower 

than that of the endothelium. For example, more than 70% of the inhalation dose of 
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sodium cromoglycate is absorbed from the lung into the bloodstream whereas less 

than 3% of an oral dose of sodium cromoglycate reaches the circulation. In the 

alveolar region the tight junction gap between type-I alveolar cells is reported as 1 

nm. Other pores with equivalent radii of about 10 nm have also been identified. 

Consequently the permeability of the paracellular route is much greater than seen 

with other membranes. Large molecules up to 150 kDa are reported to be absorbed 

to a small extent into the bloodstream after pulmonary administration.  

f) Factors affecting membrane permeability 

For absorption of proteins from fluid-filled lungs in the newborn, lungs are highly 

permeable which after first few weeks decreases in permeability. In number of 

pulmonary disease states such as adult respiratory distress syndrome and fibrosis 

permeability increases. Also, inflammatory reactions are associated an increase in 

permeability which resulted in an influx of polymorphs and other cells into the 

airways. Inhalation of toxicants, such as smoke and industrial dusts as well as 

hyperinflation of the lung by vigorous exercise or repeatedly performing lung 

function tests also leads to increased membrane permeability resulted from a 

disturbance of the intercellular junctions. In contrast, alveolar membrane 

permeability remain unaltered in asthma.  

g) Transport routes 

There are two major routes of drug absorption into the bloodstream: 

• paracellular: occurs between epithelial, interstitial and endothelial cells. 

• transcellular: occurs through or across the above cells. 

Transcellular pathway is followed by lipid-soluble drugs whereas paracellular 

pathway is followed by poorly water soluble compounds. Lipid soluble drugs 

partition into the lipid membranes of the epithelial cells followed by diffusion through 

the cells, down a concentration gradient as per Fick’s Law. Highly lipophilic drugs 

show very rapid absorption, for example morphine shows peak blood levels within 5 

minutes after inhalation. In contrary, the rate of absorption of poorly lipid-

soluble/hydrophilic compounds is inversely related to their molecular size. The 

absorption of these hydrophilic drugs is slower than that of lipophilic drugs but will 

occur more rapidly than from other mucosal routes including intestinal, rectal, nasal 

and buccal. 

Organic anion such as sodium cromoglycate uses saturable carrier-

transport mechanisms. Large molecular weight drugs may be absorbed by the 

transcytosis mechanism wherein the macromolecule is carried in vesicles from one 
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side of a cell to the other. Endocytosis may occur via phagocytosis by alveolar 

macrophages or via pinocytosis by type-I and type-II cells which involves flask 

shaped invaginations called caveolae. Transcytotic mechanisms occur in type-I 

cells for albumin and pulmonary delivered macromolecules. Recycling of pulmonary 

surfactants in type-II cells follows pinocytosis mechanism. Some drugs will be 

absorbed by only one route whereas for some drugs more than one route may be 

responsible for absorption. 

h) Enzymatic activity 

In the metabolism of certain endogenous compounds endothelial cells of the lung 

play an important role. Most of the drugs metabolizing enzyme systems found in the 

liver occur in lung tissues. Several isozymes of the cytochrome P-450 family have 

been recognized in the respiratory tract with the highest concentrations in the nasal 

and smaller airways with lower levels in the trachea and main bronchi. Clara cells, 

type-II cells shows highest concentrations of these isozymes as compared to 

alveolar macrophages. 

Esterases, peptidases, flavin-containing monooxygenase, catechol-O-

methyl transferase, UDP-glucuronosyl transferases, sulphotranferases and 

glutathione-S-transferase are non-cytochrome P-450 dependent enzyme systems, 

which are also identified in the lung. These are widely distributed and are found to 

be highly active than the P-450 systems.  

Locally-acting inhaled drugs may be inactivated by these enzyme systems, for 

example isoprenaline and rimiterol are metabolized by catechol-O-methyl 

transferase. The inhaled steroid beclomethasone dipropionate is hydrolysed by 

esterases, to a first active metabolite, beclomethasone monopropionate, and then 

to an inactive metabolite, beclomethasone.  

1.5 Models for pulmonary drug delivery [23] 

1.5.1 Cascade impactors 

The aerodynamic behavior of aerosol particles is determined by cascade impactor 

(Figure. 1.6) by size-separating the dose in impactor plates. Important aerosol 

parameters such as the mass median aerodynamic diameter (MMAD) and the fine 

particle fraction (FPF) are determined using in-vitro aerosol performance study 

using cascade impactor. The FPF is the percentage of the drug mass contained in 

≤ 5 μm MMAD particles. 

Cascade impactor data is used to predict the human lung deposition data as 

particle aerodynamic size determines aerosol deposition in the human respiratory 

tract [24]. Although impactor data correlate well with lung deposition data in humans 
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obtained by gamma scintigraphy, in general the FPF systematically overestimates 

whole lung deposition in humans [25]. Also, the cascade impactor does not 

represent the respiratory anatomy and, in particular, the inlet throat to an impactor 

does not adequately mimic the anatomical complexity of the human upper airway. 

The aerosol enters the cascade impactor at a constant airflow rate, which does not 

take into account the variations in human respiratory airflow that occur during 

inhalation. Measurements in cascade impactor are made at room temperature and 

at low relative humidity, which is not representative of human airways ambient 

conditions  

 

Figure 1.6: The assembled impactor device and the correspondence between its 

stages and the different parts of the human respiratory system.  

1.5.2 In-vitro 

In-vitro models for pulmonary drug delivery studies offer a very interesting 

alternative and also allow a rapid screening of drugs.  

Both continuous and primary cell cultures are reported in the literature as 

models for respiratory tract. In both cellular models, it is important that epithelial 

cells form a tight monolayer in order to represent the natural epithelial barrier. 

Monolayer tightness and integrity are classically assessed by measuring 

transepithelial electrical resistance (TEER) and potential difference across the 

monolayer. Monolayers of lung epithelial cells allow the characterization of drug 

transport and assessment of potential drug and formulation toxicity. Drug transport 

is classically measured in the apical to baso-lateral direction, and vice versa, in 

order to check for active transport mechanisms [26- 30].  

Continuous cell cultures are more reproducible and easier to use than 

primary cell cultures. However, these cell cultures lack differentiated morphology 



Chapter 1                                                                                                     Introduction 

 

Ph. D. Thesis: Arpana Patil-Gadhe            19        BVDU Poona College of Pharmacy, Pune 

and the biochemical characteristics of the original tissue [31]. A549 is a type II cell 

line, derived from alveolar epithelial cells and originates from human lung 

adenocarcinoma. It is very useful in metabolic and toxicological studies [32]. Calu-3 

cell line is derived from bronchial epithelial cells of a human adenocarcinoma. Calu-

3 cells form tight monolayers.  

Primary cell cultures are extremely useful for drug transport studies, present 

cell characteristics and state of differentiation more similar to the in-vivo situation. 

However, they are costly models, time consuming owing to cells isolation from the 

lung and the monolayers presents a lifetime of only few days. Most primary cell 

cultures used as models for pulmonary drug delivery and transport studies consists 

of alveolar epithelial cells. Type II pneumocytes for primary culture can be isolated 

from the lung of different species. Human cells are the most representative of the 

clinical situation but they are less accessible than cells from other mammals. 

Human type II pneumocytes are isolated from normal lung tissue of patients 

undergoing partial lung resection. In early stages of the cell culture, the cells 

produce high levels of surfactant protein C and low levels of caveolin 1, a marker of 

type I pneumocytes, and conversely at later stages. On day 8 of culture, the cells 

form a tight monolayer consisting mainly of type I cells and some interspersed type 

II cells. Rat alveolar cell monolayers are the most utilized cells because rat tissue is 

easily accessible. It has also been used to study mechanism of transepithelial 

transport and to test strategies to increase transport. 

Air-interface cultures (AIC) are models that allow aerosol particles to deposit 

directly onto semi-dry apical cell surface. Drug deposition and dissolution occur in a 

small volume of cell lining fluid [27]. The AIC shows higher similarity to airways 

epithelial morphology with greater glycoprotein secretion, more pronounced 

microvilli and the production of a pseudostratified layer of columnar cells whereas 

the liquid-covered culture produced a  monolayer of cells. Calu-3 cells grown below 

a liquid shows higher levels of zonula occludens protein-1 than the AIC [33].  

1.5.3 Ex-vivo [23,34] 

The isolated perfused lung (IPL) isolated from rats, guinea-pigs, rabbits, dogs or 

monkeys is a ex-vivo model. For the preparation of IPL, the animal is first 

anaesthetized to perform a tracheotomy followed by cannulation of pulmonary 

artery and vein. The lungs, together with the heart, are surgically removed and 

suspended by the trachea in a humidified jacketed chamber maintained at 37°C. 

Perfusion is usually done using a buffer solution, which enters the lung by the 

pulmonary artery and comes out of it by the pulmonary vein. The buffer solution is 
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then either collected or recirculated. The lung is either left unventilated or is 

ventilated in the artificial thorax chamber, maintained at a pressure below or above 

the atmospheric pressure. A negative pressure in the artificial thorax is preferable 

because it represents the in-vivo situation and negative pressure ventilation 

decreases oedema formation and atelectasis. However, a drawback of negative 

pressure ventilation is the difficulty of continuous weight recording due to the 

cycling negative pressure.  

 Once the IPL model is established, drugs can be administered by the 

intratracheal route and/or by injection in the perfusate solution in order to simulate a 

systemic administration. Intratracheal delivery can be carried out by nebulisation or 

instillation of the solution or by dry powder insufflation or inhalation. Lung viability 

can be checked by visual observation of oedema formation or it can be measured 

through weight gain in an early stage where there is no visual detection. IPL model 

is more complete model as compared to the in-vitro models as structural integrity 

and interactions between cells are maintained and the impact of particle size and 

site of deposition within the lung can be assessed. As compared to in-vivo models, 

IPL allows studies on drug absorption from the lung without the influence of the 

other organs. However, IPL does not include absorption from the airways as the 

tracheobronchial circulation is served during surgery.  IPL also demands surgical 

skills as well as relatively complex technical structure and expensive device. 

Another major limitation of this model is its short viability time (2 – 3 h).  

1.5.4 In-vivo 

Animal studies need to be carried out before new drugs are delivered to the human 

lungs. Experiments performed in an animal model provide the information regarding 

drug deposition, metabolism, absorption and kinetic profile as well as on drug and 

formulation tolerability. Non-human primates have very similar anatomy and 

physiology to humans, but their use is limited because of ethical issues, cost and 

risk of zoonoses. Therefore, non-human primates are used only in advanced 

research. By contrast, small rodents such as mice, rats and guinea-pigs are 

common models for initial studies on pulmonary drug delivery because they can be 

used in large numbers. Mice have been widely used for assessing pulmonary 

delivery of locally acting drugs such as anticancer drugs, antibiotics, 

immunosuppressive agents and vaccines whereas pharmacokinetic studies 

following pulmonary delivery of systemically acting drugs have often been 

performed in rats. Guinea-pigs have been widely used as an animal model of 

allergic asthma and infectious diseases (e.g., tuberculosis) because the airway 
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anatomy and the response to inflammatory stimuli are comparable to the human 

case. Confirmatory testing can be conducted in the rabbit, the dog or the sheep. 

The dog is a good model for assessing systemic drug delivery by the pulmonary 

route as well as toxicity. The sheep has been used principally as a model of 

pulmonary hypertension. 

 Several methodologies are available for pulmonary administration of drugs. 

Drugs can be administered by passive inhalation or they can be administered 

directly to the lung in both a liquid or powder form. 

a) Passive inhalation 

During passive inhalation of aerosolized drugs, animals are kept awake and 

allowed to breathe normally. Aerosolized drugs are delivered using an 

aerosolization chamber in whole body, head-only or nose-only exposure systems. 

The devices most frequently used for generating aerosols are nebulisers. However, 

aerosolization of dry powders has also been reported in several recent studies. This 

method is more representative of drug delivery to the human lungs than 

intratracheal instillation of large volumes of liquids. However, significant losses of 

the drug dose occur in the reservoir and tubing of the aerosol generator, in the 

delivery accessories (aerosolization chamber) to the animal and during animal 

expiration. This result in a low and poorly controlled drug dose delivered to the 

animal (∼ 0.1%) and actually delivered to the lungs (< 0.01%). Therefore, passive 

inhalation is not the method of choice for expensive drugs, for pharmacokinetic and 

vaccination studies because the dose delivered is not known with accuracy and 

systemic absorption or immune responses could originate from other mucosa (e.g. 

nasal). 

 In general, the drug dose delivered to the animal (whole body dose) is 

estimated using the following equation: 

     
                                                               

           
 

The drug concentration in the aerosol is determined by sampling the test 

atmosphere and quantifying the drug in the sample. The respiratory minute volume 

can be estimated based on values reported in the literature. The size distribution of 

aerosol particles can be measured in order to verify its adequacy for pulmonary 

delivery. 
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Whole body exposure system 

In whole body aerosol exposure system, animals are placed in a sealed plastic box 

that is connected to a nebuliser or a generator of dry powder aerosol. Although this 

system allows a less stressful pulmonary drug administration to an important 

number of animals, there is potential drug absorption across the skin after 

deposition on the animal fur, from the nasal mucosa and from the gastrointestinal 

tract. The alleviation of stress to the animal is an advantage because stress has 

been linked to physiological changes that can alter experimental data. For example, 

psychological stress can down regulate cellular immune responses and modify 

gene expression. 

 

Head only or nose only exposure system 

In the head-only or nose-only exposure systems, the animal is attached to the 

exposure chamber and only the head or the nose is in contact with the aerosol. The 

systems can be designed for delivering drugs to one or to several animals. 

Compared with the whole body exposure system, the head-only or nose-only 

exposure systems offer several advantages. Skin exposure to the drug and its 

uptake by the transdermal route are avoided. The low volume of the aerosolization 

chamber reduces the amount of drug needed to generate the aerosol. Potential 

drug reactivity with excreta is avoided. Variable durations of animal exposure are 

possible in one single test. Air exhaled by the animal can be thrown out from the 

aerosolization chamber. This is an advantage because the high humidity of exhaled 

air can affect the stability of aerosolized drugs or modify the particle aerodynamic 

behaviour. In addition, increased carbon dioxide in the inhaled air can stimulate 

ventilation and modify acid–base status. Head-only or nose-only aerosol exposure 

systems are commercially available but there are some ‘home-made’ designed 

aerosol boxes described in the literature. 

b) Direct intratracheal instillation 

Intratracheal administration of drugs is the favourite method when a precise control 

of the dose is needed because drugs are administered directly in the trachea. In 

addition this mode of delivery circumvents nasal and oropharyngeal deposition. 

After anaesthesia, the animal is laid in a supine position, attached by its superior 

incisors to a board and tilted at an angle of 45 degrees. The mouth is kept open and 

it is possible to see the vocal cords and trachea with the help of a laryngoscope 

(e.g., the small animal laryngoscope from Penn Century, Philadelphia, PA). The 

administration is performed by inserting a cannula in the trachea, between the vocal 

cords. It is also possible to perform intratracheal administration using a surgical 
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procedure to expose the trachea, and the cannula is then inserted between two 

cartilaginous rings. However, because of its invasiveness, this method should not 

be preferred. Drug solution can be delivered into the trachea as a liquid bolus by 

intratracheal instillation, as a coarse spray by using a spray-instillator, or as an 

aerosol generated by a nebulizer [35,36]. Dry powders can be delivered 

intratracheally using a powder-insufflator (Dry Powder Insufflator, Penn Century, 

Philadelphia, PA) or by generating a powder aerosol [37,38]. 

 Advantages of intratracheal administration of drugs include the perfect control 

of the drug dose delivered, the absence of drug losses in the instrumentation 

(except for liquid and powder aerosols), the bypassing of nasal passages and the 

possible targeting of different regions within the respiratory tract. However, this 

method of administration is not representative of the natural inhalation process as 

the solution is forced into the airways and the animal is under anaesthesia. It is not 

recommended for repeated administrations as each insertion of a cannula into the 

trachea generates slight but significant inflammation. A limitation peculiar to 

intratracheal instillation comprises the administration of large volumes of solutions 

as compared with the volume of the epithelium lining fluid (ELF). For example, the 

rat ELF volume is 45 – 55 μl [39], whereas the volume of solution instilled is ∼ 100 

μl in general, almost twice the ELF volume. The administration of large volumes of 

liquids can cause changes in lung physiology and decrease drug concentrations 

locally. 

c) Intranasal administration 

Intranasal administration is mostly known for local drug delivery to the nasal 

mucosa but it can also be used for intrapulmonary drug administration in mice 

[40,41]. Intranasal administration is performed on the anaesthetised mouse kept in 

a vertical position. With the help of a micropipette, the solution is deposited on a 

nostril and is simply aspirated in respiratory airways during breathing. Minne et al. 

showed that the use of a small volume of solution (5 μl per nostril, 10 μl total) 

restricted drug administration to the nasal cavity but that the use of a larger volume 

of solution (25 μl per nostril, 50 μl total) allowed a deeper administration to be 

reached in lung upper airways [42]. This method is technically easier than 

intratracheal administration but it presents the limitation of administering drugs 

mainly to upper respiratory airways. 

1.6 Inhaler devices for pulmonary drug delivery [8,15,43] 

An aerosol of suitable size (0.5-5 μm) and a reproducible drug dosing is generated 

by a good delivery device protecting the physical and chemical stability of the drug 
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formulation. Moreover, the ideal inhalation system must be a simple, convenient, 

inexpensive and portable device. For the generation of aerosol particles in the 

desired size range for deep lung deposition, three different types of inhalation 

devices commonly used are nebulizers, pMDIs and DPI. 

For optimum and efficient drug delivery to lung, following factors are critical:  

a) Particle size: 1-5 μm 

b) Lung deposition: Amount, location, molecular target, efficiency, side effects 

c) Dose and dose consistency 

d) Physical/Chemical properties 

e) Other factors 

i) Patient compliance issues: Reduced dosing, preferable once per day 

dosing 

Taste masking, breath actuation, dose counters, dose indicators 

ii) Dose per unit 

iii) Samples 

iv) Costs, timelines 

v) Development 

vi) Manufacturing 

 

1.6.1 Nebulizers 

Since the early 19th century, nebulizers have been used in inhalation therapy which 

is composed of drug dissolved in aqueous, isotonic solvent systems with or without 

preservatives to reduce microbial growth. There are two traditional devices: air-jet 

and ultrasonic nebulizers. 

In a typical jet nebulizer (Figure. 1.7), compressed air is used which passes through 

a narrow hole and entrains the drug solution from one or more capillaries mainly by 

momentum transfer. The nozzle design, a combination of turbulent rupture of the 

instable liquid column and secondary droplet break-up determines liquid break-up 

process. Large droplets impact on one or more baffles in order to refine the droplet 

size distribution to the required range for inhalation. Only smaller droplets with less 

inertia can follow the streamlines of the air and pass the baffle producing only 

approximately 50-60% of the particles in the respirable range [44]. 

 Ultrasonic nebulizers use a high frequency vibrating plate to provide 

the energy needed to aerosolize the liquid. The frequency of the vibrating 

piezoelectric crystal determines the droplet size for a given solution producing 70% 

of the particles in the range of 1 and 5 μm. Nevertheless, heat resulting from 
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frictional forces induced by movement of the transducing crystal may be detrimental 

to thermolabile formulations.  

Limitations: 

1) Cumbersome 

2) Unreliable 

3) Extended administration time 

4) High cost 

5) Poor reproducibility and great variability 

6) Risk of bacterial contamination 

7) Large dead volume 

 

Marketed nebulizers include Ventolin® (Salbutamol, ß2-mimetic 

bronchodilator), Bricanyl® (Terbutaline, ß2-mimetic bronchodilator), Atrovent® 

(Ipratropium, anticholinergic bronchodilator), Pulmozyme® (Dornase alpha, 

mucolytic) and Tobi® (Tobramycin, antibiotic). 

 

 

Figure 1.7: Jet nebulizer [44] 

 

1.6.2 Pressurized metered dose inhalers (pMDIs) 

pMDIs were traditionally used to treat asthma since 1950s [45]. In an MDI, the drug 

is either suspended or dissolved in a liquefied propellant in a canister. Releasing a 

metered volume of the fluid through a control valve causes the propellant to expand 

and evaporate, and leaves the drug in the form of a high velocity aerosol. The 

pressurized formulation is expelled rapidly into the valve stem, which, together with 
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the actuator seating, forms an expansion chamber in which the propellant begins to 

boil (Figure. 1.8). The liquefied propellant serves both as a source of energy for 

expelling the formulation from the valve in the form of rapidly evaporating droplets 

and as a dispersion medium for the drug and other excipients. 

 

Figure 1.8: Typical pressurized metered dose inhalers [46] 

 

The physicochemical properties of the formulation determine the particle 

size distribution of an MDI aerosol. Poli et al. have demonstrated that the 

formulation with a high vapor pressure, small drug particle size, or a low drug 

concentration reduces the aerosol size of suspension formulations [47]. 

Surfactants like span 85, oleic acid, and lecithin are generally added in the 

concentration range of 0.1 to 2.0 % to aid dispersion of suspended drug particles or 

dissolution of partially soluble drug and to lubricate the metering valve [46]. 

Unpleasant taste can be masked using flavors and suspended sweeteners. 

Antioxidants such as ascorbic acid and chelating agents like EDTA are added to the 

formulation to enhance the chemical stability [48]. 

 The essential components of an MDI are the container, the metering valve, 

and the actuator. Usual valve volumes range from 25-100 μl, which deliver a drug 

dose of about 50 μg to 5 mg. 

Marketed pMDIs are Flixotide® (Fluticasone, corticosteroid), Atrovent® 

(Ipratropium bromide, anticholinergic bronchodilator), Ventolin® (Salbutamol, β2-

mimetic bronchodilator) and Combivent® (Ipratropium bromide + Salbutamol, 

anticholinergic + ß2-mimetic bronchodilator). 

A combination of a liquefied low boiling-point chlorofluorocarbon (CFC) 

propellant, CFC 12 (dichlorodifluoromethane), and a liquefied higher boiling-point 

propellant, CFC 11 (trichlorofluoromethane) or CFC 114 

(dichlorotetrafluoromethane) is used in the CFC-based pMDI. However, the 
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success of CFC propellants leads to ozone depletion in the upper atmosphere and 

the concomitant health effects [49]. Therefore, international community agreed to 

phase out CFC propellants in 2000 and nowadays, the main emphasis in pMDI 

developments is on the introduction of non-CFC propellants. But the non-CFC 

propellant hydrofluoroalkanes, HFA 134a (1,1,1,2-tetrafluoroethane) and HFA 227 

(heptafluoropropane), have very different physical properties, and, in particular, 

extremely poor solvent properties. This feature is beneficial in preventing the 

dissolution of small drug particles, but it is also disadvantageous in that the 

commonly used surface-active agents are almost totally insoluble and not able to 

provide any physical stabilization of drug particles in suspension. There have been 

numerous approaches taken to overcome the problems of drug particle instability in 

the HFA propellants, including addition of a co-solvent, developing new specific 

surface-active agents, reducing the interfacial tension by modifying the particle 

surface properties, and particle engineering to produce a more HFA-compatible 

material [50]. 

The main disadvantages of pMDIs include: 

1) “Cold-Freon effect”, in which some patients on the arrival of the cold 

propellant spray on the back of the throat causes the patient to stop inhaling 

[51].  

2) pMDI emits the dose at high velocity, which makes premature deposition in 

the oropharynx more likely [52,53]. Thus pMDIs require careful coordination 

of actuation and inhalation.  

3) Only 10-20% of the drug escaping the inhaler penetrates the patient’s lungs 

due to a combination of high particle exit velocity and poor coordination 

between actuation and inhalation.  

4) The deposition of aerosolized drugs in the mouth and the oropharyngeal 

regions varies considerably according to the application technique, but 

losses using the pressurized devices are routinely greater than 70% and 

can exceed 90%.  

Spacer devices and reservoirs were used to allow the deceleration of the aerosol 

cloud before reaching the throat and to make perfect coordination between 

actuation and inhalation slightly less important. However, adding a chamber to 

pMDI makes it less portable, and many chambers can develop static electrical 

charges on the inner walls and thereby reduce the lung delivery [54]. Despite these 

enhancements, incorrect use of MDIs is still a prevalent problem and about 75% of 

patients makes at least one error when using an MDI [55,56]. 
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1.6.3 Dry powder inhalers (DPI) 

To overcome the problems associated with pMDIs and nebulizers, alternative 

devices were developed which does not use propellant. These devices combine 

powder technology with device design in order to disperse dry particles as an 

aerosol in the patients inspiratory airflow [48]. Four basic features of any DPI 

include i) a dose-metering mechanism, ii) an aerosolization mechanism, iii) a 

deaggregation mechanism and iv) an adaptor to direct the aerosol into the mouth 

[57].  

Four interrelated factors for DPIs that governs the dose received by the patient are 

[58]. 

1. The properties of the drug formulation, particularly powder flow, particle 

size and drug carrier interaction 

2. The performance of the inhaler device, including aerosol generation and 

delivery 

3. Correct inhalation technique for deposition in the lungs 

4. The inspiratory flow rate 

Therefore, a balance between the design of an inhaler device, drug formulation, 

and the inspiratory flow rate of patient is prerequisite [59,60]. 

 There are two types of DPIs available in the market; a) single dose or unit 

dose devices wherein individual dose of drug is packaged in capsule and b) multi-

unit or multi dose devices which comprises of foil-foil blister containing multiple 

doses or reservoir of drug.  

a) Unit dose devices 

The first DPI device described was Spinhaler by Aventis in 1971. It follows the 

mechanism of piercing of the capsule. The cap of the capsule fits into an impeller, 

which rotates as the patient breathes through the device, projecting particles into an 

airstream. Shear force and relative motion are the predominant mechanism of 

powder aggregation (Figure. 1.9).  
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Figure 1.9: Schematic representation of the Spinhaler®. 

Advantage: Low resistance device 

Limitation: Low in-vitro fine particle fractions (FPF; % <5 μm) i.e. 4 – 12 % [61]. 

 The Rotahaler by GlaxoSmithKline follows the mechanism for breaking the 

capsule into two pieces. The capsule body containing the dose falls into the device, 

while the cap is retained in the entry port for subsequent disposal. As the patient 

inhales, the portion of the capsule containing the dug experiences erratic motion in 

the airstream, causing dislodged particles to be entrained and subsequently 

inhaled. Particle deaggregation is mainly caused by turbulence promoted by the 

grid upstream of the mouthpiece. A FPF of 26% has been reported for this low 

resistance device [61]. 

 The Handihaler® (Boehringer Ingelheim) operates by dispensing drug 

contained in a capsule via a rumbling motion once the capsule has been opened by 

piercing pins. The particles are dispersed through the turbulence generated by a 

plastic grid at the time of inhalation. This device seems more complex as it requires 

at least 7 distinct steps to deliver the dose. For some patients, 2 inhalations are 

required to completely empty the capsule and achieve the therapeutic dose [58]. 

 In fact, unit-dose devices are considered as not patient-friendly and not easy 

to use because there are several maneuvers to accomplish before inhalation, such 

as taking the capsule from the package, loading it and piercing it within the device. 

Furthermore, there have been recent reports [62] of patients ingesting the capsule 

instead of placing it in the device and inhaling the contents.  

b) Multidose devices 

Multi-dose DPIs are either multi-unit dose or as multi-dose reservoir devices.  

Inhalator M® (Boehringer Ingelheim) consists of a rotating drum magazine 

for the storage of six capsules which are then pierced at both ends and remains 
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stationary while emptying occurs by fluidization due to the high pressure drop 

across the capsule. Deaggregation is caused by shear stress and collision [63].  

 Individual doses are packaged in blister packs on a disk cassette in the 

Diskhaler® (GlaxoSmithKline). Following piercing, inspiratory flow through the 

packaging depression containing the drug induces dispersion of the powder 

(Figure. 1.10). The aerosol stream is mixed with a bypass flow entering through two 

holes in the mouthpiece that, together with a grid, gives rise to turbulence that 

promotes deagglomeration. 

 

Figure 1.10: Schematic presentation of Diskhaler®. 

 

The Diskus® (GlaxoSmithKline) contains a foil strip with 60 single dose blisters 

(Figure. 1.11). It is a low resistance device with FPF of approximately 23-30% [63]. 

 

Figure 1.11: Schematic presentation of Diskus®. 

Turbuhaler® (AstraZeneca) is the most sophisticated multi-dose reservoir 

systems and contains 200 doses of small pellets of micronized drug that 
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disintegrate into their primary particles during metering and inhalation. One dose 

can be dispensed into the dosing chamber by a simple back-and-forth twisting 

action on the base of the reservoir (Figure. 1.12). Scrapers actively force drug into 

conical holes which cause the pellets to disintegrate. As air enters the –inhaler, 

shear force developed induces fluidization of the powder. Particle deagglomeration 

occurs by turbulence (from a series of tortuous channels), impaction on the bottom 

of the mouthpiece and high shear stress in the swirl nozzle of the mouthpiece. 

 

Figure 1.12: Schematic presentation of Turbuhaler®. 

Turbuhaler is medium resistance device which offers approximately FPF of 39-45 

%. 

Advantages [64] 

1. Relatively easy 

2. Low cost of manufacture 

3. The ease of including a large number of doses within the device 

Disadvantages [64] 

1. Reproducible dose metering remains the most difficult challenge in device 

design  

2. Variability of dose emissions from DPIs is relatively high at the 

recommended flow rate  

3. Powders contained in reservoirs may be more susceptible to deterioration 

through ingress of moisture, and the use of a desiccant is recommended 
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Deaggregation and deagglomeration 

Deaggregation and deagglomeration are the processes by which particle 

aggregates (carrier-drug mixture) and agglomerates (drug clusters) are dispersed 

into primary particles of suitable size for deep lung deposition by interaction with 

airflow [65] (Figure. 1.13).  

 

 

Figure 1.13: Principle of dry powder inhaler design [66]. 

Deaggragation principally occurs in two regions: the device and the oropharynx. 

The majority of DPIs are therefore composed of short tubes and complex 

geometries through which an airflow passes that consists of a turbulent core 

surrounded by a laminar envelope [61]. There is a correlation between the 

turbulence velocity and the deaggregation that occurs and as the turbulence 

increases, the deaggregating force increases. However turbulence may not be the 

only effective deaggregation mechanism in dry powder inhalers [67]. The 

deagglomeration of drug particles to form a fine respirable aerosol cloud is 

achieved by three major mechanisms: Particle interaction with shear flow and 

turbulence, particle-device impaction, and particle-particle impaction [68]. 
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Table 1.1:  DPIs currently available in the market [69]  

Device DPI type  Company Delivery 

method 

Drug (s) 

Breath actuated single dose 

Spinhaler® Single 

dose 

Aventis Capsule Sodium 

Cromoglycate 

Rotahaler® Single 

dose 

GlaxoSmithKline Capsule Salbutamol 

sulphate, 

Beclomethasone 

dipropionate 

Inhalator® Single 

dose 

Boeringher-

Ingelheim 

Capsule Fenoterol 

Handihaler® Single 

dose 

Boeringher-

Ingelheim 

Capsule Tiotripium 

Aerolizer® Single 

dose 

Novartis Capsule Formoterol 

TwinCaps® Single 

dose 

Hovione Capsule Zanamivir 

Breath actuated multile dose 

Turbuhaler Multi-

dose 

Astra Zeneca Reservoir Salbutamol sulphate 

Terbutaline sulphate 

Budesonide 

Diskhaler Multi-unit GlaxoSmithKline Blister Salmeterol xinafoate 

Beclomethasone 

dipropionate 

Fluticasone 

propionate 

Zanamivir 

Diskus®  Multi-unit GlaxoSmithKline Strip 

pack 

Salbutamol sulphate 

Salmeterol xinafoate 

Fluticasone 

propionate 

Aerohaler® Multi-unit Boeringher-

Ingelheim 

 Ipratopium bromide 

Easyhaler® Multi-

dose 

Orion Pharma Reservoir Salbutamol sulphate 

Beclomethasone 
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dipropionate 

Ultrahaler® Multi-

dose 

Aventis Reservoir  

Pulvinal® Multi-

dose 

Chiesi Reservoir Salbutamol sulphate 

Beclomethasone 

dipropionate 

Novolizer® Multi-

dose 

ASTA Reservoir Budesonide 

MAGhaler® Multi-

dose 

Boeringher-

Ingelheim 

Reservoir Salbutamol sulphate 

Taifun® Mutli-unit LAB Pharma Reservoir Salbutamol sulphate 

Eclipse® Mutli-unit Aventis Capsule Sodium 

cromoglycate 

Clickhaler® Multi-

dose 

Innoveta Biomed Reservoir Salbutamol sulphate 

Beclomethasone 

dipropionate 

Twisthaler® Multi-

dose 

Schering-Plough Reservoir Mometasone furoate 

Active device 

Airmax® Multi-

dose 

Norton Healthcare Reservoir Formoterol  

Budesonide 

Inhance® Single-

dose 

Pfizer Blister Insulin 

1.7 Formulations for pulmonary drug delivery 

1.7.1 Conventional formulations [70] 

For the effective pulmonary drug delivery DPI formulation should have uniform 

particle distribution, small dose variation, good flowability, adequate physical 

stability in the device before use [71] and good aerosol performance in terms of 

emitted dose and fine particle fraction. Particle engineering to reduce the 

aerodynamic diameters of the particles using small geometric diameter of the 

particles, lowering particle density [72-74], altering shape (elongated particles) [75] 

and by creating rough surface (to increase the air drag force) improves aerosol 

performance of the DPI. Different approaches used to improve aerosol performance 

include a) use of blends and ternary mixtures (by using fine carriers and ternary 

components) [76], b) lowering of bulk density [74] (loose particle packing to reduce 

particle contacts) or porous particles, c) lowering the inter particulate forces in 
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between the particles by creating rough surface (to reduce particle interaction) and 

by lowering the surface energy by modifying surface composition [77] using less 

cohesive and adhesive particles and d) novel DPIs.  

a) Blends and ternary mixtures 

In ternary mixture DPIs coarse carrier lactose is used for enhancing the powder 

flow of the formulations and increasing the powder bulk for capsule filling [76]. Also, 

fine lactose [78] and other carrier materials, antistatic agents and lubricants 

(magnesium stearate) [79], amino acids (leucine) [80], surfactants, phospholipids, 

derivatized carbohydrates [81] and sugars as glucose, mannitol were used to 

improve aerosol performance. It was found that there are high energy active sites 

on the surface of the coarse carrier particles thereby leading to a strong adherence 

of the drug particles to the coarse carriers (Particle size > 20 μm). Addition of fine 

carrier particles or particles of ternary additives (Fines < 10 μm) saturates the active 

sites of coarse carrier particles partially to which, then, micronized drug is attached. 

Hence, drug adheres to passive sites i.e. less energy sites and facilitates the 

deaggregation of the micronized drug during inhalation leading to enhanced 

respirable fraction [80,82].  

b) Reducing aerodynamic diameters through porous/low density particles 

Large porous/low density particles with particle size of 5 μm to 30 μm, density 

below 0.4 g/cm3, and mean mass aerodynamic diameter (MMAD) between 1-3 μm 

are developed to achieve higher respirable fraction and avoid the natural clearance 

mechanism in lungs (alveolar macrophage uptake) due to higher geometric 

diameter of the particles. Biodegradable polymers as PLA, PGA and their 

copolymers PLGA, polyester graft copolymer, phospholipid surfactants such as 

dipalmitoyl phosphatidylcholine (DPPC) and amino acids as leucine are used to 

develop the aerodynamically light particles [83]. Different techniques used to 

prepare the large porous particles include double emulsification followed by freeze 

drying; spray freeze drying and / or spray drying techniques [70].  

c) Preparing less cohesive and adhesive particles [84-86] 

Particle engineering technique is used to develop less cohesive and adhesive for 

enhanced delivery of therapeutics to lungs. To reduce particle-particle interactions 

antiadherent materials (at least 60% by weight of active material) can be used in 

development of stable agglomerates of the active material in the powder for 

effective pulmonary delivery to decrease the cohesion between the particles. 

However, stable agglomeration of the active particles may lead to decrease in 
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deposition of the active material in the lower lung, together with poor dose 

uniformity. If those agglomerates do not break up when the powder is inhaled, they 

are unlikely to reach the lower lung due to their size. The additive material acts as 

weak links or "chain breakers" between the particles, interferes with the weak 

bonding forces, such as Van der Waal's and Coulomb forces, between the small 

particles which helps to keep the particles separated and also reduces the adhesion 

of the particles to the walls of the device. When agglomerates of particles are 

formed, the addition of the additive material decreases the stability of those 

agglomerates so that they are more likely to break up in the turbulent air stream 

created on inhalation to form small individual particles which are likely to reach the 

lower lung. The reduced tendency of the particles to bond strongly either to each 

other or to the device itself, reduces powder cohesion and adhesion and promotes 

better flow characteristics which leads to improvement in the dose reproducibility by 

reducing the variation in the amount of powder metered out for each dose and 

improving the release of the powder from the device as well as increasing the 

likelihood that the active material which does leave the device will reach the deep 

lungs. The various materials useful as antiadherant includes antistatic agents, 

lubricants as magnesium stearate, amino acids, peptides and polypeptides as 

leucine, isoleucine, lysine, valine, methionine, cysteine, and phenylalanine and their 

derivatives.  

1.7.2 Novel nanocarrier delivery systems [16,87]  

a) Polymeric nanoparticles 

Polymeric nanoparticles have been studied extensively for both parenteral and 

pulmonary route of drug delivery [88–90]. The purpose of encapsulating drug 

molecules in the polymeric nanoparticles is to protect the drug from the degradation 

and achieve controlled release of the drug [90]. Use of polymers for pulmonary drug 

delivery is increasing rapidly because of advantages such as modified surface 

properties, high encapsulation of the drug and protection of the drug from 

degradation, prolonged drug delivery and a long shelf life. For therapeutic 

purposes, the most commonly used biodegradable, biocompatible polymers include 

poly(lactic acid) (PLA), poly(lactic-co-glycolic acid) (PLGA), poly(ε-caprolactone) 

(PCL), alginate, chitosan and gelatin base [91]. Beck-Broichsitter and colleagues 

found dose-dependent modifications in the surface tension of the pulmonary 

surfactant following administration of synthetic and biodegradable polymeric 

nanoparticles [92,93]. Paclitaxel-loaded polymeric micelles were prepared using a 

combination of polyethylene glycol (PEG5000) and poly(ethylene oxide)-block-
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distearoyl phosphatidylethanolamine (DSPE) for intratracheal instillation and 

intravenous administration routes and compared with commercially available taxol 

compound. Drug absorption was found to be better by the intratracheal instillation 

route as compared to the intravenous route. Also, maximum drug localization in the 

lung tissue as compared to other tissues was observed for targeted drug delivery 

with better drug release from polymeric micelles than taxol [94]. For polymeric 

nanoparticles, it is possible to improve the encapsulation efficacy of the drug along 

with an improved uptake by modification of the surface of the particles. Apart from 

using block copolymers, chitosan has also shown improvements in uptake and 

sustained drug release [95]. Yoo et al. formulated a novel anti-inflammatory 

compound, hydroxybenzyl alcohol (HBA) incorporated polyoxalate (HPOX), using 

PLGA-based polymeric nanoparticles and administered via the intratracheal route in 

ovalbumin-induced asthma mice models. A decrease in the levels of pro-

inflammatory cytokines in the ovalbumin treated group suggested attenuation in the 

inflammatory response [96]. Though the biodegradable polymeric particles are used 

for pulmonary delivery, degradation rate and toxicity profiles must be studied and 

analyzed in detail in various in-vitro, ex-vivo and in-vivo models [16]. 

b) Liposmes 

Liposomes are prepared from phospholipids, cholesterol, lung surfactant etc., 

inherent in lungs and therefore they are an attractive drug delivery system for 

pulmonary applications. The first liposomal product introduced in 1990s was 

purified, synthetic bovine surfactant (Alveofact®, Dr Karl Thomae GmbH, Biberach, 

Germany) for pulmonary instillation in the market for the treatment of respiratory 

distress syndrome (RDS) [97]. To overcome the liquid state stability and drug 

leakage problems during nebulization, liposomal dry powder formulations 

(proliposomes) have been developed and examined extensively [98-100]. Currently, 

two liposomal products in the last stage of clinical development are dry powder 

liposomes, Arikace® (amikacin, Insmed, Monmouth Junction, NJ, USA) and 

Pulmaquin™ (ciprofloxacin, Aradigm Corp., Hayward, CA, USA), for the treatment 

of lung infections [101-104]. Arikace®, an amikacin liposomal preparation consisting 

of dipalmitoyl-phosphatidylcholine and cholesterol, is under a Phase 2 trial for the 

treatment of cystic fibrosis-associated lung infection of Pseudomonas aeroginosa. 

The authors observed a decreased density of P. aeroginosa in the sputum and 

improvement in lung functions of the amikacin treated group vs. placebo in a 

double-blind, randomized trial study [105]. Ciprofloxacin-loaded liposomes with 

mean particle size of 350 nm and a high encapsulation efficacy of up to 93% were 

prepared using phospholipids and cholesterol by the film method. Higher drug 
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targeting efficiency of ciprofloxacin-liposomes compared to ciprofloxacin solution in 

in-vivo experiments performed in rats [106]. 

Cationic liposomes are of much interest for the delivery of genes through 

cationic-anionic electrostatic interactions. Extensive literature is available on gene 

delivery using cationic liposomes by pulmonary route [107-112]. To enhance the 

cellular uptake of liposomes to airway cells liposomes have been modified with cell-

penetrating peptides, antennapedia, the HIV-1 transcriptional activator, and 

octaarginine [113].  

c) Solid lipid nanoparticles (SLN) 

SLNs have emerged as an alternative to the polymeric nanoparticles and have 

potential for pulmonary drug delivery. SLNs are prepared from the solid lipids, 

surfactant(s) and water [97,114-116]. Physiological lipids, specifically triglycerides 

and phospholipids are used to prepare nanoscale suspension such as solid lipid 

nanoparticles (SLN). SLNs are less toxic and, therefore highly acceptable for 

pulmonary drug delivery. Phospholipids are essential for the functioning of the 

breathing mechanism and are present in the deep areas of lung and. Phospholipid-

based surfactant proteins present at the alveolar surface are essential for 

maintaining optimal surface tension and reducing friction in the lung tissue [117]. 

The toxicity profile of phospholipid- and triglyceride-based SLN in in-vitro, ex-vivo 

and in-vivo models revealed no activation of pro-inflammatory cytokines such as 

TNF-α and chemokine-KC following the nebulization of SLN in mice [118,119]. 

SLNs provide controlled and prolonged release of the drug in the lung and faster in-

vivo degradation of SLN as compared to PLA or PLGA polymeric nanoparticles, 

they have higher tolerability in the lung [97]. SLN has been explored as drug 

delivery for both local and systemic delivery of small molecule [120] and 

macromolecules [121], respectively. 

Gamma-scintigraphy imaging analysis was used to study the deposition and 

clearance of SLN after inhalation and it was confirmed that inhaled material began 

to translocate to regional lymph nodes within few minutes after deposition. 

Therefore, drug encapsulated lipid nanoparticles can be used to target lymphatic 

systems for lung cancer therapy and vaccine delivery [122,123]. 

Quercetin-loaded solid lipid microparticles (SLM) developed using glyceryl 

trimyristate and soy lecithin for the treatment of asthma demonstrated satisfactory 

mass mean aerodynamic diameter (MMAD) values and were found to be deposited 

well in deep areas of the lung [124]. Wang et al. developed curcumin loaded SLN 

using Stearic acid and lecithin and noticed decrease in cytokine levels in curcumin-

treated group as compared to the untreated group in case of ovalbumin induced 



Chapter 1                                                                                                     Introduction 

 

Ph. D. Thesis: Arpana Patil-Gadhe            39        BVDU Poona College of Pharmacy, Pune 

asthma [125]. Amikacin loaded SLNs were prepared using cholesterol as a lipid by 

high pressure homogenization method for the treatment of lung infections. 

Biodistribution of amikacin SLN was studied using technetium (99mTc) labeled 

amikacin following pulmonary administration and compared with intravenous route. 

Gamma scintigraphy study revealed maximum deposition in of the drug in lung as 

compared to kidney with longer residence [126]. 

d) Submicron emulsion 

Pulmonary mucosal vaccination has been reported using Mycobacterium 

tuberculosis Ag85B DNA vaccine loaded-cationic submicron emulsion [127], as an 

alternative to the liposomes for gene transfer vectors [128]. Binding of the 

emulsion/DNA complex has been reported as stronger than liposomal vesicles in 

other studies for non-pulmonary route [129]. Bivas-Benita and colleagues found 

cationic submicron emulsions as promising DNA vaccine carriers to the lung, as 

they were able to transfect pulmonary epithelial cells and directly activate dendritic 

cells through cross priming of antigen-presenting cells leading to stimulation of 

antigen-specific T-cells using cationic submicron emulsions. However, due to 

adverse effects of surfactants and oils on lung alveoli function, extensive studies on 

inhalable submicron emulsion formulations from toxicity point of view need to be 

explored [127].  

e) Dendrimers 

Polymers with hyperbranched structures with layered architectures are called as 

dendrimers (130). Dendrimer-mediated drug delivery has extensively been studied 

for the delivery of DNA drugs into the cell nucleus for gene or antisense therapy. 

Extensive literature is available on the pulmonary applications of dendrimers as 

systemic delivery carrier for macromolecules (131-133). Rudolph et al. have 

demonstrated superiority of branched PEI (25 kDa) than fractured dendrimer (133).  

1.8 Pulmonary disorders or disease 

1.8.1 Asthma [134-137] 

Asthma, a common chronic inflammatory disease of the airways characterized by 

variable and recurring symptoms, reversible airflow obstruction and bronchospasm. 

Common symptoms include wheezing, coughing, chest tightness, and shortness of 

breath. Asthma is thought to be caused by a combination of genetic and 

environmental factors. Its diagnosis is usually based on the pattern of symptoms, 

response to therapy over time and spirometry. It is clinically classified according to 

the frequency of symptoms, forced expiratory volume in one second (FEV1), and 
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peak expiratory flow rate. Asthma may also be classified as atopic (extrinsic) or 

non-atopic (intrinsic) where atopy refers to a predisposition toward developing type 

1 hypersensitivity reactions. 

Treatment of acute symptoms is usually with an inhaled short-acting beta-2 

agonist (such as salbutamol) and oral corticosteroids. In very severe cases, 

intravenous corticosteroids, magnesium sulfate, and hospitalization may be 

required. Symptoms can be prevented by avoiding triggers, such as allergens and 

irritants, and by the use of inhaled corticosteroids. Long-acting beta agonists 

(LABA) or leukotriene antagonists may be used in addition to inhaled 

corticosteroids if asthma symptoms remain uncontrolled. 

Asthma is characterized by recurrent episodes of wheezing, shortness of 

breath, chest tightness and coughing. Asthma is the result of chronic inflammation 

of the airways which subsequently results in increased contractability of the 

surrounding smooth muscles. This among other factors leads to bouts of narrowing 

of the airway and the classic symptoms of wheezing. The narrowing is typically 

reversible with or without treatment. Occasionally the airways themselves change. 

Typical changes in the airways include an increase in eosinophils and thickening of 

the lamina reticularis. Chronically the airways' smooth muscle may increase in size 

along with an increase in the numbers of mucous glands. Other cell types involved 

include: T lymphocytes, macrophages, and neutrophils. There may also be 

involvement of other components of the immune system including: cytokines, 

chemokines, histamine, and leukotrienes among others. 

Asthma is clinically classified according to the frequency of symptoms, 

forced expiratory volume in one second (FEV1), and peak expiratory flow rate. 

Asthma may also be classified as atopic (extrinsic) or non-atopic (intrinsic), based 

on whether symptoms are precipitated by allergens (atopic) or not (non-atopic). 

While asthma is classified based on severity, at the moment there is no clear 

method for classifying different subgroups of asthma beyond this system [138]. 

Although asthma is a chronic obstructive condition, it is not considered as a 

part of chronic obstructive pulmonary disease as this term refers specifically to 

combinations of disease that are irreversible such as bronchiectasis, chronic 

bronchitis, and emphysema. Unlike these diseases, the airway obstruction in 

asthma is usually reversible; however, if left untreated, the chronic inflammation 

from asthma can lead the lungs to become irreversibly obstructed due to airway 

remodeling In contrast to emphysema, asthma affects the bronchi, not the alveoli 

[139]. 
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Medications 

Medications used to treat asthma are divided into two general classes: quick-relief 

medications used to treat acute symptoms; and long-term control medications used 

to prevent further exacerbation [140]. 

Fast–acting drugs 

Salbutamol metered dose inhaler commonly used to treat asthma attacks. Short-

acting beta2-adrenoceptor agonists (SABA), such as salbutamol (albuterol USAN) 

are the first line treatment for asthma symptoms [140]. They are recommended 

before exercise in those with exercise induced symptoms [141]. 

Anticholinergic medications, such as ipratropium bromide, provide additional 

benefit when used in combination with SABA in those with moderate or severe 

symptoms. Anticholinergic bronchodilators can also be used if a person cannot 

tolerate a SABA [140]. 

Long–term control [140]. 

Fluticasone propionate metered dose inhaler commonly used for long-term control. 

Corticosteroids are generally considered the most effective treatment available for 

long-term control. Inhaled forms such as beclomethasone are usually used except 

in the case of severe persistent disease, in which oral corticosteroids may be 

needed. It is usually recommended that inhaled formulations be used once or twice 

daily, depending on the severity of symptoms. Long-acting beta-adrenoceptor 

agonists (LABA) such as salmeterol and formoterol can improve asthma control, at 

least in adults, when given in combination with inhaled corticosteroids. Leukotriene 

antagonists (such as montelukast and zafirlukast) may be used in addition to 

inhaled corticosteroids, typically also in conjunction with LABA.  

1.8.2 Chronic Obstructive Pulmonary Disease (COPD) [135, 142-144] 

COPD is characterized by chronically poor airflow with main symptoms of shortness 

of breath, cough and sputum production. Long-term exposure to irritants causes an 

inflammatory response in the lungs resulting in narrowing of the small airways and 

breakdown of lung tissue known as emphysema. Treatment of COPD includes 

quitting smoking, vaccinations, rehabilitation, and inhaled bronchodilators and 

steroids. Some people may benefit from long-term oxygen therapy or lung 

transplantation.  

COPD is a type of obstructive lung disease in which chronic incompletely 

reversible poor airflow (airflow limitation) and inability to breathe out fully (air 

trapping) exist. The poor airflow is the result of breakdown of lung tissue (known as 

emphysema) and small airways disease known as obstructive bronchiolitis. Severe 
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destruction of small airways can lead to the formation of large air pockets—known 

as bullae—that replace lung tissue. This form of disease is called bullous 

emphysema [144]. There is no known cure for COPD, but the symptoms are 

treatable and its progression can be delayed [143]. The major goals of 

management are to reduce risk factors, manage stable COPD, prevent and treat 

acute exacerbations, and manage associated illnesses [142]. Only smoking 

cessation and supplemental oxygen only could reduce mortality [145]. 

Exercise 

Pulmonary rehabilitation is a program of exercise, disease management and 

counseling, coordinated to benefit the individual. [146]. Being either underweight or 

overweight can affect the symptoms, degree of disability and prognosis of COPD. 

People with COPD who are underweight can improve their breathing muscle 

strength by increasing their calorie intake [142]. When combined with regular 

exercise or a pulmonary rehabilitation program, this can lead to improvements in 

COPD symptoms. Supplemental nutrition may be useful in those who are 

malnourished. 

Bronchodilators 

Inhaled bronchodilators are the primary medications used [135] with two major 

types, β2 agonists and anticholinergics; both exist in long-acting and short-acting 

forms. They reduce shortness of breath, wheeze and exercise limitation, resulting in 

an improved quality of life [147]. In those with mild disease, short-acting agents are 

recommended on an as needed basis. In those with more severe disease, long-

acting agents are recommended. If long-acting bronchodilators are insufficient 

inhaled corticosteroids are typically added [135].  

There are several short-acting β2 agonists available including salbutamol 

(Ventolin) and terbutaline. They provide some relief of symptoms for four to six 

hours [143]. Long-acting β2 agonists such as salmeterol and formoterol are used as 

maintenance therapy. Steroids and LABAs may work better together. [148] 

There are two main anticholinergics used in COPD, ipratropium and 

tiotropium. Ipratropium is a short-acting agent while tiotropium is long-acting. 

Tiotropium is associated with a decrease in exacerbations and improved quality of 

life, and tiotropium provides those benefits better than ipratropium [149]. 

Anticholinergics can cause dry mouth and urinary tract symptoms [135]. They are 

also associated with increased risk of heart disease [150]. Aclidinium, another long 

acting agent which came to market in 2012, has been used as an alternative to 

tiotropium [151]. 



Chapter 1                                                                                                     Introduction 

 

Ph. D. Thesis: Arpana Patil-Gadhe            43        BVDU Poona College of Pharmacy, Pune 

Corticosteroids 

Corticosteroids are usually used in inhaled form but may also be used as tablets to 

treat and prevent acute exacerbations. While inhaled corticosteroids (ICS) have not 

shown benefit for people with mild COPD, they decrease acute exacerbations in 

those with either moderate or severe disease. When used in combination with a 

LABA they decrease mortality more than either ICS or LABA alone. Long-term 

treatments with steroid tablets are associated with significant side effects and are 

associated with increased rate of pneumonia [143,145]. 

Other medication 

Long-term macrolide antibiotics such as erythromycin, reduce the frequency of 

exacerbations. Methylxanthines such as theophylline generally cause more harm 

than benefit and thus are usually not recommended, but may be used as a second-

line agent in those not controlled by other measures. Mucolytics may be useful in 

some people who have very thick mucus but are generally not needed. Cough 

medicines are not recommended [142,143,152]. 

Oxygen 

Supplemental oxygen is recommended in those with low oxygen levels at rest (a 

partial pressure of oxygen of less than 50–55 mmHg or oxygen saturations of less 

than 88%). In this group of people it decreases the risk of heart failure and death if 

used 15 hours per day and may improve people's ability to exercise [143]. In those 

with normal or mildly low oxygen levels, oxygen supplementation may improve 

shortness of breath. During acute exacerbations, many require oxygen therapy; the 

use of high concentrations of oxygen without taking into account a person's oxygen 

saturations, may lead to increased levels of carbon dioxide and worsened 

outcomes. In those at high risk of high carbon dioxide levels, oxygen saturations of 

88–92% are recommended, while for those without this risk recommended levels 

are 94-98% [153,154]. 

1.8.3 Tuberculosis [155,156] 

Tuberculosis, MTB, or TB is a widespread, fatal, infectious disease caused by 

various strains of mycobacteria, usually Mycobacterium tuberculosis [157]. TB 

spreads through the air when people who have an active TB infection cough, 

sneeze, or otherwise transmit respiratory fluids through the air and typically affects 

lung as well as other parts of the body [158]. Latent TB do not have symptoms, 

however, if left untreated progresses to active disease and kills more than 50% of 

those so infected. 
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The classic symptoms of active TB infection are a chronic cough with blood-

tinged sputum, fever, night sweats, and weight loss. Diagnosis of active TB relies 

on radiology (commonly chest X-rays), as well as microscopic examination and 

microbiological culture of body fluids. Diagnosis of latent TB relies on the tuberculin 

skin test (TST) and/or blood tests. Treatment is difficult and requires administration 

of multiple antibiotics over a long period of time. Antibiotic resistance is a growing 

problem in multiple drug-resistant tuberculosis (MDR-TB) infections. Prevention 

relies on screening programs and vaccination with the bacillus Calmette-Guérin 

(BCG) vaccine [159]. 

Signs and symptoms 

TB may infect any part of the body but most commonly occurs in the lungs 

(pulmonary tuberculosis). TB when develops outside the lugs is called as 

extrapulmonary TB. General symptoms include fever, chills, night sweats, loss of 

appetite, weight loss and fatigue with significant nail clubbing. 

Symptoms of pulmonary TB include chest pain and a prolonged cough 

producing sputum. People may cough up blood in small amounts, and in very rare 

cases, the infection may erode into the pulmonary artery, resulting in massive 

bleeding (Rasmussen's aneurysm). Tuberculosis may become a chronic illness and 

cause extensive scarring in the upper lobes of the lungs. The upper lung lobes are 

more frequently affected by tuberculosis than the lower ones [160]. 

For the prevention and control of TB, the only available and most widely 

used vaccine as of 2011 is bacillus Calmette-Guérin (BCG) [161]. 

Treatment of TB uses antibiotics to kill the bacteria. Effective TB treatment 

is difficult, due to the unusual structure and chemical composition of the 

mycobacterial cell wall, which hinders the entry of drugs and makes many 

antibiotics ineffective [162]. The two antibiotics most commonly used are isoniazid 

and rifampicin, and treatments can be prolonged, taking several months. Directly 

observed therapy (DOT), i.e. having a health care provider watch the person take 

their medications, is recommended by the WHO in an effort to reduce the number 

of people not appropriately taking antibiotics.   

The recommended treatment of new-onset pulmonary tuberculosis, as of 

2010, is six months of a combination of antibiotics containing rifampicin, isoniazid, 

pyrazinamide, and ethambutol for the first two months, and only rifampicin and 

isoniazid for the last four months. Where resistance to isoniazid is high, ethambutol 

may be added for the last four months as an alternative [159]. 
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1.9 Literature survey 

1. Tsapis N et al. formulated para-aminosalicylic acid (PAS) into large porous 

particles for inhalation route. Authors reported 95% drug loading with physical 

stability over 4 weeks at elevated temperature. In-vivo study in rat following 

insufflation demonstrated higher PAS concentration in lung lining fluid (148±62 

μg/mL) than plasma (11±1 μg/mL) at 15 min. It was also reported that PAS was 

cleared from lung lining fluid and plasma within 3 h whereas PAS present in lung 

tissue at therapeutic levels at 3 h. Authors concluded reduction in total dose with 

higher local concentration of PAS upon inhalation delivery [163]. 

2. Pandey and Khuller developed alginate-chitosan microspheres as drug carriers 

to reduce dosing frequency in the management of TB. Three main anti-TB drugs 

rifampicin, isoniazid and pyrazinamide loaded alginate-chitosan microspheres were 

formulated. Encapsulation efficiency ranged from 65-85 %. Sustained drug levels in 

the plasma for 7 days were obtained following administration of a single oral dose 

of the microspheres to guinea pigs. In-vivo study results demonstrated 13-15 fold 

increase in half life as well as mean residence time with increase in relative 

bioavailability. Administration of therapeutic dose of microsphere spaced 10 days in 

Mycobacterium tuberculosis H37Rv-infected guine pigs resulted in clearance of the 

bacilli as compared conventional treatment of 6 weeks. Alginate-chitosan 

microspheres hold promise as a potential natural polymer-based oral anti-TB drug 

carrier for better management of TB [164]. 

3. B.V. Wichert et al. prepared amikacin loaded liposomes using soy 

phosphotidylcholine (SPC), hydrogenated SPC and phosphotidylglycerol (PG) or 

cholesterol (CH) by extrusion for the treatment of pulmonary Mycobacterium avium-

intracellulare (MAI) by inhalation route. Encapsulation efficiency was found to 

increase linearly for SPC liposomes and in a saturable fashion for SPC/PG 

liposomes with increase lipid concentration (10-160 mg/mL). Incubation of 

liposomes with lavage fluid at 37oC showed retention of amikacin over 24 h in case 

of SPC and SPC/CH liposomes whereas poor retention was noticed for SPC/PG 

liposomes. 100-times more efficacy was observed for amikacin-SPC/PG liposomes 

against intracellular MAI in the infected alveolar macrophage model which also 

confirmed efficient uptake of drug carrying liposomes by infected macrophages 

[165]. 

4. Palazzo et al. produced low-releasing spray-dried polymeric microparticles (MP) 

to target alveolar macrophage in TB inhalation therapy. Spray drying method was 

used to prepare ofloxacin-palladium (Ofx-Pd) complex (1:1 stoichiometric) into poly 

DL-lactide (PLA). Developed MPs were evaluated for drug content, aerodynamic 
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diameter (dae), SEM, UV spectrophotometry, DSC and in-vitro release of Ofx. Inlet 

temperature, drug loading and polymer concentration were found to be the most 

influential parameters. Round shaped MP with dae of 2.5 μm and DC of 30 % were 

formed. Optimized spray-drying process produced potentially inhalable MP with low 

initial drug release at physiologic pH useful to target alveolar macrophage [166]. 

5. Rojanarat et al. developed proliposomal dry powder containing isoniazid (INH) 

for inhalation by spray drying method. Proliposomes were evaluated using cascade 

impactor, X-ray diffraction and differential scanning calorimetry as well as for their 

potential to provoke immunological responses in cell-line. An aerodynamic diameter 

of 2.99-4.92 μm with fine particle fraction of 15-35 % were obtained at 60 L/min. 

INH-proliposmes were found to non-toxic to respiratory-associated cells and did not 

produced inflammatory mediator such as interleukin-1β, tumor necrosis factor-α 

and nitric oxide. However, authors reported INH-proliposomes significantly 

efficacious than pure INH against alveolar macrophage (AM) infected with M. bovis 

[167]. 

6. Rojanarat et al. prepared and evaluated levofloxacin (LEV)-proliposomes using 

soyabean phosphatidylcholine, cholesterol and porous mannitol for pulmonary 

application as inhalation delivery. Spray drying method was used to prepare LEV-

proliposomes which yielded aerodynamic diameter of 4.15-4.44 μm with fine 

particle fraction of 13-38 % at 60 L/min flow rate. Authors found LEV-proliposomes 

significantly efficacious than pure LEV against M. bovis whereas LEV-proliposomes 

were equally effective as pure LEV against M. tuberculosis. In-vivo repeated dose 

toxicity study of LEV-proliposomes in rats revealed no renal and liver toxicity [168]. 

7. Pardeike J et al. developed Itraconazole-loaded nanostructured lipid carrier 

(NLC) formulation for pulmonary application. Precirol ATO5 and oleic acid were 

selected on the basis of drugs highest solubility and were used in the ratio of 9:1. 

2.5 % Emulgin SLM 20 was used as stabilizer to prepare NLC of narrow size and 

sufficient stability. Spherical particles with entrapment efficiency (EE) of 98.7 % 

were achieved. Nebulization using jet stream and ultrasonic nebulizers did not 

affect particle size and EE [169]. 

8. Patlolla RR et al. formulated celecoxib (Cxb) loaded nanostructured lipid carriers 

using Compritol, Miglyol and sodium taurocholate using high pressure homogenizer 

for lung deposition in rats following nebulization. Developed Cxb-NLC nanoparticles 

were evaluated for physical and aerosol properties. Particle size of 217 nm and EE 

of more than 90 % was achieved for Cxb-NLC. Cxb was released in controlled 

manner from NLC. In-vitro aerosol performance study demonstrated MMAD and 

FPF of 1.6 ± 0.13 μm and 75.6 ± 4.6 %, respectively. In-vitro cell viability study in 
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A549 cells revealed concentration and time dependant cytotoxicity.  In-vivo study in 

rat showed 4-fold higher AUCt/D in lung tissues than for Cxb-solution [170]. 

9. Wang W et al. studied therapeutic effect of curcumin loaded solid lipid 

nanoparticles (SLN) using solvent injection method for the treatment of asthma. 

Developed SLN was evaluated for physicochemical properties, in-vitro release, 

pharmacokinetic and biodistribution properties in mice. Curcumin-SLNs of size 190 

nm were obtained with 75 ± 4.5 % EE. In-vitro release study showed initial burst 

release followed by sustained release. Biodistribution studies demonstrated 

increase in lung uptake of Cxb in the form of Cxb-SLNc. Reduction in the AHR and 

the number of inflammatory cells was observed upon administration of curcumin-

SLN into OVA-induced asthamatic rats as compared to curcumin treated group 

[171]. 

10. Kaialy W et al. studied relation between physicochemical properties and 

aerosol performance of different grades of lactose such as Flowlac® 100, 

Lactopress anhydrous 250, Cellactose 80, Tablettose 80 and Granulac 200. Prior to 

characterization for size, shape, density, flowability and solid state different grades 

of lactose were carefully sieved to separate 63-90 μm particle size fractions. Each 

lactose was blended with salbutamol sulphate (SS) in the ratio of 67.5:1 w/w 

followed by characterization for SS content uniformity, lactose-SS adhesion and in-

vitro aerosolization performance using Aerolizer®. Sieved lactose grades showed 

similarity in particle size distribution and good flow properties, although differ in 

particle shape, surface texture and particle solid state. SS homogeneity was found 

to improve within DPI for rougher surface lactose particles. Elongated, more 

irregular shape and rougher surface lactose particles showed smaller adhesion 

force between lactose and SS. In-vitro aerosol performance study using multi stage 

liquid impinger (MSLI) revealed that Granulac 200 would be potential carrier for 

pulmonary SS delivery [172]. 

Table 1.2: Patents related to pulmonary delivery  

Patent/application 

number (Inventors) 

Patent/application 

title 

Finding 

US 6,887,459 B1  

(Barbara Haeberlin) 

[173] 

Aerosol 

composition 

comprising 

formoterol 

The invention relates use of organic 

compounds in the treatment of 

reversible and irreversible chronic 

obstructive pulmonary disease 

(COPD).  

US 4,830,858  Spray drying The invention describes method for 
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(Nicholas I. Payne, J. 

Roger Salmon) 

[174] 

method for 

preparing 

liposomes and 

products produced 

thereby 

preparing stable liposomes 

precursors in the form of mixtures of 

spray-dried liposomal components, 

with or without carrier material which 

can be used to form liposomes. 

US  5,049,388 

(Jack V. Knight, Brian 

E. Gilberts, Samuel Z. 

Wilson, Howard R. 

Six, Philip R. Wyde) 

[175] 

Small particle 

aerosol liposome 

and liposome-drug 

combinations for 

medical use 

The present invention discloses 

aqueous aerosol droplets containing 

liposome or interacted liposome-drug 

or medication combination particles 

in a continuous phase of air or 

oxygen enriched air for the treatment 

of various diseases. 

US 5,141,674  

(Steven Leigh) 

[176] 

Methods of 

preparing pro-

liposome 

dispersions and 

aerosols 

The invention primarily describes 

composition based on a membrane 

lipid and at least one biologically 

active compound in the form of  a 

micronized powder and to a method 

of  making a progenator of liposome 

or pro-liposome in the form of an 

aerosol or discrete paarticles 
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GENESIS OF WORK AND OBJECTIVES:  

The efficacy of the drug and its use in treatment of disease can be achieved from 

the new ideas on controlling the pharmacokinetics, pharmacodynamics and 

immunogenicity and biorecognition. These new strategies based on interdisciplinary 

approaches such as polymer science, pharmaceutical technology, bioconjugate 

chemistry and molecular biology are often called novel/advanced drug delivery 

systems. Different drug delivery or drug targeting systems already exists and 

currently under development can be efficiently used to minimize the drug 

degradation and loss, to prevent harmful side effects and to increase drug 

bioavailability [1]. 

Various anatomical routes are used to introduce drugs into the human body. 

The disease, the effect desired, and the product available decide the choice of the 

route of administration. Because of limitations associated with the conventional 

treatment of various chronic diseases a growing attention has been given to the 

development of targeted drug delivery. Now a days the pulmonary route serves as 

an excellent route for administration of various drugs by inhalation. Simple 

inhalation devices and aerosols containing various drugs have been used since the 

early 19th century for the treatment of respiratory disorders [2]. The therapeutic 

benefits of drug inhalation have been appreciated for several decades for the 

treatment of respiratory diseases, such as asthma, chronic obstructive pulmonary 

disease (COPD), cystic fibrosis (CF), and pulmonary infections (like tuberculosis), 

as well as for the systemic delivery of therapeutic agents [3-7]. Inhalation by 

pulmonary route is most successful, since it reduces the quantity of dose required 

from other routes of administration, also avoids hepatic first pass metabolism and 

only smaller fraction of drug gets metabolized by liver [8]. 

The deposition of adequate amount of drug in the lung causes relief from 

symptoms of asthma and COPD. The inhalation delivery can be done via 

nebulizers, metered dose inhalers (MDI) and dry powder inhalers (DPI). The basic 

inhalation therapy model explains about the formulation, drug delivery device and 

patient receiving drug. Pharmaceutical dry powder inhalers are facilitated as an 

aerosolized form for the application to the patients by inhalation to treat respiratory 

diseases [8].  

The efficacy of inhalation drug delivery can be improved by critically 

formulating drug in the dosage form to meet the physico-chemical properties. 

Particle size, density, shape, charge, hygroscopicity and surface properties are the 

crucial parameters that determine the region of deposition in the lung [9,10]. 

Particles having aerodynamic diameter in the range of 1 - 5 μm are required for 
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efficient deposition of the particles in the lower regions of respiratory tract. Particles 

below 1 μm will exhaled out whereas larger particles deposit in the tracheobronchial 

(> 5 μm) and oropharynx (≥ 10 μm) region of the respiratory tract [11, 12]. Also, the 

formulations for pulmonary delivery should be biocompatible, biodegradable and 

stable during aerosolization with sufficient drug load. The literature survey revealed 

that lipid nanoparticles are the suitable delivery system for pulmonary application as 

these formulations can fulfill the above criteria [13]. 

2.1 Status and strategy for delivering Rifapentine 

Tuberculosis (TB) caused by deposition of Mycobacterium tuberculosis bacteria in 

lung has infected one third of the world population with approximately 2 million 

deaths and is considered as a global epidemic infectious disease [14]. Lung is the 

primary portal of entry for mycobacterium. Therefore, pulmonary drug delivery 

would be beneficial to treat TB both pulmonary and extra-pulmonary TB [15]. Upon 

oral administration concentration of antitubercular drugs required to kill bacteria 

residing within alveolar macrophage (Mɸ) of target cells could not achieve sufficient 

concentration which resulted in the failure of Directly Observable Therapy, short 

course (DOT) recommended worldwide for patients with pulmonary TB [16,17].  

Prolonged oral administration of antitubercular drugs resulted in high blood levels 

which neither be necessary nor sufficient to target (Mɸ) that harbor TB bacteria. 

Also long term oral administration of systemic doses of single or combined 

antibiotics is associated with unwanted side effects resulting in poor patient 

compliance. Mɸ being a first defense against lung infection are found to harbor a 

large number of tubercle bacilli. Targeting drug to the Mɸ is the foremost strategy to 

improve efficacy and reduce systemic side effects associated with oral 

administration [18,19]. Targeted delivery of anti-TB drugs directly to the infected 

lungs helps to achieve an immediate contact of the drug with the TB bacteria, high 

local drug concentration and therefore rapid onset of bactericidal action. The high 

lung bioavailability and rapid drug absorption through the pulmonary epithelia 

reduces the doses while maintaining an efficacious systemic concentration. The 

targeted drug delivery via pulmonary route is associated with the absence of first-

pass metabolism and reduced systemic side effects with enhanced tolerability [20]. 

Variety of vesicular carriers such as liposomes, solid lipid nanoparticles 

(SLN), poly(lactic-co-glycolic acid) (PLGA) microspheres, alginate, chitosan have 

been used for encapsulation and administration of first line and second line 

antitubercular drugs by inhalation route. Administration of drugs by inhalation route 

resulted in reduction in dose, dose frequency and toxicity, improvement in patient 
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compliance and most importantly targeting Mɸ [21-27]. Penetration of the peripheral 

lung was achieved by nebulization of liposomal dispersion Liposomes have 

emerged as a promising carrier for delivery of antitubercular drugs directly to the 

lung. It was proved that peripheral region of the lung can be penetrated by 

nebulization of liposomal dispersion [28,29]. However, potential liposomal 

instabilities include loss of entrapped drug due to hydrolysis/oxidation leading to 

physical instability, sedimentation and aggregation and fusion of liposomes during 

storage. In situ liposome formation would be the novel approach to overcome the 

problems associated with aqueous dispersion of liposomes [30,31]. 

Rifapentine, a new semisynthetic rifamycin analogue derived from the 

fungus Amycolatopesis mediterranei was used as a model drug in the present 

study. It belongs to the class of piperazinyl hydrazone derivative of 3-formyl 

rifamycin having antimicrobial spectrum similar to rifampicin. USFDA has approved 

rifapentine for the treatment of pulmonary tuberculosis. It acts by specifically 

inhibiting bacterial DNA-dependant RNA polymerase activity in susceptible cells 

without affecting mammalian enzyme. Due to longer half life (t1/2-13h) it is preferred 

over rifampicin (t1/2-3h) and has dosage regimen of 600 mg twice weekly for initial 

phase and once weekly during 4 months continuation phase of treatment [32,33]. 

The two limitations which restricts the use of RPT by oral route are a) extensive first 

pass metabolism of the drug and b) variable bioavailability upon oral administration 

(high fat meal required for better absorption) [34]. With this background knowledge, 

the primary objectives of the present study include: 

Rifapentine-loaded proliposomal dry powder for inhalation  

1) To prepare and evaluate rifapentine loaded proliposomal dry powder for 

inhalation (RLDPI) in single step by spray drying method using factorial design 

approach. 

2) To study effect of various formulation parameters as independent variables on 

dependant variables. 

3) To study the in-vitro release characteristics of RLDPI. 

4) To study the in-vitro aerodynamic characteristics. 

5) To improve bioavailability by targeting RLDPI to lung. 

6) To study in-vivo pulmokinetic properties and targeting potential of RLDPI. 

7) To evaluate the in-vitro anti-tubercular activity of developed RLDPI. 

8) To investigate and compare the in-vitro cytotoxicity of developed RLDPI with 

pure rifapentine in A549 cells. 



Chapter 2                                                            Genesis of work and objectives 

 

Ph. D. Thesis: Arpana Patil-Gadhe            65        BVDU Poona College of Pharmacy, Pune 

9) To evaluate RLDPI for the in-vivo repeated dose toxicity in Wistar rats for 28 

days by pulmonary insufflations method. 

2.2 Status and strategy for delivering Montelukast sodium 

Asthma is a disorder primary characterized by airway inflammation and bronchial 

hypersensitivity. Inflammatory mediators such as histamine, tryptase, leukotriesns 

and prostaglandins will be released by bronchial mast cells, alveolar macrophages, 

T lymphocytes, and epithelial cells as a trigger to allergens, irritant, cold air or 

exercise. The epithelial damage, airway edema, mucus hypersecretion and 

hyperresponsiveness of bronchial smooth muscle are the consequences of early-

phase and late-phase asthmatic response which are characterized by acute 

bronchoconstriction and direct activation of eosinophils and neutrophils The late-

phase asthmatic reaction occurs 2-8 h later resulting from more sustained 

bronchoconstriction [35]. 

Leukotrienes (LT) produced from arachidonic acid oxidation by an enzyme 

arachidonate 5-lipoxygenase in leukocytes play a vital role in both in triggering 

acute asthmatic attacks and in causing longer term hypersensitivity of the airways 

in chronic asthma as they attract activated eosinophils into the bronchioles which 

produces leukotrienes. LT is the precursor of prostaglandins in the human airway 

(including airway smooth muscle cells and airway macrophages) and on other pro-

inflammatory cells (including eosinophils and certain myeloid stem cells). Cysteinyl-

leukotrienes (CysLT) are concerned with eosinophils and mast cell induced 

bronchoconstriction in asthma and bind to highly selective receptors on bronchial 

smooth muscle and other airway tissue. CysLT receptor antagonists have recently 

been shown to protect asthmatic patients against asthma attacks. These 

antagonists act by preventing leukotriene release from mast cells and eosinophils 

or by blocking the specific leukotriene receptors on bronchial tissues, thus 

preventing bronchoconstriction, mucus secretion, and edema. These drugs also 

reduce the influx of eosinophils, thus limiting inflammatory damage in the airway 

[36,37]. Recent clinical trial results suggest there may also be a role for anti-LTs as 

first-line therapy in children with mild asthma [38].  

Montelukast sodium is a [R-(E)]-1-[[[1-[3-[2-(7-chloro-2quinolinyl) 

ethenyl]phenyl]-3-[2-(1-hydroxy -1-methylethyl) phenyl] propyl] thio] methyl] 

cyclopropaneacetic acid, monosodium salt [39].The montelukast, a potent CysLT 

receptor antagonist has high affinity and selectively binds to the CysLT1 receptor, 

thereby inhibiting physiologic actions of the LTD4 receptor without any agonist 

activity. It is used in the prophylaxis and treatment of chronic asthma and other 
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disorders of the respiratory system [40,41]. Montelukast is well reported to be 

effective and safe in asthma, exercise-induced bronchospasm, urticaria and allergic 

rhinitis [42-44]. Conventional oral therapy of montelukast formulation is associated 

with hepatic first pass metabolism, short biological half-life (2.5-5.5 h) and low 

bioavailability of 64 %. The objective of the present study is to overcome the above 

limitations associated with montelukast oral therapy, to achieve sustained release 

as well as targeted drug delivery by encapsulating montelukast in lipidic carriers 

such as NLC. Also, it has been reported in the literature that inhaled LT antagonists 

have the potential to protect the airway against inhaled LTs [45].  

Hence, taking into consideration this background literature, following are the 

foremost objectives of the current study: 

Montelukast-loaded nanostructured lipid carrier dry powder for inhalation  

1) To prepare and evaluate montelukast loaded nanostructured lipid carrier dry 

powder for inhalation (MNLC-DPI) for pulmonary administration. 

2) To study the in-vitro release characteristics of MNLC-DPI 

3) To study the in-vitro aerodynamic characteristics of MNLC-DPI 

4) To improve bioavailability by targeting MNLC-DPI to lung 

5) To study in-vivo pulmokinetic properties and targeting potential of MNLC-DPI. 

6) To investigate and compare the in-vitro cytotoxicity of prepared MNLC-DPI with 

pure montelukast in A549 cells.  

2.3 Status and strategy for delivering Rosuvastatin calcium 

Airway remodeling is the structural change, which includes loss of epithelial 

integrity, basement membrane thickening, subepithelial fibrosis, enlargement of 

goblet cell and submucosal gland, increase in smooth muscle mass, decrease in 

cartilage integrity and increase in airway vascularity occurs in response to the 

long-term, unresolved airway inflammation in asthma and COPD.. These structural 

changes arise from the activation of inflammatory cells like CD4+ cells, eosinophils, 

neutrophils and mast cells [46-48]. Some asthma triggers causes airway 

inflammation resulting in wheezing, coughing, chest tightness and shortness of 

breath making breathing more difficult. Body tries to fix the inflammation by 

modifying repair functions of the airway lining either by one or more of the 

structural changes (hyperplasia and/or hypertrophy). [48-50].  

Capra and Rovati correlated the effect of rosuvastatin on cell growth 

promoted by a set of physiological and eicosanoid contractile mitogens relevant to 

lung pathophysiology. They also found that the proliferative activities of a wide 

range of physiological mitogens such as fetal bovin serum (FBS), epidermal 
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growth factor (EGF), and the eicosanoid contractile agents U46619 and LTD4 in 

human airway smooth muscles (ASM) cells can be completely inhibited by 

rosuvastatin at micromolar concentration. An involvement of mevaloanate pathway 

in all the mitogenic stimuli was confirmed by reversal of these stimuli by 

mevalonate which was added simultaneously to RSVS/mitogen treatment [51]. 

Rosuvastatin calcium (RSVS) is an anti-lipidemic agent used to reduce plasma 

cholesterol levels. RSVS competitively inhibits hydroxymethylglutaryl-coenzyme A 

(HMG-CoA) reductase which catalyzes the conversion of HMG-CoA to mevalonic 

acid, the rate-limiting step in cholesterol biosynthesis and thus, prevents 

cardiovascular diseases such as coronary heart disease, stroke and peripheral 

arterial disease. It is a biopharmaceutical classification system (BCS) class-II drug, 

sparingly soluble in water with good permeability. Although, it’s well absorbed in 

the gastrointestinal tract (GIT), an extensive first pass metabolism limits its 

bioavailability to only 20 % [52]. As mevalonic acid is the precursor of many non-

steroidal isoprenoid compounds such as farnesol and geranylgeraniol which are 

related to cell proliferation in human ASM cells. Small GTP binding proteins which, 

regulates various cellular and signaling processes are post-translationally modified 

with isoprenoids. Ras and Rac are covalently linked to farnesol and are associated 

with cellular proliferation and generation of reactive oxygen species (ROS), 

respectively [53,54]. RSVS also shows pleiotropic effects which include regulation 

of cell cycle, cell death and proliferation, inflammation, immune modulation, tissue 

remodeling, and cellular redox balance [55-57].  

Drug delivery by inhalation route is graded as superior over oral and 

parenteral route of administration for the treatment of local as well as systemic 

disorders. Numbers of factors that determine particle deposition in the deep lung 

are airway geometry, breathing behavior of the subject and inherent clearance 

mechanism of the lung. In order to achieve optimum deposition in the respiratory 

airway inhaled particles should have an aerodynamic diameter in the range of 1- 5 

μm. Lipid nanoparticles have been explored as an alternative drug carrier over 

other vesicular systems due to the properties such as 1) biodegradable and 

biocompatible nature of the components, 2) ability to sustain the drug release, 3) 

stability of drug within the lipid matrix during storage, 4) high payload, 5) suitability 

for large scale production and sterilization etc. [58,59]. Second generation solid lipid 

nanoparticles (SLN) are nanostructured lipid carriers (NLC) which combine the 

advantages of SLN along with high encapsulation efficiency and reduced drug 

leakage during storage [60]. 
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We hypothesized that pulmonary administration of RSVS-loaded NLC will 

help to achieve high and sustained drug concentration in the lung tissue with 

favorable pulmokinetic parameters. The present study was conducted to assess the 

delivery potential of nanostructured lipid carriers (NLC) loaded with rosuvastatin 

(RNLC) for pulmonary application. The prepared RNLC-DPI was evaluated for in-

vitro aerosol performance using cascade impactor, in vivo pulmokinetic parameters. 

Rosuvastatin -loaded nanostructured lipid carrier dry powder for inhalation  

1) To prepare and evaluate novel rosuvastatin-loaded nanostructured lipid 

carrier dry powder for inhalation (RNLC-DPI) for pulmonary administration. 

2) To study the in-vitro release characteristics of RNLC-DPI. 

3) To evaluate the in-vitro aerodynamic characteristics of RNLC-DPI. 

4) To improve bioavailability by targeting RNLC-DPI to lung. 

5) To investigate the in-vivo pulmokinetic properties of RNLC-DPI. 

6) To investigate and compare the in-vitro cytotoxicity of prepared RNLC-DPI 

with pure rosuvastatin in A549 cells.  
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MATERIALS AND INSTRUMENTS  

4.1 Materials 

4.1.1 Active Pharmaceutical 

Ingredient (API) 

Gift sample supplier 

Rifapentine Lupin Research Park, Pune, India 

Montelukast sodium Emcure Pharmaceutical Ltd., 

Pune, India 

Rosuvastatin calcium Emcure Pharmaceutical Ltd., 

Pune, India 

 

4.1.2 Excipients Supplier 

Hydrogenated Soya 

Phosphotidylcholin  

Lipoid, GmbH, Ludwigshafen, 

Germany 

Cholesterol Hi Media 

Respitose SV010 DMV Fonterra, GmbH, Germany 

L-Leucin Sigma Aldrich, Mumbai, India 

Precirol ATO5 Gattefosse, France 

Capryol-90 Gattefosse, France 

Stearic acid Research-Lab Fine Chemicals 

Ltd., India 

Stearyl amine Research-Lab Fine Chemicals 

Ltd., India 

DL-Pyrrolidonecarboxylic 167 acid 

salt of L-cocyl arginine ethyl ester 

(CAE) 

Ajinomoto Co., Inc., Tokyo, Japan 

Lauric acid Research-Lab Fine Chemicals 

Ltd., India 

Mannitol Roquette Pharma, Mumbai, India 

Sucrose Rasayan Excipients, Ahmedabad 

Fructose Trimurti International, Vashi, 
Mumbai 

Sorbitol Rasayan Excipients, Ahmedabad 

MTT - tetrazolium salt Sigma-Aldrich, St. Louis, MO, USA 

Fetal Bovin Serum Invitrogen Corp (Eugene OR) 

Ham’s F12K Invitrogen Corp (Eugene OR) 
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4.1.3 

 

Chemicals 

 

Suppliers 

Ethanol Cisco, India 

Methanol (HPLC grade) Merck, Mumbai, India 

Acetonitrile Merck, Mumbai, India 

Dipotassium hydrogen phosphate  Merck, Mumbai, India 

Triethyl amine (TEA) Merck, Mumbai, India 

 

4.2 Instruments  

Name of Instrument Model  Make 

UV/Vis spectrophotometer V 570 Jasco, Japan. 

Digital balance - Shimadzu, Japan 

Hot plate - META-LAB, Mumbai, India 

Hot air oven - Kumar Industries, India 

Spray dryer  LU 222 Advance Jay Instruments and Systems 

Private Limited, Mumbai, India. 

Deep freezer U101 Innova, New Brunswick Scientific 

Freeze dryer/Lyophilizer FreezeZone 2.5 Labconco Corporation, Czech 

Republic 

HPLC with intelligent 

pump, autosampler  

Jasco PU 2080 Jasco, Japan 

Ultrasonic processor - Sonic Vibra Cell 

Bath sonicator - Toshniwal Process Instruments 

Ltd., Mumbai 

Light microscope  Eclipse 50i Nikon, Japan. 

Particle size analyzer 

Wet: 

2000SM Malvern Instruments, Malvern, 

UK 

Particle size analyzer Dry: Scirocco 2000 Malvern Instruments, Malvern, 

UK 

Zeta potential analyzer Malvern Zetasizer 

NANO ZS90 

Malvern, Worcs, UK 

Fourier-transform infrared 

spectrophotometer 

FTIR-4100 JASCO, Japan 

Transmission electron 

microscopy 

Philips CM-200 Elindhoven, Netherlands 
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X- ray diffractometer PW 1729 Philips, Netherlands 

Differential scanning 

calorimeter 

Mettler Toledo 

Star 821e 

METTLER-Toledo, GmbH, 

Switzerland 

Scanning electron 

microscopy 

JSM-5610 LV JEOL, Japan 

CO2 incubator 3193 Forma Scientific Inc/ Thermo 

Electron Corporation, USA. 

ELISA/Microplate reader SpectraMax Plus 

384 

Molecular devices, CA, USA 

Centrifuge Allegra™ 64R 

Centrifuge  

Beckman-Coulter India Pvt. Ltd., 

Andheri(E), Mumbai, 

Maharashtra 

Cascade Impactor  Westech Scientific Instruments, 

Bedfordshire, UK 

pH meter 

 

- Eutech instruments, Singapore 

Karl fischer titrator Veego D-Matic Veego Instruments, Mumbai, 

India 

Magnetic stirrer with 

heating 

2 MLH Remi Instruments,  

Stability chambers - Thermolab 

Dissolution apparatus - Electrolab, Mumbai, India 

 

4.3 Softwares  

� MODDE 9.1,  

� Origin 6.1, USA. 

� GraphPad Instat, USA. 

� Winolin for Pharmacokinetic study software 
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4.4 Drug Profile 

4.4.1 Rifapentine [1-6] 

Synonym   25-Desacetyl Rifapentin/Cyclopentyl rifamycin 

Description Cyclopentyl rifamycin belonging to the class of 

naphthofurans class 

Appearance   Solid, brownish red, crystalline powder 

CAS number   61379-65-5 

IUPAC name Rifamycin, 3-[[(4-cyclopentyl-1-

piperazinyl)imino]methyl] or 3-[N-(Cyclopentyl-1-

piperazinyl)formimidoyl]rifamycin  

Structure  

 

Molecular formula  C47H64N4O12 

Molecular weight  877.04 g/mol 

Solubility Insoluble in water (2.13 × 10-2 g/L), soluble in 

chloroform and methanol  

pKa    7.01 (Strongest acidic ) 

Log P    4.0 

Melting point   160-162oC 
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Marketed dosage form Priftin 150 mg tablet 

Approved indication Pulmonary tuberculosis  

Storage Store at 25°C (77°F); excursions permitted 15-30°C 

(59-86°F), protect from excessive heat and humidity 

Mechanism of action 

Rifapentine, a cyclopentyl rifamycin, is an antimycobacterial agent. It shows higher 

bacteriostatic and bactericidal activities especially against intracellular bacteria 

growing in human monocyte-derived macrophages. Rifapentine inhibits DNA-

dependant RNA polymerase activity in susceptible cells. Specifically, it interacts 

with bacterial RNA polymerase but does not inhibit the mammalian enzymes.  

Absorption  

The absolute bioavailability of rifapentine has not been determined. The relative 

bioavailability (with an oral solution as a reference) of rifapentine after a single 600 

mg dose to healthy adult volunteers was 70%. The maximum concentrations were 

achieved from 5 to 6 hours after administration of the 600 mg rifapentine dose. The 

administration of rifapentine with a high fat meal (850 total calories: 33 g protein, 55 

g fat and 58 g carbohydrate) increased AUC(0-ro) and Cmax by 43% and 44%, 

respectively over that observed when administered under fasting conditions. 

Distribution  

The estimated apparent volume of distribution was 70.2 ± 9.1 L. In healthy 

volunteers, rifapentine and 25-desacetyl rifapentine were 97.7% and 93.2% bound 

to plasma proteins, respectively. Rifapentine was mainly bound to albumin. Similar 

extent of protein binding was observed in healthy volunteers, asymptomatic HIV-

infected subjects and hepatically impaired subjects. 

Metabolism/Excretion 

Following a single 600 mg oral dose of radiolabeled rifapentine to healthy 

volunteers 87% of the total 14C rifapentine was recovered in the urine (17%) and 

feces (70%). Greater than 80% of the total 14C rifapentine dose was excreted from 

the body within 7 days. Rifapentine was hydrolyzed by an esterase enzyme to form 

a microbiologically active 25-desacetyl rifapentine. Rifapentine and 25-desacetyl 

rifapentine accounted for 99% of the total radioactivity in plasma. Plasma AUC(0-ro) 

and Cmax values of the 25-desacetyl rifapentine metabolite were one-half and one-

third those of the rifapentine, respectively. Based upon relative in vitro activities and 
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AUC(0-ro) values, rifapentine and 25-desacetyl rifapentine potentially contributes 

62% and 38% to the clinical activities against M. tuberculosis, respectively. 

 

4.4.2 Montelukast sodium [7-10] 

Synonym   Cyclopropaneacetic acid 

Description Highly selective CysLT1 receptor antagonist 

belonging to quinoline class 

Appearance   Pale yellow solid, hygroscopic, optically active powder 

CAS number   190078-45-6, 158966-92-8 

IUPAC name [R-(E)]-1-[[[1-[3-[2-(7-chloro-2-quinolinyl) 

ethenyl]phenyl]-3-[2-(1-hydroxy-1-methylethyl) phenyl] 

propyl] thio] methyl] cyclopropaneacetic acid, 

monosodium salt 

Structure 

 

Molecular formula  C35H35ClNNaO3S 

Molecular weight  608.18 g/mol 

Solubility Freely soluble in ethanol, methanol, and water and 

practically insoluble in acetonitrile. 

pKa    Stongest basic (3.12); strongest acidic (4.4) 

Log P    7.9 

Melting point   112-1125oC 
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Marketed dosage form Granules and tablets; Singulair, 4 mg chewable 

tablets and 10 mg tablets 

Approved indication  For the treatment of asthma 

Storage   Refrigerator, Under inert atmosphere 

Mechanism of action  

Montelukast, a orally active compound binds to the CysLT1 receptor with high 

affinity and selectivity and inhibits physiologic actions of LTD4 at the CysLT1 

receptor. The cysteinyl leukotrienes (LTC4, LTD4, LTE4) are products of 

arachidonic acid metabolism and are released from various cells, including mast 

cells and eosinophils. These eicosanoids bind to cysteinyl leukotriene (CysLT) 

receptors. The CysLT type-1 (CysLT1) receptor is found in the human airway 

(including airway smooth muscle cells and airway macrophages) and on other pro-

inflammatory cells (including eosinophils and certain myeloid stem cells). CysLTs 

have been correlated with the pathophysiology of asthma and allergic rhinitis. In 

asthma, leukotriene-mediated effects include airway edema, smooth muscle 

contraction, and altered cellular activity associated with the inflammatory process. 

In allergic rhinitis, CysLTs are released from the nasal mucosa after allergen 

exposure during both early-and late-phase reactions and are associated with 

symptoms of allergic rhinitis.  

Absorption 

Following oral administration montelukast is rapidly absorbed. The mean peak 

montelukast plasma concentration (Cmax) is achieved in 3 to 4 hours (Tmax) after 

administration of the 10-mg film-coated tablet to fasted adults. The mean oral 

bioavailability is 64%. The oral bioavailability and Cmax are not influenced by a 

standard meal in the morning. 

Distribution 

Montelukast is more than 99% bound to plasma proteins. The steady state volume 

of distribution of montelukast averages 8 to 11 liters. Studies in rats with 

radiolabeled montelukast indicate minimal distribution across the blood-brain barrier 

and in all other tissues at 24 hours post-dose. 

Metabolism 

Montelukast is extensively metabolized by 2C8 as compared to CYP3A4 and 2C9. 

The plasma concentrations of metabolites of montelukast are undetectable at 

steady state in adults and pediatric patients with therapeutic doses. 
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Elimination 

The plasma clearance of montelukast averages 45 mL/min in healthy adults. 

Following an oral dose of radiolabeled montelukast, 86% of the radioactivity was 

recovered in 5-day fecal collections and < 0.2% was recovered in urine. 

Montelukast and its metabolites are excreted almost exclusively via the bile. The 

mean plasma half-life of montelukast ranged from 2.7 to 5.5 hours in healthy young 

adults. The pharmacokinetics of montelukast are nearly linear for oral doses up to 

50 mg. During once-daily dosing with 10-mg montelukast, there is little 

accumulation of the parent drug in plasma (14%). 

  

4.4.3 Rosuvastatin calcium [11-14] 

Description A synthetic lipid lowering agent belonging to the class 

of HMG CoA reductase inhibitor for oral administration 

Appearance   White amorphous powder 

CAS number   147098-20-2 

IUPAC name bis[(E)-7-[4-(4-fluorophenyl)-6-isopropyl-2-[methyl 

(methylsulfonyl)amino]pyrimidin-5-yl](3R,5S)-3,5-

dihydroxyhept-6-enoicacid] calcium salt 

Structure 

 

Molecular formula  (C22H27FN3O6S)2Ca 

Molecular weight  1001.14 g/mol 

Solubility   Sparingly soluble in water and methanol, and slightly 

soluble in  

    ethanol. Soluble in chloroform, dimethyl sulfoxide 

pka Strongest acidic with pka of 3.8 (carboxylic acid 

group), 4.9 and 5.5 (amines) 
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logKo/w 0.13 at pH 7.0 

Melting point   151-156oC 

Marketed dosage form Crestor 

Approved indication Anti-lipidemic 

Storage Rosuvastatin should be stored at room temperature 

between 2-25oC (at -20oC) 

Approved indication  Antilipidemic activity for dyslipidemia 

Marketed doseage form Crestor; 5 to 40 mg orally once daily with the usual 

starting dose is 10-20 mg. 

Mechanism of action 

Rosuvastatin calcium is a selective and competitive inhibitor of HMG-CoA 

reductase, the rate-limiting enzyme. HMF-CoA reductase converts 3-hydroxy-3-

methylglutaryl coenzyme A to mevalonate, a precursor of cholesterol. In vivo 

studies in animals and in vitro studies in cultured animal and human cells have 

shown rosuvastatin to have a high uptake into, and selectivity for, action in the liver, 

the target organ for cholesterol lowering. In in-vivo and in-vitro studies, rosuvastatin 

produces its lipid-modifying effects in two ways. First, it increases the number of 

hepatic low density lipoprotein (LDL) receptors on the cell-surface to enhance 

uptake and catabolism of LDL. Second, rosuvastatin inhibits hepatic synthesis of 

VLDL, which reduces the total number of VLDL and LDL particles.  

Rosuvastatin showed dose-dependent inhibition of serum-, EGF-, the TxA2 

stable analog U46619-and LTD4-induced human ASM cells growth. All these 

effects were prevented by pretreatment with mevalonate. Addition of the prenylation 

substrates farnesol and geranylgeraniol reversed the effect of rosuvastatin on EGF 

and U46619, respectively. Interestingly, only mevalonate showed restoration of cell 

growth following rosuvastatin treatment in LTD4 and LTD4 plus EGF treated cells, 

suggesting a possible involvement of both farnesylated and geranylgeranylated 

proteins in the cysteinyl-LT-induced cell growth. Rosuvastatin exerts direct effects 

on human ASM cells mitogenic response in vitro by inhibiting prenylation of 

signaling proteins, likely small G proteins implying its potential clinical benefits in 

asthma/COPD. 
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4.5 Excipient Profile 

4.5.1 Hydrogenated Soya Phosphotidylcholine [15] 

Synonym   L-α-phosphotidylcholine, hydrogenated 

Description   White 

Appearance   Solid powder  

CAS number   97281-48-6 

Structure   

 

Molecular formula  C44H88NO8P 

Molecular weight  785 g/mol 

Solubility   25 mg/mL in chloroform:methanol (1:1) 

Storage Store at -20oC (at subfreezing temperatures) in well 

closed containers protected from light and oxidation 

Functional use Emollient, emulsifying agent, solubilizing agent. Also 

used in cosmetics and food products. 

Regulatory status GRAS listed. Accepted for use as a food additive in 

Europe. Included in the FDA Inactive Ingredients 

Guide (inhalations; IM and IV injections; otic 

preparations; oral capsules, suspensions and tablets; 

rectal, topical, and vaginal preparations). Included in 

nonparenteral and parenteral medicines licensed in 

the UK. Included in the Canadian List of Acceptable 

Non-medicinal Ingredients. 
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4.5.2 Cholesterol [16] 

Synonym   Cholesterin, cholesterolum, Cholest-5-en-3β-ol 

Appearance   Solid powder 

CAS number   57-88-5 

Structure   

 

    

Molecular formula  C27H46O  

Molecular weight  386.67 g/mol 

Solubility Soluble in acetone, benzene (1 in 7), chloroform (1 in 

4.5), 95 % ethanol (1 in 78), methanol (1 in 294)  

Storage Should be stored in a well-closed container, protected 

from light. 

Functional use  Emollient; emulsifying agent 

Regulatory status Included in the FDA Inactive Ingredients Guide 

(injections, ophthalmic, topical, and vaginal 

preparations). Included in nonparenteral medicines 

licensed in the UK. Included in the Canadian List of 

Acceptable Non-medicinal Ingredients.  
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4.5.3 Stearic acid [17] 

Synonym   Octadecanoic acid 

Appearance  Hard, white or faintly yellow-colored, somewhat 

glossy, crystalline solid or a white or yellowish white 

powder. It has a slight odor and taste suggesting 

tallow. 

CAS number   57-11-4 

Structure 

 

Molecular formula  C18H36O2  

Molecular weight  284.47 g/mol  

Melting point   54oC 

Solubility Freely soluble in benzene, carbon tetrachloride, 

chloroform, and ether; soluble in ethanol (95%), 

hexane, and propylene glycol; practically insoluble in 

water 

Storage Should be stored in a well-closed container in a cool, 

dry place  

Functional use Emulsifying agent; solubilizing agent; tablet and 

capsule lubricant 

Regulatory status GRAS listed. Accepted as a food additive in Europe 

(fatty acids). Included in the FDA Inactive Ingredients 

Guide and in nonparenteral medicines licensed in the 

UK. Included in the Canadian List of Acceptable Non-

medicinal Ingredients.   
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4.5.4 Stearyl amine [18] 

Synonym 1-Octadecylamine, Monooctadecylamine, 1-

Octadecanamine 

Appearance   White crystalline solid 

CAS number   124-30-1 

Chemical name  Octadecylamine 

Structure    

 

Molecular formula  C18H39N 

Molecular weight  269.52 g/mol 

Solubility Soluble in diethyl ether, alcohol, benzene, acetone. 

Very soluble in chloroform. 

Density 0.8618 

Melting point   52.9oC 

Flash point   148oC 

Refreactive Index  1.4522 

Storage Keep container tightly closed. Keep container in a 

cool, well-ventilated area. 

Functional use  For the resins, emulsifiers, fungicide, surfactant  
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4.5.5 L-Leucin [16] 

Synonym α-Aminoisocaproic acid; L-α-aminoisocaproic acid; 2-

amino-4-methylpentanoic acid; 2-amino-4-

methylvaleric acid; α-amino-γ-methylvaleric acid; 1,2-

amino-4-methylvaleric acid; DL-leucine; L-leucine; leu; 

4-methylnorvaline 

Appearance White leaflets, occurs as a white or almost off-white 

crystalline powder or shiny flakes 

CAS number   61-90-5 

Structure     

 

Molecular formula  C6H13NO2  

Molecular weight  131.20 g/mol 

Melting point   293oC 

Solubility   Soluble in acetic acid, ethanol (99%) and water. 

Practically  

    insoluble in ether 

pH    5.5-7.0 

Storage Leucine is sensitive to light and moisture and should 

be stored in –an airtight container in a cool, dark, dry 

place 

Functional use  Antiadherent; flavoring agent; lubricant. 

Regulatory status Included in the FDA Inactive Ingredients Guide (IV 

infusion; oral tablets). Included in nonparenteral 

medicines licensed in the UK. 
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4.5.6 Respitose SV010 (Inhalation grade lactose monohydrate) [16] 

Synonym   Lactosum monohydrium 

Appearance In the solid state, lactose appears as various isomeric 

forms, depending on the crystallization and drying 

conditions, i.e. α-lactose monohydrate, β-lactose 

anhydrous, and α-lactose anhydrous. The stable 

crystalline forms of lactose are α-lactose 

monohydrate, β-lactose anhydrous, and stable α-

lactose anhydrous. White to off-white crystalline 

powder, odorless, slightly sweet tasting 

CAS number   64044-51-5 

Chemical name  O-β-D-Galactopyranosyl-(1→4)-α- D –glucopyranose 

monohydrate 

Structure    

           

Molecular formula  C12H22O11.H2O  

Molecular weight  360.31 g/mol 

Melting point   201-202oC 

Solubility Practically insoluble in chloroform, ethanol and ether. 

Solubility in water is 1 in 5.24 at 20oC 

Storage Should be stored in a well-closed container in a cool 

and dry place 

Functional use  Binding agent; diluent for dry-powder inhalers; tablet 

binder; tablet and capsule diluent.  
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Regulatory status Included in the FDA Inactive Ingredients Guide (IM, IV 

and SC injections; oral capsules and tablets; 

inhalation preparations; rectal, transdermal and 

vaginal preparations). Included in nonparenteral and 

parenteral medicines licensed in the UK. Included in 

the Canadian List of Acceptable Non-medicinal 

Ingredients)  

 

4.5.7 Precirol ATO5 [16] 

Synonym   Glyceryl palmitostearate, Glyceryl distearate, Glycerol 

distearate 

Description   Occurs as a fine white powder with a faint odor. 

Appearance   Powder 

CAS number   8067-32-1 

Chemical structure Octadecanoic acid, 2,3-dihydroxypropyl ester mixed 

with 3-hydroxy-2-[(1-oxohexadecyl)-oxy] propyl 

octadecanoate 

Structural formula Precirol ATO5 is a mixture of mono-, di-, and 

triglycerides of C16 and C18 fatty acids. 

Melting point   52–55°C 

Solubility Freely soluble in chloroform and dichloromethane; 

practically insoluble in ethanol (95%), mineral oil, and 

water. 

HLB    2 

Storage Should not be stored at temperatures above 35°C. 

For storage for periods over 1 month, glyceryl 

palmitostearate should be stored at a temperature of 

5–15°C in an airtight container, protected from light 

and moisture. 

Functional use Biodegradable material; coating agent; gelling agent; 

release modifying agent; sustained release agent; 
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tablet and capsule diluent; tablet and capsule 

lubricant; taste-masking agent. 

Regulatory status GRAS listed. Included in the FDA Inactive Ingredients 

Guide (oral suspension, oral tablet). Included in 

nonparenteral preparations licensed in Europe. 

Included in the Canadian List of Acceptable Non-

medicinal Ingredients.  

 

4.5.8 Capryol-90 [19,20] 

Synonym 1,2 Propanediolmonocaprylate, propylene glycol 

monocaprylate (type II) 

Description   Colourless, viscous  

Appearance   Clear liquid 

CAS number   31565-12-5; 132721-32-5 

Chemical structure  Propylene glycol monocaprylate. 

Structural formula  C11H22O3 

Structure    

Molecular weight  202.29 g/mol 

Solubility   Miscible with water, alcohol and many solvents 

HLB    6.0 

Storage  Store in tightly closed containers in a cool dry place 

and protected from moisture 

Functional use A water-in-oil surfactant/solubilizer, surfactant 

emulsifying systems for SEDDS and SMEDDS, 

bioavailability enhancer, penetration enhancer for 

transdermal applications 

Regulatory status GRAS listed. Included in the FDA Inactive Ingredients 

Guide  
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4.5.9 CAE (DL-Pyrrolidonecarboxylic 167 acid salt of L-cocyl arginine 

ethyl ester) [21,22] 

Synonym PCA Ethyl Cocoyl Arginate, ;Pyroglutamic acid 

ethyl cocoyl arginate 

Description    White, crystalline free flowing powder 

Appearance    Solid 

CAS number    95370-65-3 

Chemical structure DL-Pyrrolidonecarboxylic acid salt of L-Cocoyl 

Arginine Ethyl Ester 

Structure     

 

Solubility   Soluble in water 

Functional use Antistatic agent, emulsifying agent, anti-bacterial, 

dispersing agent  
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4.5.10 Mannitol [16] 

Nonproprietary names  BP: Mannitol, JP: D-Mannitol, PhEur: Mannitolum, 

USP: Mannitol 

Synonym   Cordycepic acid, manna sugar, D-mannite  

Appearance Mannitol is D-mannitol. It is a hexahydric alcohol 

related to mannose and is isomeric with sorbitol. 

Mannitol occurs as a white, odorless, crystalline 

powder, or free-flowing granules. It has a sweet taste, 

approximately as sweet as glucose and half as sweet 

as sucrose, and imparts a cooling sensation in the 

mouth. Microscopically, it appears as orthorhombic 

needles when crystallized from alcohol. Mannitol 

shows polymorphism.  

Chemical name  D-Mannitol 

CAS Registry number 69-65-8 

Structure    

 

Molecular formula  C6H14O6 

Molecular weight  182.17 g/mol 

pKa    13.5 at 18oC 

Melting point   166-168oC 
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Solubility Soluble in alkalies, 95% ethanol ( 1 in 83), glycerin (1 

in 18) propan-2-ol (1 in 100) and in water (1 in 5.5). 

Practically insoluble in ether 

Functional category Diluent, diluents for lyophilized preparations, 

sweetening agent, tablet and capsule diluents, tonicity 

agent. 

Stability and storage  Mannitol is stable in the dry state and in aqueous 

solutions. Solutions may be sterilized by filtration or by 

autoclaving and if necessary may be autoclaved 

repeatedly with no adverse physical or chemical 

effects.28 In solution, mannitol is not attacked by cold, 

dilute acids or alkalis, nor by atmospheric oxygen in 

the absence of catalysts. Mannitol does not undergo 

Maillard reactions. The bulk material should be stored 

in a well-closed container in a cool, dry place. 

Safety LD50 (mouse, IV): 7.47 g/kg; LD50 (rat, IV): 9.69 g/kg 

Regulatory status GRAS listed. Accepted for use as a food additive in 

Europe. Included in the FDA Inactive Ingredients 

Guide (IP, IM, IV, and SC injections; infusions; buccal, 

oral and sublingual tablets, powders and capsules; 

ophthalmic preparations; topical solutions). Included 

in nonparenteral and parenteral medicines licensed in 

the UK.  

 

4.5.11 Lauric acid [16] 

Synonym   Dodecanoic acid, dodecoic acid, laurostearic acid 

Description   White crystalline powder with a slight odor of bay oil 

Appearance   Crystalline powder 

CAS number   143-07-7 

Chemical name  Dodecanoic acid  
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Structure   

 

 

Molecular formula  C12H24O2 

Molecular weight  328.52 

Solubility  4.81 mg/mL at 25°C. Very soluble in ether, ethanol 

(95%), and ethanol; soluble in acetone; slightly 

soluble in chloroform; miscible with benzene. 

Melting point 43.2 – 43.8oC 

Storage Lauric acid is stable at normal temperatures and 

should be stored in a cool, dry place. Avoid sources of 

ignition and contact with incompatible materials. 

Functional use  Emulsifying agent; food additive; lubricant; surfactant. 

Regulatory status GRAS listed. Included in the FDA Inactive Ingredients 

Guide (oral capsules and tablets). Lauric acid is listed 

as a food additive in the EAFUS list compiled by the 

FDA. Reported in the EPA TSCA Inventory.  

 

4.5.12 Cremophor RH 40 [16] 

Nonproprietary name Polyoxyl 40 hydrogenated castor oil 

Synonym Eumulgin HRE 40, Glycerol polyethyleneglycol 

oxystearate, PEG-40 hydrogenated castor oil 

Description Cremophor RH 40 occurs as a white to yellowish, 

semisolid paste at 20oC that liquefies at 30oC. It has 

very faint characteristic odor and is almost tasteless in 

aqueous solution. 

Chemical name Polyethoxylated castor oil 
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CAS 61791-12-6 

Empirical formula In polyoxyl 40 hydrogenated castor oil (Cremophor   

and molecular weight  RH 40), approximately 75% of the components of the 

mixture are hydrophobic. These comprise mainly fatty 

acid esters of glycerol polyethylene glycol and fatty 

acid esters of polyethylene glycol. The hydrophilic 

portion consists of polyethylene glycols and glycerol 

ethoxylates.  

Functional category Emulsifying agent, solubilizing agent, wetting agent 

Regulatory status Included in the FDA Inactive Ingredients Guide (IV 

injections and ophthalmic solutions). Included in 

parenteral medicines licensed in the UK. Included in 

the Canadian List of Acceptable Non-medicinal 

Ingredients.  
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PART A. DEVELOPMENT AND EVALUATION OF RIFAPENTINE-LOADED 

PROLIPOSOMAL DRY POWDER FOR INHALATION 

5A. 1 Definition of problem, strategy and objectives 

Tuberculosis (TB), a global epidemic infectious disease caused by deposition of 

Mycobacterium tuberculosis bacteria in the lung and has infected one third of the 

world population resulting in around 2 million deaths annually, 98 % occurring in 

developing countries [1]. Failure of Directly Observable Therapy, short course 

(DOT) recommended worldwide for patients with pulmonary TB could be due to 

insufficient concentration of antitubercular drugs required to kill bacteria residing 

within alveolar macrophage (Mɸ) of target cells through oral administration [2,3].  

Prolonged oral administration of antitubercular drugs resulted in high blood levels 

which neither be necessary nor sufficient to target (Mɸ) that harbor TB bacteria. 

Also long term oral administration of systemic doses of single or combined 

antibiotics is associated with unwanted side effects resulting in poor patient 

compliance. Mɸ being a first defense against lung infection are found to harbor a 

large number of tubercle bacilli. Targeting drug to the Mɸ is the foremost strategy to 

improve efficacy and reduce systemic side effects associated with oral 

administration [4,5]. The potential of inhalation therapy over oral therapy for the 

treatment of tuberculosis is reported by many scientists [6-8]. Of the three inhalation 

systems, dry powder for inhalations (DPIs) is advantageous in delivering particles to 

respiratory tract by virtue of its propellant free nature, high patient compliance, high 

dose carrying capacity and drug stability which has encouraged rapid development 

in recent past to realize full potential of lungs for local and systemic treatment of 

diseases. Pressurized metered dose inhalers (pMDI) or nebulizers require drug to 

be dissolved or suspended in chlorofluorocarbon propellants which has deleterious 

effect on environment [5]. Various techniques have been proposed to develop 

engineered drug particles to target to lung [9]. 

Extensive work have been reported on first line and second line 

antitubercular drugs that are entrapped using variety of carriers such as liposomes, 

solid lipid nanoparticles (SLN), poly(lactic-co-glycolic acid) (PLGA) microspheres, 

alginate, chitosan etc. Administration of antitubercular drug entrapped/encapsulated 

in vesicular carriers as inhalation therapy resulted in reduction in dose, dose 

frequency and toxicity, improvement in patient compliance and most importantly 

targeting Mɸ [10-16]. Liposomes have emerged as a promising carrier for delivery 

of antitubercular drugs directly to the lung. Farr et al. and Vyas et al. have proved 

that peripheral region of the lung can be penetrated by nebulization of liposomal 
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dispersion [17,18]. However, potential liposomal instabilities include loss of 

entrapped drug due to hydrolysis/oxidation leading to physical instability, 

sedimentation and aggregation and fusion of liposomes during storage. In situ 

liposome formation would be the novel approach to overcome the problems 

associated with aqueous dispersion of liposomes [19,20]. 

Previous work on liposomal dry powder for inhalation describes use of 

preformed liposomes prepared by conventional methods viz; lipid thin film 

hydration, chloroform film method, thin film evaporation method, modified reverse 

phase evaporation technique etc. These methods appear to be tedious and time 

consuming since it involves steps like (i) preparation of liposomes by conventional 

methods (ii) lyophilization of aqueous liposomal dispersion with cryoprotectant, itself 

takes more than 24 hours and (iii) addition of carriers to obtain dry powder for 

inhalation [7-9,21-24]. Our study focuses to develop a fast, one step spray drying 

method for the preparation of proliposomes which upon hydration converts into 

liposomes through contact with water or biological fluid. Also this is a first report 

based on the use of a systematic Quality by design (QbD) approach to develop 

proliposomes by spray drying for DPI formulation. 

Rifapentine, a new semisynthetic rifamycin analogue derived from the 

fungus Amycolatopesis mediterranei was used as a model drug in the present 

study. It belongs to the class of piperazinyl hydrazone derivative of 3-formyl 

rifamycin having antimicrobial spectrum similar to rifampicin. USFDA has approved 

rifapentine for the treatment of pulmonary tuberculosis. It act by specifically 

inhibiting bacterial DNA-dependant RNA polymerase activity in susceptible cells 

without affecting mammalian enzyme. Due to longer half life (t1/2-13h) it is preferred 

over rifampicin (t1/2-3h) and has dosage regimen of 600 mg twice weekly for initial 

phase and once weekly during 4 months continuation phase of treatment [25,26]. 

Multivariable experiments were carried out to evaluate process and product 

performance by establishing design of experiments (DOE). With the help of DOE a 

relationship can be established between independent variables (Factors) and 

dependant variables or responses (Critical Quality Attributes, CQA) using 

regression analysis [27-30]. In the present study principles of QbD using factorial 

design approach were applied to prepare and optimize proliposomal dry powder for 

inhalation by spray drying.  

The objectives of the study were : 

 To evaluate the effect of selected independent variables on dependent 

variables using contour plots and multiple regression analysis.  
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 To study the influence of varying drug: hydrogenated soya phosphatidylcholine 

(HSPC) ratio and type of charged lipid on the critical quality attributes namely  

 Mass median diameter (MMD),  

 Liposomal vesicle size,  

 % Encapsulation efficiency (% EE),  

 Mass median aerodynamic diameter (MMAD), 

 Fine particle fraction (FPF) 

 The pulmonary pharmacokinetics of the optimized formulation was also 

established. 

5A.2 Experimental work 

5A.2.1 Standardization of HPLC method 

5A.2.1a Instrumentation 

A slight modification was made in the HPLC method reported earlier for the 

estimation of rifapentine [31,32]. Briefly, HPLC system (JASCO, Japan) consisting 

of a pump (JASCO Intelligent Pump, 2080 Plus, Japan) with UV spectrophotometric 

detector (JASCO UV 2075 Plus, Japan) and a 20-μl loop injector (Reodyne 7125) 

was used. The separation was carried out on reverse phase gold C18 column ((250 

mm × 4.6 mm, 10.0 μ) Thermo Electron Corporation, Bellefonate, PA, USA). The 

mobile phase consisted of 69.90:30:0.1 v/v/v of methanol: 0.01 M potassium 

dihydrogen phosphate (pH 5.0): Triethylamine (TEA) at a flow rate of 1.0 mL/min 

and the detection wavelength used was 338 nm. The data was analyzed by Borwin 

version 1.50 software (JASCO, Japan). 

5A.2.1b Rifapentine standard stock solutions 

The standard stock solutions of RPT were prepared by accurately weighing and 

transferring 10 mg of RPT into 10 mL volumetric flask containing 10 mL methanol to 

obtain the concentration of 1 mg/mL (1000 ppm). This stock solution was stable for 

at least three months when stored in refrigerator at 4ºC. Working standard solutions 

of RPT were prepared freshly by diluting the stock solution to an appropriate 

concentration with mobile phase. 

5A.2.1c Linearity and range    

The standard stock solution (1000 μg/mL) was further diluted to obtain standard 

working solutions in the concentration range of 0.1-5 μg/mL. Linearity of the method 

was studied by injecting these concentrations of the drug into the HPLC system 

thrice. The peak area was recorded for all the peaks and calibration curve was 

obtained by plotting peak area versus concentration of RPT.  
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5A.2.2 Preparation of rifapentine loaded proliposomes: 

5A.2.2a Preliminary study 

Preliminary study was accomplished to identify process inputs to be used for the 

preparation of rifapentine loaded proliposomal dry powder for inhalation (R-LDPI). 

In the preliminary study, process parameters of spray drying method such 

as nozzle gas flow rate, feed flow rate, inlet air temperature and aspirator capacity 

were optimized to obtain dry powder with particles in the respirable range (MMAD < 

5 μm) with maximum yield.  Further, the study was carried out by varying drug: 

HSPC molar ratios (0.5:1, 1:0.5, 1:1, 1:2, 1:4) HSPC: Cholesterol ratio (0.5:1, 1:1, 

1:2, 1:3 and 1:4), concentration of charged lipid (10, 20 and 30%), and L-leucin 

concentration (1, 5 and 10%) to obtain upper and lower limits of factor significantly 

affecting critical quality attributes of the liposomal dry powder for inhalation. 

Ishikawa diagram was generated to identify quality attributes for the better 

performance of developed liposomal dry powder inhalation formulation by one step 

spray drying method. Vesicle size, % EE, MMAD and FPF were found to be critical 

quality attributes of the final product (Figure 5A. 1). Factors influencing these quality 

attributes were identified as critical process parameters (CPP) and further risk 

assessment of CPP were evaluated using factorial design approach with the help of 

multiple regression analysis and contour plots.  

 

Figure 5A.1: Modified Ishikawa diagram 
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5A.2.2b Formulation of proliposomes 

Rifapentine-loaded proliposomes for inhalation (R-LDPI) were prepared by single 

step spray drying method. In a typical experiment, lipids such as HSPC, cholesterol, 

stearyl amine or stearic acid were dissolved in 15 mL ethanol (Table 5A.1). Also, an 

aqueous phase was prepared by dissolving Respitose SV010 (1.5 gm) and L-leucin 

(5 % of total solid) in 10 mL double distilled water. Both the solutions were heated 

to 60oC and mixed to obtain clear homogenous solution under stirring. In 

subsequent steps, 15 mL of ethanolic solution containing rifapentine (176 mg) was 

added. The entire procedure was carried out by maintaining the temperature at 

60oC to ensure that all the excipients along with the drug are in solubilized form.  

The formed solution was spray dried at inlet air temperature of 120±5oC, outlet 

temperature of 60-65oC, feed flow rate (1.2 mL/min), aspirator capacity of 35 % and 

1.8 bar of nozzle air flow. The spray dried product was filled in vial and stored in 

desiccator till further use. 

 To understand the influence of liposomal components a lipid free batch (R-

DPI-0) was prepared using rifapentine (176 mg), Respitose SV1010 (1.5 gm) and L-

leucin (5 % of total solid) by spray drying excluding the lipid components namely 

HSPC, cholesterol and charged lipid. 

5A.2.2c Experimental design 

32 factorial design (2-factor each at 3 levels) was used to demonstrate the effect of 

critical process parameters on LDPI performance and characteristics using MODDE 

9.1. (UMETRICS) Drug: HSPC ratio (X1) and type of charged lipid (X2) were 

selected as two process inputs. Dependent variables, geometric particle size/mass 

median diameter, liposomal vesicle size, % EE, MMAD and FPF were selected as 

critical quality attributes (Y). HSPC: cholesterol and L-leucin concentration were 

kept constant. Process inputs with coded as well as uncoded values and CQAs are 

presented in Table 5A.1. 

 

 

 

 

 



Chapter 5A                                       Rifapentine-proliposomal dry powder for inhalation 

 

Ph. D. Thesis: Arpana Patil-Gadhe         105         BVDU Poona College of Pharmacy, Pune 

Table 5A.1: 32 experimental design with coded levels and actual values of process 

inputs with CQAs with their desired/optimum values     

 

Variables 

Levels 

Low (-1) Medium (0) High (+1) 

X:Independent (Process input) 

Drug:HSPC ratio (molar) 1:0.5 1:1 1:2 

Type of charged lipid  

(30% of total lipid) 

Stearyl amine Nil Stearic acid 

Y:Dependant (Critical quality attributes) 

Y1:Geometric particle size > 5 μm 

Y2: Liposomal vesicle 

size 

> 200 nm   (200-600 nm) 

Y3: Encapsulation 

efficiency 

> 50 % 

Y4: MMAD < 5 μm 

Y5: FPF (< 4.4 μm) > 50 % 

 

5A.2.3 Characterization of liposomal DPI 

5A.2.3a Angle of repose 

The pile was carefully built up by dropping the material through a funnel till the tip of 

the funnel (height, 2 cm). The angle of repose was calculated by inversing 

tangentially the ratio of height and radius of the formed pile. 

5A.2.3b Bulk density and tapped density 

Bulk density was determined  by filling the powder in a 10-mL measuring cylinder, 

and followed by 500 taps (tap sufficient to obtain the plateau condition) using tap 

density tester (Electrolab, ETD-1020, USP, Mumbai, India) to determine tapped 

density. Carr’s compressibility index and Hausner’s ratio were determined by 

following formulae: 

Carr’s Index (%) = (tapped density-bulk density)/tapped density   100  

Hausner’s ratio = tapped density/bulk density                

5A.2.3c Moisture content 

Moisture content of the liposomal DPI was assessed in triplicate by Karl Fischer 

titrator (Veego/Matic-D, India). 
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5A.2.3d Particle Size (Mass median diameter, MMD) 

Volume mean diameter was measured using Malvern Mastersizer 2000® laser 

diffractometer attached with a dry sampling system (Scirocco 2000, Malvern 

Instruments, Malvern UK) with a suitable standard operating procedure (SOP). SOP 

was generated using lactose as a sample at refractive index of 1.33, 50% vibration 

feed rate, 12 s measurement time, 2 bar dispersive air pressure. Particle size is 

characterized by the mass median diameter (d0.5), i.e., the size in microns at which 

50% of the sample is smaller and 50% is larger. Values reported are the average of 

three observations. 

5A.2.3e Liposome vesicle size and zeta potential measurement 

Mean vesicle size and size distribution of rifapentine loaded liposomal dispersion 

was determined by dynamic light scattering with a Malvern MasterSizer 2000 

HydroSM (Malvern Instruments, Malvern, UK) after hydrating spray dried powders 

with double distilled water for 30 min. The analysis was repeated thrice and the 

width of the size distribution was reported as polydispersity index (PDI or Span). 

The charge on liposomal dispersion was determined using the Zetasizer 

(Nanoseries Model 2890, Malvern Instruments, Malvern, UK). Analysis time was 

kept for 60s and average zeta potential with charge was measured after dilution of 

hydrated liposomal dispersion samples with double distilled water at room 

temperature. 

5A.2.3f Drug content 

For drug content determination, powder (RLDPI) equivalent to 250 μg of rifapentine 

was dissolved in ethanol, filtered through a 0.45 μm filter and diluted with mobile 

phase before injection into HPLC system. 

5A.2.3g Encapsulation efficiency 

For estimation of percent encapsulation efficiency (% EE) of rifapentine-loaded 

proliposomes for inhalation (LDPI), initially drug loading was estimated by 

solubilizing proliposomes in ethanol. The drug encapsulated in liposomes was 

determined after rehydration of spray dried powder equivalent to 250 ± 25 μg of 

RPT in PBS (pH 7.4). For separation of free drug, liposomal dispersion was 

centrifuged (Allegra64R Centrifuge, Beckman Coulter India Pvt. Ltd.) at 25,000 rpm, 

20°C for 20 min. Rifapentine in supernatant was estimated as free drug by HPLC 

method as discussed above after it was dissolved in ethanol and diluted with mobile 

phase. 
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The % EE was determined by following Equation (1): 

% EE = 
                                           

                    
                                                (1) 

% EE was confirmed after dissolving settled liposome pellets in ethanol, dilution 

with mobile phase and its drug content in pellets was estimated using RP-HPLC as 

encapsulated drug. 

5A.2.3h Scanning electron microscopy (SEM) 

The surface morphology of pure drug, R-DPI-0 and optimized R-LDPI-7) was 

examined by SEM (JSM-5610 LV, JEOL, Japan). Powder samples were adhered to 

sample stubs, coated with a gold-palladium using sputter coater (VG Microtech, 

UK) and surface topography was viewed and analyzed with a Cambridge 

Stereoscan S120 scanning electron microscope (Cambridge, UK) using an 

accelerating voltage of 15 kV. 

5A.2.3i Diffuse reflectance infrared fourier transform spectroscopy (DRIFTS) 

A Jasco FTIR spectrophotometer (JASCO, FTIR-4100, Japan) equipped with 

diffuse reflectance accessory was used for infrared analysis. Approximately 1–2 mg 

of sample was mixed with dry potassium bromide and the samples were examined 

in transmission mode over wave number range of 4000 to 400 cm−1. Jasco spectra 

manager Ver. 2 (Japan) was used for data acquisition and analysis. 

5A.2.3j X-ray powder diffraction study (XRPD) 

The X-ray powder diffraction patterns were recorded on an X-ray diffractometer 

(PW 1729, Philips, Netherland). The samples were irradiated with 

monochromatized CuKα radiation (1.542 Å) and analyzed between 2–50° 2θ. The 

patterns were collected with a voltage of 30 kV and current of 30 mA, respectively. 

The range and the chart speed were 5×103 CPS and 10 mm/°2θ, respectively. 

5A.2.3k Differential scanning calorimetry (DSC) 

Thermograms of the pure drug, R-DPI-0 and R-LDPI-7 were studied on a METLER 

DSC 821e module controlled by STARe software (METLER Toledo GmbH, 

Switzerland). DSC measurements were performed at a heating rate of 10 °C/min 

from 25 to 250 °C using empty aluminum sealed pan as a reference. The sample 

sizes were 5–10 mg for each measurement. During measurement, the sample cell 

was purged with nitrogen at a flow rate of 50 mL/min. 
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5A.2.3l In-vitro release study 

In vitro release study was performed as described by Ramana et al. using dialysis 

bags (Dialysis membrane 110, Hi Media, India) [33]. Briefly, dialysis bag was 

immersed in and washed twice with boiling water for 15 min followed by rinsing in 

phosphate buffered saline (PBS, pH7.4) solution. Powder equivalent to ten doses of 

pure drug, R-DPI-0 and drug loaded proliposomes (one dose eq. to 1 mg ± 25 μg) 

were dispersed in 2 mL PBS and this dispersion was loaded in the dialysis bag 

sealed at both the ends after vortexing for 5 seconds. The drug release was 

evaluated after immersing dialysis bag in 25 mL PBS (pH 7.4) with 10% methanol, 

placed in vertical diffusion cell maintained at 37 ± 0.5oC as dissolution medium 

stirred at 50 rpm for 24 hours. 2 mL of the release medium was withdrawn for drug 

release at different time intervals (0 - 24 h) and replaced with 2 mL of fresh 

medium. The amount of drug released was measured using UV/visible 

spectrophotometer (Jasco V 530, Mumbai, India). Using a standard calibration 

curve the absorbance was converted into percentage release. To examine the drug 

release kinetics and mechanism, the data were subjected to the different kinetic 

models. 

5A.2.3m In-vitro aerosol performance study 

In-vitro aerosol performance and MMAD was determined using Westech 8 stage 

non-viable Cascade Impactor (Westech Scientific Instruments, Bedfordshire, UK) 

with a preseparator. The aerosolized parameters of the developed LDPI, including 

MMAD, FPF and emitted dose (ED) were examined at a flow rate of 60 L/min for 4 

sec. Cut-point aerodynamic diameters of -1 to 6 stages are 8.7, 6.6, 4.5, 3.2, 1.9, 

1.2, 0.57 and 0.26 μm, respectively. To prevent particle bounce and re-entrainment, 

these plates were precoated with 1 % of silicone oil in octanol. Powder equivalent to 

1 mg of rifapentine was filled in a size ‘2’ hard gelatin capsule and aerosolized 

using Rotahaler (Cipla Limited, Mumbai, India). For each impaction 10 capsules 

were aerosolized, with air drawn through it for 5 sec after each shot. Methanol was 

used to dissolve the samples deposited in capsule and inhaler device, induction 

port, preseparator and on each plate/stage of cascade impactor and rifapentine 

content was analyzed by HPLC. The cumulative percentage of deposition was 

calculated to its Z-value and plotted against the log of the cutoff diameter of each 

stage. The MMAD was obtained from the particle diameter at a Z-value of zero. The 

amount of drug recovered from the cascade impactor device is regarded as emitted 

dose whereas the fraction of particles smaller than 5 μm (more specifically < 4.4 

μm) reported as FPF. 
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5A.2.3n In-vivo pulmonary pharmacokinetics study 

Intra-tracheal instillation technique was used to ascertain in vivo pharmacokinetic 

properties of the developed formulations as per earlier reports [22,34]. The 

guidelines of the Committee for the Purpose of Control and Supervision on 

Experimental Animals (CPCSEA) were used to prepare an experimental protocol 

and were approved by the Institutional Animal Ethics Committee (IAEC) of Poona 

College of Pharmacy, Pune. Concisely, albino rats of either sex were obtained from 

National Toxicological Centre (NTC), Pune and were housed in individual plastic 

cages at a constant temperature. Rats were allowed free access to water and rat 

pelletized chow but abstained for 18 hours prior to experimentation. Randomly six 

albino rats (200 – 240 g, 12-16 weeks) were selected for each group for each time 

interval and anaesthetized intra-peritoneally using urethane solution (1.2 gm/kg). 

Small midline incision between the fifth and sixth tracheal rings was made over the 

trachea using a 20 guage needle and 5 - 7 cm long PE200 tubing was cannulated 

with the tip positioned at the bifurcation of trachea. A dose of 1 mg/kg of rifapentine 

(powder equivalent to 250 ± 10 μg of RPT per 250 g animal) was administered to 

animals intratracheally. Animals that were to be killed at 3, 6, 9, 12, and 24 h after 

administration had the cannula secured with sutures and the access cannula 

excised to leave a 1 cm protrusion. 

As control, sham animals receiving PBS were included along with the 

experimental groups on the day of the experiment. To obtain bronchoalveolar 

lavage (BAL) fluid, approximately 10 mL filtered (0.22 μm filter), prewarmed to 37oC 

phosphate buffer saline (PBS pH 7.4) was intra-tracheally injected slowly, 

withdrawn after 2 min by gentle aspiration yielded around 8 mL of BAL. To 

determine released and unreleased drug, drug content of lung homogenate (LH) 

and BAL fluid were determined using HPLC method after extraction, respectively.   

5A.2.3n.1 Standard solutions  

Rifampicin (RMP) was used as internal standard for the estimation of rifapentine 

concentration in biological samples. Standard stock solutions of rifapentine and 

rifampicin were prepared by dissolving 10 mg standard drugs in 10 mL methanol 

(1000 μg/mL). These stock solutions were stable when stored in refrigerator at 4ºC. 

Working standard solutions of rifapentine and rifampicin were prepared freshly by 

diluting stock solutions to the desired concentrations with mobile phase.  

5A.2.3n.2 Preparation of BAL fluid samples 

This BAL fluid obtained was centrifuged at 3000 rpm for 15 min and unreleased 

drug was determined in supernatant.  BAL fluid standard samples were prepared by 
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spiking blank rat BAL fluid with rifapentine and rifampicin. These samples were 

processed by liquid-liquid extraction method. Briefly, to 100 μL of BAL fluid standard 

or sample, 300 μL of IS in acetonitrile:ethanol (1:1) was added. Mixture of 

acetonitrile and ethanol used to prepare IS solution also serves as an extraction 

solvent. This mixture was vortexed for 10 minutes, followed by centrifugation at 

7000 rpm for 15 minutes at 4ºC. The supernatant was collected and a volume of 20 

μL was injected into the HPLC system.  

5A.2.3n.3 Homogenization of lung and extraction of rifapentine from lung 

tissue samples 

To study lung deposition, released rifapentine was analyzed. The portions of the 

trachea below the instillation site and the lungs were excised. The excised tissue 

was homogenized in 10 mL PBS with 10 % ethanol and centrifuged at 5000 rpm for 

20 min at 25oC. To 200 μL of the supernatant 300 μL of IS solution in mixture of 

acetonitrile:ethanol (1:1) was added, vortexed for 10 min and followed by 

centrifugation at 7000 rpm for 15 minutes at 4ºC. The supernatant was collected 

and a volume of 20 μL was injected into the HPLC system. 

5A.2.4 Statistical analysis 

Each batch was prepared three times and data from all experiments were 

expressed as the mean ± standard deviation (SD). Significance of each 

independent factor selected for study at their effects on dependant variables was 

established using ANOVA and Student’s t-test. p < 0.05 was considered significant. 

5A.3 Result and discussion 

5A.3.1 Analytical method development and calibration curve  

Previously reported HPLC method was used after slight modification in the mobile 

phase to estimate the rifapentine with good resolution. A standard solution of 0.1-5 

μg/mL was injected (20 μL) and analyzed, by HPLC using UV detection wavelength 

at 338 nm. Figure 5A.2 represents chromatogram for 1 μg/mL solution of standard 

rifapentine. 
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Figure 5A.2: HPLC chromatogram of standard rifapentine (1.0 μg/mL). 

Linearity        

A good correlation coefficient (r2 =0.999) was obtained for the studied concentration 

range of 0.1 – 5 μg/mL (Figure 5A.3). A graph of peak area versus rifapentine 

concentration showed a linear relationship. The mean values of slope and intercept 

were 24542 and 4109 for rifapentine, respectively. 

Figure 5A.3: Calibration curve of rifapentine by HPLC. 

 

5A.3.2 Formulation of proliposomes 

Spray drying, a fast one step method requiring less energy than freeze drying, was 

selected for the preparation of proliposomes. For the preparation of proliposomes 

for inhalation (LDPI) by spray drying, mixture of ethanol and water (3:1 

hydroalcoholic solution) was found to be a suitable solvent mixture. Spray drying 
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process parameters such as inlet air temperature (110 ± 5°C), outlet temperature 

(60-65°C), nozzle air flow (1.8 bar ), feed flow rate (1.2 mL/min), and aspirator 

capacity (35 %) were optimized such a way that obtained product possess 

favorable aerodynamic properties with respect to MMAD and FPF.  

Kikuchi et al. reported that with precise control on the spray drying 

parameters liposomes of better quality with good reproducibility can be prepared 

[35]. This can be attributed to the method of evaporation of organic solvents used to 

dissolve lipids. Powder with very larger surface area was obtained by the spray 

drying method resulting in rapid hydration of proliposomes to give liposome. Control 

on particle size and particle size distribution with other particle characteristics can 

be achieved using one step continuous spray drying method [36]. Also, colloidal 

particles in the respirable range with favorable aerodynamic characteristics (MMAD 

< 5 μm and higher FPF) were formed by spray drying method. The positive aspect 

of using the spray drying method was that the product with homogeneity in the 

composition of drug powder to be delivered via pulmonary route was obtained since 

lipid solution rather than suspension were spray dried which did not require any 

further processing to prepare dry powder for inhalation. 

HSPC being hydrogenated possesses good physical and chemical stability, 

acts as surfactant and helps in improving surface properties of particles by reducing 

particle-particle interactions and renders the surface of the particles less adhesive 

[37]. 

From the preliminary studies, drug: HSPC ratio and type of charged lipid 

were found to have significant impact on physical and aerodynamic characteristics 

of the proliposomes. To study their effect, 32 factorial design approach was used 

with the help of contour plots. Concentration of less significant factors such as 

cholesterol: HSPC ratio, concentration of charged lipid and L-leucin concentration 

were kept constant. 

When drug: HSPC ratio (molar) was increased from 1:0.25 to 1:2 a 

significant increase in encapsulation efficiency was observed from 15 % to 65 % but 

further increase in ratio to 1:4 yielded a sticky product. With 1:0.25 ratio % EE was 

only 15 %, therefore, 1:0.5 to 1:2 ratios were selected for the study. Addition of 

cholesterol for the preparation of liposomes was reported to improve fluidity and 

thus stability of liposome bilayers [38]. Therefore, it was included in the formulation 

of proliposomes. Liposomes prepared with cholesterol were found to be more 

stable than liposomes without cholesterol with respect to particle size and % EE 

after rehydration with water at room temperature. To study the effect of cholesterol 

on % EE, cholesterol: HSPC ratio (molar) was varied from 1:0.5 to 1:4. Drug 
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leakage was observed from liposomes prepared with 0.5:1 and 1:1 cholesterol: 

HSPC ratio, whereas 1:3 and 1:4 gave sticky product with no increase in % EE. 

Rather a decrease in % EE was observed which could be attributed to interference 

of cholesterol with close packing of lipids increasing fluidity of the membrane 

[33,39]. From the preliminary study 1: 2 cholesterol: HSPC ratio was found to be 

optimum and used for the preparation of proliposomes using spray drying method. 

To further increase % EE, charged lipid such as stearic acid and stearyl 

amine was included in the formulation in the range of 10 - 30 % [40]. From the 

Table 5A.3, it can be concluded that batches without charged lipid yielded less zeta 

potential, ultimately affecting stability. To exclude the effect of carbon chain length, 

both the charged lipids were selected from the same alkyl chain length group. 30% 

of both the charged lipids gave superior liposomes with respect to % EE and zeta 

potential values. 

To yield powders with improved flow and aerodynamic characteristics L-leucin was 

added with other ingredients. It acts as an anti-adherent and due to its 

deaggregation properties produces light particles by reducing interparticle bonding 

[22]. 5 % of L-leucin was found to be optimum for obtaining better quality 

proliposomes. 

5A.3.3 Physico-chemical characterization of liposomal dry 

powder for inhalation (LDPI) 

5A.3.3.1 Flow properties (Angle of repose, Bulk density, Tapped 

density) 

From Table 5A.2 angle of repose (θ) for all the batches prepared was found to be in 

the range of 23 - 31° whereas bulk and tapped densities were in the range of 

0.0882 - 0.6093 g/cc and 0.105 - 0.677 g/cc, respectively.  

 Free flowing nature of the spray dried powders could be attributed to 

presence of spray dried inhalable grade lactose (Respitose SV010) and L-leucin. 

Tapped density values confirmed formation of low density aerodynamic particles (ρt 

< 0.4 gm/cc) which results in maximum drug deposition in deep lung [23]. 

5A.3.3.2 Moisture content  

Moisture content for all the prepared proliposomes was found to be in the range of 

0.33 10-4 –0.41 10-4 % whereas for pure rifapentine and R-DPI-0 it was 0.53 and 

0.009 %, respectively (Table 5A.2).  
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Table 5A.2: Physicochemical properties of developed RLDPI ± S.D. 

Batch 

code 

Angle of 

repose  

(θ; º) 

Bulk density 

(db; g/cc) 

Tapped 

density 

(dt; g/cc) 

Carr’s 

index 

(C) 

Hausner’s 

ratio  

(H) 

Moisture 

content 

(%) 

Pure RPT 37 ± 2.30 0.7565±0.04 0.9114 17 1.20 0.53 

R-DPI-0 35 ± 1.91 0.2024±0.03 0.2304 12 1.14 0.009 

R-LDPI 1 31 ± 1.84 0.1194±0.06 0.127 6 1.06 0.99×10
-4

 

R-LDPI 2 29 ± 2.11 0.1602±0.08 0.178 10 1.11 0.41×10
-3

 

R-LDPI 3 26 ± 1.67 0.1190±0.03 0.128 7 1.08 0.66×10
-4

 

R-LDPI 4 29 ± 1.13 0.2021±0.03 0.235 14 1.16 0.33×10
-4

 

R-LDPI 5 23 ± 1.65 0.3311±0.05 0.372 11 1.12 0.11×10
-3

 

R-LDPI 6 28 ± 1.92 0.2926±0.04 0.318 8 1.09 0.62×10
-4

 

R-LDPI 7 26 ± 1.42 0.2138±0.03 0.243 12 1.14 0.33×10
-4

 

R-LDPI 8 26 ± 1.09 0.2394±0.05 0.285 16 1.19 0.50×10
-4

 

R-LDPI 9 30 ± 1.77 0.4293±0.06 0.477 10 1.11 0.62×10
-4

 

 

5A.3.3.3 Scanning electron microscopy (SEM)  

SEM photomicrographs of pure RPT and spray dried formulations are presented in 

Figure 5A.4. SEM of pure drug revealed needle shaped crystals (Figure 5A.4a) 

whereas Figure 5A.4b for R-DPI-0 showed spherical particles with rough surface 

after spray drying. Smooth, spherical particles of liposomal dry powder for 

inhalation (R-LDPI-7) were observed in Figure 5A.4c.   

Surface roughness as revealed from the SEM images (Figure 5A.4b) of R-

DPI-0 can be attributed to the faster crystallization of lactose (Respitose SV010) at 

high inlet temperature of 120°C; whereas smooth spherical particles generated in 

batch R-LDPI-7 can be attributed to the presence of lipids in the formulation.     

 

Figure 5A.4: Scanning Electron Photographs for a) Pure Rifapentine; b) R-DPI-0; 

c) Rifapentine encapsulated proliposomes for inhalation (R-LDPI-7). 
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5A.3.3.4 Mass Median Diameter (MMD) 

Geometric particle size for all the batches is reported in Table 5A.3 as MMD and 

regression coefficients (β), p-values and r2 are depicted in Table 5A.4. The effect of 

selected process inputs on MMD is graphically represented in Figure 5A.5. Average 

MMD for rifapentine loaded proliposomes was found to be 7.73 μm and selected 

process inputs were found to have significant impact on average MMD (p < 0.01). 

When drug: HSPC ratio was increased particle size was found to decrease 

(β1= -0.82) which could be attributed to the presence of HSPC. Being amphiphilic in 

nature, HSPC acts as surfactant to assist in droplet formation during spray drying 

and improves powder surface characteristics by reducing interparticle interactions 

to reduce powder cohesiveness [37]. No significant effect was observed on particle 

size when charged lipid was changed from stearyl amine to stearic acid (β2=0.398, 

p=0.627) and when both the variables were changed simultaneously (β12=0.278, 

p=0.780). 

Figure 5A.5: Effect of type of charged lipid and drug:HSPC ratio on MMD  
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Table 5A. 3: Experimental design with coded levels of variables with responses obtained for critical quality attributes from experimental 

batches (n=3) 

a MMADp: Practical mass median aerodynamic diameter; b MMADt: Theoretical mass median diameter;*  

Drug content was reported since R-DPI-0 batch prepared without components of liposomes;  

Spand is the polydispersity index (PDI) for mass median diameter 

 

Batch No 

 

D:HSPC 

Ratio 

Type  

of 

charged 

lipid 

 

MMD 

(μm) 

 

Spanc 

 

Vesicle 

size (nm) 

 

Spand 

 

EE 

(%) 

 

MMAD (μm) 

 

FPF 

(%) 

Zeta 

potential 

(mV) MMADpa MMADtb 

R-LDPI 1 -1 -1 9.05±0.3 0.96 650±15.6 1.3 47.33±2.6 3.14±0.23 3.22 82.25±1.6 30.4±1.6 

R-LDPI 2 -1 0 8.9±0.9 1.02 803±10.6 0.98 22.71±1.3 3.82±0.3 3.76 77±2.6 -12.1±1.9 

R-LDPI 3 -1 1 9.1±0.6 1.1 851±4.9 1.2 24.97±3.2 3.15±0.19 3.26 77.95±2.3 -34.6±2.1 

R-LDPI 4 0 -1 6.5±0.85 0.89 609±9.4 1.21 64.02±1.2 3.19±0.21 3.15 85.3±1.8 42.2±3.6 

R-LDPI 5 0 0 6.2±0.26 1.14 715±5.1 0.87 37.12±3.1 3.71±0.28 3.78 69.71±1.6 -7.26±1.3 

R-LDPI 6 0 1 7.68±0.56 0.99 735±6.8 1.4 43.36±1.6 4.65±0.33 4.33 66.36±3.5 -23±2.5 

R-LDPI 7 1 -1 5.32±0.32 0.94 578±4.9 0.25 72.08±1.9 1.56±0.16 2.62 92.5±1.5 29.4±1.2 

R-LDPI 8 1 0 10.34±0.4 1.3 477±5.6 1.31 48.68±2.1 3.37±0.25 3.35 82.36±3.3 -10±3.2 

R-LDPI 9 1 1 6.48±0.29 1.02 442±4.6 1.25 53.7±1.3 5.26±0.39 4.48 59.77±4.2 -31±2.4 

Pure RPT - - 8.5±1.2 0.87 - - - 7.06±0.69 8.11 49.89±6.1 -14.4±4.2 

R-DPI-0 - - 6.3 ±0.37 1.5 - - 83±2.9* 2.13±0.15 3.05 85.3±4.2 -17.5±1.9 
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Table 5A.4: Summary of multiple regression analysis measured for critical quality 

attributes 

 

5A.3.3.5 Liposome vesicle size and zeta potential measurement 

Liposomal vesicle size and zeta potential determined after hydration of 

proliposomes obtained by spray drying are reported in Table 5A.3. The effect of 

selected process inputs on vesicle size is graphically represented in Figure 5A.6. 

Vesicle size of liposomes varied between 442 ± 4.6 nm to 803 ± 10.6 nm with 

average vesicle size of 651.11 nm (p=1.99 10-7, R2=0.921; Table 5A.4). 

 Kanchan et al. and Rojanarat et al. [20,41] reported that macrophages will 

efficiently engulf particles in the range of 200 - 600 nm and bigger particles will kill 

bacteria present extracellularly. p value of 0.0012 of X1 indicated highly significant 

impact of drug: HSPC ratio on reducing vesicle size (β1= -134.5). This reduction in 

particle size can be attributed to high hydrophobic interaction of rifapentine with lipid 

bilayer of liposomes resulting in decrease in the vesicle size [42,43]. The interaction 

term (X1X2) explaining the effect of two independent variables simultaneously on 

vesicle size was also found to be significant. When both drug: HSPC ratio was 

increased and type of charged lipid was changed from stearyl amine to stearic acid 

vesicle size decreased. This decrease in vesicle size can be ascribed to increase in 

drug: HSPC ratio since type of charged lipid did not showed significant effect alone 

(p > 0.05) on vesicle size. 

 

Factors Mean X1 X2 X1X2 R2 

MMD Coefficients (β) 7.73 -0.82 0.398 0.278  

0.229 p-value 6.27X10-5 0.336 0.627 0.780 

Vesicle 

size 

Coefficients (β) 651.11 -134.5 31.83 -84.25  

0.921 p-value 1.99X10-7 0.0012 0.177 0.019 

EE Coefficients (β) 43.77 9.91 -13.57 -4.00  

0.802 p-value 3.23X10-5 0.048 0.016 0.43 

MMAD Coefficients (β) 3.54 0.013 0.86 0.92  

0.905 p-value 1.5X10-6 0.94 0.0034 0.0061 

FPF Coefficients (β) 77.02 -0.43 -9.33 -7.11  

0.874 p-value 5.7X10-8 0.83 0.0041 0.026 
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Figure 5A.6: Effect of type of charged lipid and drug:HSPC ratio on liposomal 

vesicle size. 

Aqueous dispersion of pure rifapentine had zeta potential of -14.4 ± 4.2 mV 

whereas zeta potential of R-DPI-0 was found to be -17.5 ± 1.9 mV. Zeta potential of 

all the LDPIs prepared by spray drying ranged from -34.6 ± 2.1 to 42.2 ± 3.6 mV. 

Zeta potential values demonstrated that liposomal batches prepared with 

stearyl amine yielded as the most stable as compared to batches containing no 

charged lipid and stearic acid. Out of all the LDPIs prepared, batch R-LDPI-7 was 

found to be stable with zeta potential of 29.4 ± 1.2 mV. 

 

5A.3.3.6 Encapsulation efficiency (% EE) 

% EE of all the prepared batches ranged from 22.71 to 72.08 (Table 5A.3) with 

average % EE of 43.77 (R2=0.802, Table 5A.4). Figure 5A.7 represented effect of 

two independent variables on % EE. As depicted in Table 5A.4 and Figure 5A.7, 

increase in drug: HSPC ratio was found to have significant effect on enhancing 

encapsulation efficiency (p < 0.05). The increase in encapsulation efficiency on 

increase in drug: HSPC ratio could be attributed to the fact that the higher amount 

of lipid was available to encapsulate rifapentine which further increase the 

hydrophobicity leading to enhanced encapsulation. From Table 5A.4 it is evident 

that process inputs X2 has significant decreasing effect on % EE (β2= -13.57, 

p=0.016). A significant difference was observed between % EE of the batches 

prepared with stearyl amine, without any charged lipid and stearic acid (p < 0.0001). 
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Figure 5A.7: Effect of type of charged lipid and drug:HSPC ratio on % 

encapsulation efficiency of RPT in liposomes. 

Stearyl amine bearing liposomes gave maximum encapsulation than 

liposomes with no charged lipid and in turn than liposomes with stearic acid. This 

could be attributed to the charge present on these liposomes and rifapentine. 

Electrostatic interaction between stearyl amine bearing liposomes with positive 

charge and negatively charged rifapentine enhanced encapsulation efficiency; 

whereas repulsion between stearic acid bearing liposomes due to negative charge 

and rifapentine gave minimum % EE. 

5A.3.3.7 Diffuse reflectance infrared fourier transform spectroscopy 

(DRIFTS) 

IR spectra obtained for pure drug rifapentine, R-DPI-0 (Batch without components 

of liposome) and RPT loaded liposomes (Batch R-LDPI-7) are presented in Figure 

5A.8. The characteristic peaks of rifapentine (Figure 5A.8a) appeared at 3438.10 

cm-1 for N-H stretching vibrations, strong band at 1566.13 cm-1 because of aromatic 

ring vibrations, strong O-CH3 rocking vibration band at 1251.29 cm-1. Other 

significant vibration peaks were observed at 2968.07 and 2879.52 cm-1 for C-H 

stretching, for C-H deformation at 1454.32, 1375.84 and 1329.41 cm-1, 1646.85 cm-

1 for C=O stretching and 1000-500 cm-1 for C-H out of plane wagging. IR spectra of 

RDPI-0 (Figure 5A.8b) and R-LDPI-7 (Figure 5A.8c) also showed the characteristic 

peaks for the rifapentine.   

 Significant interactions between active and inactive components of 

formulation result in changes in the IR spectra. FTIR study concludes no physical 
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interaction as well as no new bond formation of drug with L-leucin, lactose and the 

components of the liposomes. 

 

Figure 5A.8: Diffuse reflectance infrared fourier transform spectra (DRIFTS) for a) 

Pure Rifapentine; b) R-DPI-0; c) Rifapentine encapsulated proliposomes for 

inhalation (R-LDPI-7). 

5A.3.3.8 X-ray powder diffraction study (XRPD) 

Crystal lattice structure of the prepared proliposome powders was evaluated by X 

ray diffraction measurements and the obtained diffractograms are reported in 

Figure 5A.9. Figure 5A.9a represents diffractogram for pure crystalline rifapentine 

which indicates sharp characteristic peaks at diffraction angle (2θ) of 6.6, 7.4, 10.0, 

12.1, 12.4, 13.3, 15.8 and 16.7 which are similar to peaks reported in literature 

[44,45]. In case of spray dried batches R-DPI-0 (Figure 5A.9b) and R-LPDI-7 

(Figure 5A.9c) these sharp peaks characteristic of crystalline nature were absent.  

Presence of sharp diffraction peaks in Figure 5A.9a confirmed crystalline 

nature of the pure rifapentine. Absence of characteristic diffraction peaks in spray 

dried formulations namely R-DPI-0 and R-LDPI-7 (Figure 5A.9b and 9c) indicated 

conversion of crystalline drug into amorphous form after spray drying. 
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Figure 5A.9: X-Ray Diffractograms for a) Pure Rifapentine; b) R-DPI-0; c) 

Rifapentine encapsulated proliposomes for inhalation (R-LDPI-7). 

5A.3.3.9 Differential scanning calorimetry 

DSC thermograms for pure drug and spray dried formulations are reported in Figure 

5A.10. Figure 5A.10a showed an endotherm at 173 °C with ΔH—67.43 J g−1 for 

pure rifapentine corresponding to the melting of drug. However, no melting 

endotherm was observed in Figure 5A.10b and 5A.10c for R-DPI-0 and R-LDPI-7, 

respectively.   

 Absence of melting endotherms in thermograms for R-DPI-0 and R-LDPI-7 

confirmed physical transformation from crystalline to amorphous state of drug after 

spray drying. Decomposition of drug was observed after 200°C in all the three 

formulations. Zhou et al. also established drug decomposition after 200°C by 

thermo-gravimetric/differential thermal (TG/DTA) analysis [45]. 
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Figure 5A.10: Differential scanning calorimetry a) Pure Rifapentine; b) R-DPI-0; c) 

Rifapentine encapsulated proliposomes for inhalation (R-LDPI-7). 

5A.3.3.10 In-vitro release study 

In-vitro release of rifapentine from optimized formulation (Batch R-LDPI-7) was 

compared with release of pure drug and R-DPI-0 using vertical diffusion cell for a 

period of 24 h. In-vitro drug release studies (Figure 5A.11) showed approximately 

100 % drug release at the end of 8 h and 4 h from pure rifapentine and R-DPI-0, 

respectively whereas 90% drug was released from R-LDPI-7 at the end of 24 h.  

 The regression coefficient values (R2) (Table 5A.5) established a linear 

relationship between percent drug diffused and square root of time (SQRT) 

suggestive of diffusion controlled release. The results of in-vitro release study 

suggested the sustained release of drug encapsulated in liposomes when 

compared to pure drug and spray dried drug in absence of lipids. 
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Figure 5A.11: In-vitro release of RPT from Pure RPT (-■-), R-DPI-0 (-●-) and 

RLDPI-7 (-▲-) 

Table 5A.5 Regression coefficients for in-vitro release 

Model/Order Regression coefficient (R2) 

Pure RPT RLDPI-0 RLDPI-7 

Zero 0.940 0.870 0.748 

First 0.563 0.590 0.301 

Higuchi 0.990 0.990 0.952 

Korsmeyer-

Peppas    

                     (n)* 

0.566 0.397 0.476 

1.445 2.048 0.850 

* Values in the parenthesis represent value of ‘n’ (mechanism of drug release) for 

Korsmeyer-Peppas kinetic model. 

5A.3.3.11 Characterization of aerosol performance/in vitro lung 

deposition study 

Aerodynamic characteristics of the developed formulations such as MMAD and FPF 

are presented in Table 5A.3. The regression coefficient and p values are given in 

Table 5A.4.The effect of selected critical process inputs on MMAD and FPF are 

demonstrated in Figure 5A.12 and Figure 5A.13, respectively. For all the 

formulations recovery was found to be more than 93 %. All RPT-loaded 
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proliposomes (R-LDPI-1 to R-LDPI-9) showed MMAD in the range of 1.56 – 5.26 

μm (p > 0.05) with average MMAD of 3.54 μm (p=1.5X10-6, R2=0.905). Also it was 

observed that practical MMAD values were in agreement with the theoretical MMAD 

values (1.94 - 5.33 μm, p > 0.05) calculated from MMD and tapped density. Both 

the independent variables were found to be positively influencing MMAD. Drug: 

HSPC ratio (X1) had less significant effect (p > 0.05) than type of charged lipid (X2) 

and interaction of factors (X1X2, p < 0.01) whereas X2 and X1X2 significantly 

affected MMAD. Increase in MMAD can be correlated with the tapped density of the 

proliposome powders. As drug: HSPC ratio was increased and the charged lipid 

was changed from sterayl amine to stearic acid, tapped density was found to 

increase which might have affected the aerodynamic behavior of the powders. 

Spray drying is reported to yield fluffy or amorphous powders and results in light, 

less denser powder [46]. It was noticed that stearic acid RLDPI batches were 

denser than the stearyl amine RLDPI batches and therefore, higher MMAD was 

observed for stearic acid RLDPI batches. 

 

Figure 5A.12: Effect of type of charged lipid and drug:HSPC ratio on MMAD. 

The FPF (fraction of powder < 4.6 μm) ranged from 60 % – 92 % and the ED value 

for all the formulations were more than 90 %. FPF was correlated with MMAD and it 

was found that as the MMAD value decreased FPF increased. Batch R-LDPI-7 

gave a smallest MMAD with higher FPF among all the formulations. Mean FPF for 

all LDPI batches was found to be 77.02 % (p < 0.0001). As depicted in Figure 

5A.13, both the process inputs, X1 and X2 with their interaction term (X1X2) were 
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found to be negatively influencing FPF.  X2 (p < 0.01) and X1X2 (p < 0.05) were 

found to affect FPF significantly than X1 (p > 0.05). When formulations are 

administered as dry inhalation, particles in the range of 1 - 5 μm will only reach 

lower respiratory tract whereas particles greater than 5, particularly larger than 10 

μm will be impacted at bifurcation and particles smaller than 1 μm will be exhaled 

out by brownian motion [47]. From the results it can be concluded that all the 

prepared proliposomal formulations met the requirements of dry powder for 

inhalation. 

Figure 5A.13: Effect of type of charged lipid and drug:HSPC ratio on FPF. 

 

Drug deposition pattern of all the RLDPI batches prepared is shown in Figure 

5A.14. Though for all the RLDPI batches MMAD was in range of 1.56 – 5.26 μm 

which is the required aerodynamic diameter, maximum deposition was observed in 

the stage 1 for most of the batches. However, as depicted graphically, the 

optimized formulation RLDPI-7 showed satisfactory deposition on stages 3, 4 and 5 

which are equivalent to trachea and primary bronchus, secondary and tertiary 

bronchus, respectively. MMAD and FPF for RLDPI-7 were found to be 1.56 ± 0.16 

μm and 92.5 ± 1.5 %, respectively. 
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Figure 5A.14: In-vitro aerosol deposition of different RLDPI batches on different 

stages of cascade impactor.  

5A.3.3.11 In vivo pulmonary pharmacokinetics study 

5A.3.3.11a Bioanalytical method 

The bioanalytical method with highest specificity and sensitivity was developed for 

the estimation of rifapentine in BAL fluid and lung tissue (Figure 5A.15 and 5A.16). 

Rifampicin was used as an internal standard (IS). Highest extraction efficiency was 

obtained for ethanol as an extraction solvent for the liquid-liquid extraction method.  

Figure 5A.15: HPLC chromatogram of extracted BAL fluid spiked with pure 

rifapentine and internal standard, rifampicin 
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Figure 5A.16: HPLC chromatogram of extracted lung tissue spiked with pure 

rifapentine and internal standard, rifampicin 

 

5A.3.3.11b Linearity 

The standard curve was obtained by plotting the area ratio of rifapentine/rifampicin 

versus the concentration of rifapentine (Figure 5A.17 and 5A. 18). The regression 

equation obtained for the calibration curve of rifapentine in BAL fluid is y= 0.019x-

.002 and that for lung homogenate is y= 0.009x+0.011. Rifapentine showed good 

correlation coefficient (R2= 0.998 and 0.997) in the concentration range of 0 - 10 

and 0 – 50 μg/mL for BAL fluid and lung homogenate, respectively. 

Figure 5A.17: Calibration curve of rifapentine in extracted BAL fluid spiked with 

rifapentine. 
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Figure 5A.18: Calibration curve of rifapentine in extracted lung homogenate spiked 

with rifapentine.  

5A.3.3.11c Single dose pulmonary pharmacokinetic 

To evaluate and compare residence time of rifapentine loaded liposomes from 

spray dried proliposomes (R-LDPI-7) with pure RPT and R-DPI-0 in the lung, in-vivo 

pharmacokinetics studies were conducted in Wistar rats. Concentration of drug in 

BAL is depicted graphically in Figure 5A.19a whereas lung drug concentration–time 

profiles for each treatment are graphically represented in Figure 5A.19b. The 

pharmacokinetic parameters calculated are given in Table 5A.6. Post intra-tracheal 

instillation of pure drug, R-DPI-0 and R-LDPI-7, approximately 72.11 ± 3.61, 63.02 

± 2.58 and 69.18 ± 2.21 % of drug was recovered in BAL as free drug which was 

found to decrease by 24 h. No drug was recovered in BAL for pure RPT and R-DPI-

0 after 6 and 12 h, respectively. 19.67 % drug was absorbed from pure rifapentine 

whereas 35.65 and 31.16 % drug was found in the LH for R-DPI-0 and R-LDPI-7, 

respectively within 1 h.  

More than two fold increase in Cmax was found for spray dried formulations 

when compared with pure drug but time required to reach this maximum 

concentration (Tmax) for all the formulations was same (Table 5A.6). Also, values 

of AUC0-24 and AUC 0-∞ were doubled for R-DPI-0 whereas R-LDPI-7 showed 6 and 

14 times increase in the same, respectively as compared to pure rifapentine. 

Though the Tmax was found to be same for all the formulations, mean residence 

time (MRT) and t1/2 differed significantly.  

Drug present in the bronchoalveolar lavage (BAL) is unabsorbed drug available 

for absorption whereas drug in the lung homogenate (LH) is the absorbed drug 
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ready for pharmacological action. The increase in the absorption of rifapentine from 

R-DPI-0 and R-LDPI-7 as compared to pure drug (p < 0.01) for first one hour can 

be attributed to spray drying method which is reported to reduce particle size, thus 

increasing the solubility and ultimately improving bioavailability. 

Figure 5A.19: % RPT in (a) BAL and (b) LH; Pure RPT (-■-), R-DPI-0 (-●-) and R-

LDPI-7 (-▲-). 

Table 5A. 6: Lung pharmacokinetic (pulmokinetic) parameters 

Parameters Pure RPT R-DPI-0 R-LDPI-7 

Cmax (μg/mL) 7.15±1.24 18.65±3.21 16.86±2.94 

Tmax (h) 3 3 3 

AUC0-24hr (μg.h/mL) 12.6±3.57 30.78±4.67 81.00±5.15 

AUC0-∞ (μg.h/mL) 15.10±4.55 36.25±3.84 211.31±10.54 

Kel (h-1) 0.841±0.120 0.937±0.271 0.104±.0158 

t1/2 (h) 0.82±0.214 0.739±0.201 6.69±0.365 

MRT (h) 2.18±0.437 1.97±0.564 13.96±0.768 

Vd (L) 23.6±3.75 8.67±2.57 29.78±2.38 

Cl 16.56±1.23 6.90±1.01 1.18±0.91 

TF* - 2.40 13.995 
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Decrease in values of MRT and t1/2 of drug from R-DPI-0 as compared to 

pure drug can be attributed to the rate of flow of drug through the pulmonary 

system. Increase in inflow (absorption, Cmax: 18.65 vs 7.15 μg/mL) and outflow 

(elimination, Kel: 0.9373 vs 0.841 h-1) of the drug through the lung was found to 

decrease the t1/2 and MRT. Faster absorption of drug due to reduction in particle 

size was achieved which might have led to increase in solubility of this BCS class II 

drug after spray drying. 

Liposomal encapsulated drug formulation (R-LDPI-7) showed 8-fold 

increase and 7 fold increase in MRT which can concluded to prolonged elimination 

due to due to altered drug distribution (Vd: 29.78 vs 23.6 mL) as compared to pure 

drug. Increase in t1/2 and residence time can be ascribed to rate at which drug is 

eliminated from the pulmonary system, smaller the rate of elimination, longer the t1/2 

and MRT. 

Conclusion 

The proposed method of spray drying was found to be suitable for production of 

liposomal dry powder for inhalation for pulmonary delivery using QbD principles and 

DOE approach. Being a single step, the method was found to be economical for the 

production of proliposomes for pulmonary delivery. Prepared proliposomes were 

characterized by contour plots and multiple regression analysis. Findings of the 

study demonstrated that selected process inputs significantly influences critical 

quality attributes of the proliposomes. In vitro pulmonary deposition study using 

cascade impactor confirmed the production of aerodynamic particles for pulmonary 

delivery with higher FPF and ED. Sustained release with higher mean residence 

time was obtained for prepared rifapentine encapsulated liposomes. Thus, we have 

successfully demonstrated the application of QbD principles and DOE approach to 

develop drug encapsulated proliposomes for inhalation by spray drying in single 

step. 
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PART B. IN-VITRO CYTOTOXICITY AND IN-VIVO TOXICITY OF 

RIFAPENTINE LOADED PROLIPOSOMAL DRY POWDER FOR 

INHALATION 

5B.1 Definition of problem, strategy and objective 

Tuberculosis (TB) is a global epidemic infectious disease after HIV/AIDS, and is 

caused by deposition of Mycobacterium tuberculosis (MTB) in the lung(s) [48]. More 

than 80% of the TB population suffers from pulmonary TB alone. Since oral 

administration of anti-TB drug is associated with extensive first pass metabolism, 

very less amount reaches the lung and thereby alveolar macrophage (Mɸ) of target 

cells which harbor the MTB resulting in failure of the therapy. This requires 

administration of very high doses of the drug which may cause systemic toxicity 

[49-51]. Further, prolonged oral administration of systemic doses of single or 

combined antibiotics is associated with unwanted side effects resulting in poor 

patient compliance. Thus, to overcome drawbacks of oral therapy, the anti-TB 

drugs should be targeted to the Mɸ, which will eventually improve efficacy and 

reduce systemic side effects [52,53]. Muttil et al have reported 20-fold higher 

concentrations of isoniazid and rifabutin in intra-macrophages when encapsulated 

within poly(lactic acid) and administered as aerosols than oral, intravenous and 

intra-tracheal instillation of pure drug [54]. Liposomal formulations are readily 

accepted because of the biological safety and compatibility of liposomes and lung 

surfactant [55]. Lung surfactant comprises of phospholipid (78-90 %), protein (5-10 

%) and neutral lipid (such as cholesterol; 4-10 %). The most abundant component 

of lung surfactant is phosphatidyl choline (PC; 70-80 % of total lipid) and 50-70 % of 

the PC corresponds to dipalmitoyl phosphatidyl choline (DPPC) [56].  

Several strategies have been reported in the literature to target actives to 

the macrophage which includes alteration of lipid composition of the liposome. 

Liposomal properties such as size, charge and inclusion of surface ligands (viz., 

proteins, peptides, antibodies, polysaccharides, glycolipids, glycoproteins and 

lectins) can be modified to target the drug molecules to the macrophage [57]. Vyas 

et al have reported higher dug concentration of negatively charged liposomes over 

plain drug and conventional liposomes within the cells of male albino rats [58]. 

However, efficient intracellular drug delivery can be achieved by electrostatic 

interaction between cationic liposomes and negatively charged cell surface 

peroteoglycans [59]. Liposomal dry powder for inhalation (LDPI) have been proved 

to be advantageous in targeting particles to respiratory tract and therefore can 

reach the clinic in short period of time. ARIKACE (Liposomal amikacin for 
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inhalation) has been approved as an orphan drug and has received orphan drug 

designation in the Europe for the treatment of bronchopulmonary Pseudomonas 

aeruginosa infection in cystic fibrosis (CF) patients in July 2006 [60]. Also, U.S. 

Food and Drug Administration (FDA) has approved ciprofloxacin for inhalation 

(Aradigm Corporation, US) for the management of bronchiectasis (BE) an orphan 

drug. Currently, amikacin (ARIKACE; Insmed, NJ) and ciprofloxacin (Bayer,) as 

inhalation liposomal particles are under the phase III and phase IIb clinical trial 

development stage, respectively [61,62].  

RPT is a piperazinyl hydrazone derivative of 3-formyl rifamycin with 

antimicrobial spectrum similar to rifampicin and is approved by USFDA for the 

treatment of pulmonary tuberculosis. It acts by specifically inhibiting bacterial DNA-

dependant RNA polymerase activity in susceptible cells without affecting 

mammalian enzyme. The two limitations which restricts the use of RPT by oral 

route are a) extensive first pass metabolism of the drug and b) variable 

bioavailability upon oral administration (high fat meal required for better absorption) 

[63,64]. Hence, in our previous study, we have successfully applied the principles of 

Quality by Design (QbD) to develop rifapentine loaded proliposomal dry powder for 

inhalation (RLDPI) in single step for the treatment of tuberculosis by pulmonary 

administration. In the said study, we have demonstrated that administering 

rifapentine as proliposomal dry powder for inhalation achieved highest targeting 

potential (of 13.995) with improved pulmokinetic parameters [65]. 

The present study was undertaken to evaluate the toxic potential of RLDPI 

at different concentrations in-vitro in lung cell lines at cellular level and in-vivo by 

intra-tracheal insufflations. Also, anti-TB activity of the prepared formulation by 

spray drying method was confirmed using in-vitro drug susceptibility testing (DST) 

in mycobacterium growth indicator test (MGIT) method.  

5B.2 Material and methods 

5B.2.1 Materials 

 MTB strain H37Rv (Lot # 27294) was purchased from American Type Culture 

Collection (ATCC, Rockville, MD, USA). Bactec 1213 Mycobacteria culture vials 

(Becton Dickinson & Co., Sparks, Maryland) containing Middlebrook 7H12 broth 

were used for the non-radiometric assay on MGIT 960 system. Fetal bovine serum 

(FBS), antibiotics and Ham’s F12K medium were procured from Invitrogen Corp 

(Eugene OR). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 

was purchased from Sigma (Sigma, St. Louis, MO, USA). The A549 human NSCLC 

cell line was obtained from American Type Culture Collection (ATCC, Rockville, 
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MD, USA), was grown in media supplemented with 10% FBS. Antimycotic 

antibiotics such as penicillin (5000 U/mL), streptomycin (0.1 mg/mL) and neomycin 

(0.2 mg/mL) were added to all tissue culture media. The cells were maintained at 

37 °C in the presence of 5% of CO2 and a fully humidified atmosphere. All other 

chemicals used were of analytical grade.  

Batch RLDPI-7 from 32 factorial design was optimized and selected for 

further study on the basis of in-vitro aerodynamic performance as well as in-vivo 

pulmokinetic parameters. RLDPI was prepared by spray drying method. 1:2:1 molar 

ratio of RPT: hydrogenated soyaphosphatidylcholine (HSPC):cholesterol was 

selected to prepare RLDPI. Stearyl amine was used as the charged lipid in the 

concentration of 30 % of total lipid. The liposomal vesicle size, mass median 

diameter (MMD) and mass median aerodynamic diameter (MMAD) of prepared 

proliposomes were 578 ± 4.9 nm, 5.32 ± 0.32 μm and 1.56 ± 0.16 μm, respectively 

determined by Malvern MasterSizer (2000 HydroSM and Scirocco 2000, Malvern 

Instruments, Malvern UK) with 72.08 ± 1.9 % of encapsulation efficiency. 

Approximately 90 % drug release was achieved at the end of 24 h from RLDPI. As 

a control, proliposomal dry powder for inhalation (Placebo-LDPI) was prepared 

excluding rifapentine [65]. 

5B.2.2 In-vitro anti-TB activity of RLDPI 

In-vitro anti-TB activity of RLDPI was conducted as per previous report [66]. 

The standard protocol recommended by the manufacturer for first-line anti 

TB drugs was followed. In brief, the bacterial suspension was prepared in 4 mL of 

Middle brook 7H9 broth (Hi-Media Laboratories Ltd, Mumbai) and the turbidity was 

adjusted to 0.5 McFarland standard. From this suspension, 1.0 mL was diluted with 

4.0 mL of sterile saline (1:5 dilution). Half a milliliter of this (1:5) dilution was used to 

inoculate each of the drug containing Mycobacterial Growth Indicator Tubes 

(MGITs). Subsequently, 100 μL of 1:5 dilution was pipetted into 10.0 mL of sterile 

saline to obtain a final dilution of 1:500; of which 500 μL was used to inoculate 

MGIT Growth Control (GC) tubes without drug. All the MGIT tubes were labeled 

appropriately and 0.8 mL of MGIT 960 AST Supplement was added. Further, 0.1 

mL of drug concentrations to be tested for each drug (Pure RPT solution in ethylene 

glycol and RLDPI aqueous suspensions equivalent to 5 and 10 μg/mL of RPT) were 

aseptically added and finally 0.5 mL of the test inoculum was added to each 7 mL 

MGIT tube. The growth control (GC) tube with supplement and without drug was 

inoculated with 0.5 mL of GC inoculum.  
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All inoculated MGIT 960 tubes were placed in the DST set carrier and 

entered into the MGIT 960 instrument as “unknown drugs” using the DST entry 

feature. The instrument flagged the DST set “complete” when the growth control 

reached a growth unit (GU) value of 400. If the GU of the drug-containing tube was 

more than 100 when the GU of the growth control was 400, the results were defined 

as resistant. If the GU values of the drug-containing tubes were equal to or less 

than 100, the results were considered susceptible [67]. 

 

5B.2.3 In-vitro cytotoxicity study 

The in-vitro cytotoxicity of RLDPI was evaluated in the A549 cell line by MTT assay 

as reported earlier [68,69]. For comparison the RPT solution was prepared by 

dissolving RPT in dimethylsulfoxide (DMSO) and subsequently diluted with cell 

culture medium with final concentration of DMSO less than 1%. 100 μL of the A549 

cells were cultured in 96-well micro titer plates at a density of 1 × 106 cells/well and 

after overnight incubation the cells were treated with 100 μL of various 

concentrations of RPT solution and RLDPI formulations diluted in F12K medium 

(20-100 μg/mL). After 24 h incubation of cells with samples at 37 ± 0.2°C in a 5 % 

CO2-jacketed incubator, 100 μL supernatant was replaced by sterilized MTT 

solution (20 μL of 5 mg/mL in PBS) was added into each well which were further 

incubated for 4 h at 37°C. The supernatant was carefully removed and the 

formazan crystals were dissolved by adding 100 μL of dimethylsulfoxide and mixed 

thoroughly. The absorbance was recorded at 540 nm using the microplate reader 

(SpectraMax Plus 384,). The proportion of viable cells in treated wells was 

compared to the untreated well (control). The graph of percentage of cell survival 

(% cell viability) as a function of drug concentration was plotted to determine the 

IC50 value (the drug concentration needed to prevent cell proliferation by 50 %). 

5B.2.4 In-vivo repeated dose pulmonary toxicity study (28 day) 

Toxicity studies were performed at the Poona College of Pharmacy, Pune, India. 

Animal handling was performed according to Good Laboratory Practice. Protocol for 

experiments on animal was prepared as per the guidelines of the Committee for the 

Purpose of Control and Supervision on Experimental animals (CPCSEA) and was 

approved by the Institutional Animal Ethics Committee (IAEC) of Poona College of 

Pharmacy, Pune (CPCSEA/36/2010). 

5B.2.4a Animals 

Wistar rats of either sex (150–200 g, 10-12 weeks) were obtained from National 

Toxicology Centre (NTC), Pune, India and were housed in polypropylene cages 
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(five animals per cage) at standard conditions of temperature (24 ± 1°C) and 

relative humidity (55 ± 10%) for 12 h light/dark cycles throughout the experiment. 

Animals had access to commercially available standard pellet diet (Pranav Agro 

industries, Sangli, Maharashtra, India) and filtered water, ad libitum. Animals were 

acclimatized for one week prior to the initiation of treatment. During this 

acclimatization period, the health status of the rats was monitored daily.  

Study protocol  

Animals were randomly divided into four groups containing three rats per group. 

Group I served as the control which did not receive any treatment and Group II 

animals received placebo-LDPI. These group animals received amount of lipid 

phase present in higher dose of the RPT taken for the study. Group III, IV and V 

rats received RLDPI equivalent to 1 (low dose), 5 (medium dose) and 10 mg/kg 

(high dose) of rifapentine as intra-tracheal insufflation for 28 days at a prefixed time 

daily under anesthesia (80 mg/kg of Ketamine), respectively. Intra-tracheal 

insufflation on the rats was performed by earlier reports [70]. 

Throughout the study period, animals were observed in their cages daily for 

mortality and signs of any toxic effects. Effect of treatment on general health of the 

animals, body weight and behavior was also noted.  

5B.2.4b Body weight of animals and food intake 

Before administration of RLDPI, the animals were weighed using a calibrated 

balance. The weight of the animals was recorded daily throughout the experimental 

period at a fixed time. For recording the food consumption, a weighed amount of 

standard rat food pellets were placed in the food tray of the cage. The unconsumed 

pellets were weighed and replaced with fresh pellets in each tray every day. The 

time of providing the feed was fixed throughout the study.  

5B.2.4c Blood sampling and biochemical assay 

At the end of the 28 day study period, the animals were fasted overnight. On day 

29, each animal was anesthetized using anesthetic ether and blood samples were 

collected from the retro orbital plexus of all the rats. The serum for biochemical 

assay was obtained by centrifugation of the whole blood at 3000 rpm for 15 min. 

Biochemical parameters, viz. serum glutamic-pyruvic transaminases (SGPT, U/L), 

serum glutamic-oxalacetic transaminases (SGOT, U/L), creatinine (mg/dL) and urea 

(mg/dL) were assayed using a Merck Microlab 300 Semi automated clinical 

chemistry analyzer (Vital scientific, Netherlands).  
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5B.2.4d Analysis of bronchoalveolar (BAL) fluid 

The biomarkers, lactate dehydrogenase (LDH) and polymorphonuclear neutrophils 

(PMN) were estimated in BAL to evaluate pulmonary cytotoxicity and inflammation 

as reported earlier with few modifications [71-73]. BAL fluid was collected 

aseptically by intra-tracheally injecting 10 mL PBS (pH 7.4) in parts which was 

prewarmed to 37 °C and withdrawn by gentle aspiration after 2 min. This BAL fluid 

was centrifuged (Allegra™ 64R Centrifuge, Beckman-Coulter India Pvt. Ltd., 

Andheri (E) at 700 g for 15 min at 4oC, Mumbai, Maharashtra), supernatant was 

collected and stored at -70oC. LDH released in the BAL fluid was measured using 

commercial kits (Transasia Bio-Medicals Ltd., Bangalore) on auto analyzer (Erba 

EM-360 Chemistry Analyzer, Transasia Bio-Medicals Ltd., Bangalore). For the 

determination of neutrophil leishman stain (Coral Pvt. Ltds., Goa) was used. 

Neutrophils as purple colored nuclei with pink cytoplasm were counted in atleast 

five squares of hemocytometer.  

5B.2.4e Histopathological observations 

The animal groups treated with RLDPI and the control were sacrificed at the end of 

study and the lung was rapidly dissected out, washed twice  in sterile phosphate 

buffered saline and carefully weighed on an analytical balance. The lung was cut 

into small pieces and preserved in 10 % formalin for 24 h. The specimen was 

successively dehydrated with alcohol of 70, 80 and 100 % each for 1 h. Tissues 

were cleaned by treating with xylene each time for 1 h. Infiltration and impugnation 

was done by treating with paraffin wax twice, each time for 1 h. Paraffin ‘L’-shaped 

molds were prepared. Specimens were cut into sections of 3–5 μm in thickness 

stained by hematoxyline–eosin. The sections were mounted using disterene 

phthalate xylene. Sections from all processed tissues of control and RLDPI-treated 

groups were examined under light microscope (Nikon Coolpix camera mounted on 

a Nikon Eclipse 50i microscope, Japan). 

5B.2.5 Statistical analysis 

The data are presented as the mean ± S.E. Results were analyzed statistically 

using one-way Analysis of variance (ANOVA) followed by Tukey’s multiple 

comparison tests. The minimum level of significance set was at p < 0.05. 

5B.3 Result and discussion 

5B.3.1 In-vitro anti-TB activity  

The RLDPI were prepared by dissolving lipid components including RPT in ethanol 

and water soluble excipients in water followed by mixing both the phases under 
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heating at 55 – 60°C to get hydroalcoholic solution. This resultant solution was 

spray dried at temperatures above 100°C. To evaluate the anti-TB activity of this 

processed formulation in-vitro DST on MGIT method was used. The results showed 

that M. tuberculosis control strain (H37Rv) were sensitive to the pure RPT as well 

as RLDPI concentrations equivalent to 5 and 10 μg/mL of RPT.  

 RPT is a well-known anti-TB drug with its established activity against MTB 

bacteria. However, a drug was processed into RLDPI formulation by spray drying 

method. Processing of the drugs by spray drying method may reduce the activity or 

degrade the drug. Hence, in order to check the anti-TB activity of the drug after 

processing into formulation by spray drying method, the DST on MGIT was 

undertaken. The mycobacterium strain was found to be sensitive to the processed 

RLDPI at both the concentrations studied. Thus, from the study, it can be concluded 

that processing of liposomally encapsulated RPT by spray drying maintained its 

activity against MTB. 

5B.3.2 In-vitro cytotoxicity study 

In-vitro cytotoxicity of rifapentine at different concentrations was evaluated on 

human lung adenocarcinoma (A549) cell line (Figure 5B.1). IC50 value of RPT 

solution and RLDPI was calculated by extrapolating 50 % cell viability on horizontal 

concentration axis. IC50 value of pure rifapentine and RLDPI were found to be 

72.57 ± 3.63 μg/mL and 105.28 ± 5.26 μg/mL, respectively. Further, to evaluate the 

cytotoxicity of the liposomal vesicular carrier, the cells were also challenged with 

equivalent amount of lipids (placebo-LDPI) carrying the dose of 75 μg/mL of the 

RPT. Approximately 100 % cell viability was observed for placebo-LDPI.  

 Increase in IC50 value for RLDPI as compared to RPT implies that 

encapsulation of the RPT in the vesicular carrier such as liposome reduced the 

toxicity significantly (p<0.05). Higher cell viability observed for placebo-LDPI 

demonstrated the non-toxicity and the potential of the liposomes as the carrier for 

anti-TB drug. Composition of liposomes included phosphotidyl choline and 

cholesterol which are the inherent to the lung and were readily accepted by the lung 

tissue [56]. 

 The reduction in cytotoxicity of RLDPI can be correlated with in-vitro drug 

release of the RLDPI. The in-vitro release study of RLDPI revealed approximately 

90% release of RPT from RLDPI at the end of 24 h [65]. Thus, amount of free drug 

available from RLDPI was found to be 54 μg/mL. Similar results have been reported 

by Rojanarat et al. for the safety of levofloxacin (LEV) in the form of LEV-

proliposomes on respiratory associated cells [69]. The results of cytotoxicity with 
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the RLDPI formulation could mainly be due to controlled release of drug and 

endocytosis of nanoparticles slowly over a prolonged period of time [68]. It was also 

noted that amount of the RPT released in the cell line medium at the end of 24 h 

was approximately 8 times greater than the minimum inhibitory concentration (6 

μg/mL) reported for the drug in the literature [74]. 

Figure 5B.1: In-vitro cytotoxicity profile of RPT in A549 cells after 24 h. Cells were 

treated with increasing concentrations of RPT and RLDPI. Cytotoxicity was 

determined using MTT assay as discussed under methods. IC50 value for RPT and 

RLDPI was determined from the plot of % cell viability as a function of RPT 

concentration (Values represent the Mean±SD; n=6). 

5B.3.3 Sub-acute repeated dose pulmonary toxicity study (28 day) 

5B.3.3a Animal Observation, food intake and effect on body weight 

During the study period detailed physical examinations for signs of morbidity were 

conducted every week. It was observed that the animals fed with placebo-LDPI, 1 

and 5 mg/kg (low and medium, respectively) doses (Group II, III and IV, 

respectively) of RLDPI were healthy with respect to the behavior as well as food 

intake. There was statistically insignificant difference (p > 0.05) in increase in body 

weight between the control, placebo-LDPI, 1 and 5 mg/kg dose groups (Table 

5B.1).  

 10 mg/kg dose (Group V) was found to affect the usual activities of all the 

rats in the group. The activities of group V rats were slowed with major effect on 

food consumption and in turn on weight of animals. All the group V animals (10 

mg/kg) showed drastic decrease in body weight when compared with control and 
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placebo-LDPI group (Group I and II; p < 0.01) rats. It was noticed that out of 6 

animals of group V, two animals died on day 15 and remaining 4 rats died on day 

16 after the dose. 

 

Table 5B.1 Weight of rats and analysis of BAL fluid for total cell count, 

polymorphonuclear neutrophils and lactose dehydrogenase after repeated dose 28-

day toxicity study (Mean±SD; n=3). 

 

 

Variables 

analyzed 

Groups 

I 

(Control) 

± SD 

II 

(Placebo-

LDPI) 

± SD 

RLDPI equivalent to RPT (mg/kg) 

III 

(1 mg/kg) 

± SD 

IV 

(5 mg/ kg) 

± SD 

V 

(10 mg/ kg) 

± SD 

Body  

weight 

(g) 

0 

day 

171.5±4.25 167.8±3.52 189.5±3.41 185.12±4.31 175.5±2.65 

28 

day 

245.9±5.15 241.8±2.85 261.4±2.85 258.47±3.47 195.2±34.58* 

TC  

(cells/mL) 

6.1×106   

± 12,000 

6.27×106   

± 10,500 

6.3×106  

± 16,000 

6.45×106  

± 14,000 

1.35×107  

± 11,000 

PMN (%) 9.5 ± 0.5 9.61 ± 0.68 9.8 ± 0.9 10.1 ± 1.1 53.5 ± 6.2 

LDH (U/L) 62 ± 3 62.3 ± 3 62.5 ± 5 63.7 ± 3 267 ± 12 

*Weight after 2 weeks since group V animals died after 2 weeks of the treatment 
TC: Total cell count; PMN: polymorphonuclear neutrophils; LDH: lactose 
dehydrogenase 

As depicted in Table 5B.1, there was insignificant difference in the body 

weight of group I, II, III and IV (p > 0.05) This indicated that low and medium dose 

(1 and 5 mg/kg, respectively) did not have any effect on food intake of the animals 

and therefore, there was steady increase in the body weight of these respective 

group animals. However, normal activities of the group V (high dose, 10 mg/kg) 

were altered with major effect on food consumption of rat which ultimately reduced 

the body weight. It was also observed that all animals belonging to this group died 

within 2 weeks. 

5B.3.3b Biochemical analysis 

To confirm the effects and toxicity of 3 doses selected for the toxicity study, liver 

function tests were carried out by analyzing major liver enzymes SGOT and SGPT 
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whereas blood urea level (BUL) and serum creatinine were analyzed for kidney 

function tests. Results of biochemical analysis are reported in Table 5B.2 and 5B.3.  

There was no significant difference in all the biochemical parameters 

analyzed for group II, III and IV rats for all days as compared to control (Group I; p > 

0.05). SGPT and SGOT of treated groups were greater than control group but for 

group II, III and IV, these parameters were within the normal range of respective 

parameter. However, for group V receiving highest dose of RLDPI, all the 

biochemical parameter values were significantly higher than the control group (p < 

0.001) as well as RLDPI treated groups (group III and IV) and this might be the 

reason for the death of animals within 15 days (2 weeks).  

 As demonstrated in Table 5B.2, values of all the biochemical parameters 

studied were within the normal range for all the drug and placebo-LDPI treated 

groups and were comparable with the control group (p < 0.05). This suggested 

normal functioning of the liver as well as kidney of these respective groups. 

However, for group V receiving highest dose of RLDPI, biochemical parameter 

values (Table 5B.3) demonstrated liver as well as kidney failure at 10 mg/kg dose of 

rifapentine equivalent RLDPI by pulmonary insufflation within 15 days (2 weeks) 

and this could be the reason for death of this group of animals. RPT being lipophilic 

nature and due to higher concentration gradient at high dose it was absorbed in the 

systemic circulation by transcellular mechanism across the epithelium [75]. RPT 

mainly gets metabolized in liver and is excreted by kidney [63,64], higher dose may 

burden these two organs leading to failure of these organs.  

5B.3.3c BAL fluid analysis 

Table 5B.1 summarizes the results obtained for total cell count (TC, cells/mL), 

polymorpho neutrophils (PMN, %) and lactose dehydrogenase (LDH, (U/L) as 

inflammation and cytotoxicity end points, respectively in BAL fluid of rats treated 

with placebo-LDPI, RLDPI equivalent to 1, 5 and 10 mg/kg of RPT for 28-days 

against control. The animals belonging to the control group, placebo-LDPI, low and 

high dose RLDPI treated groups were healthy throughout the study without 

behavioral changes whereas all animals belonging to high dose of RLDPI group 

died within 14-16 days. 

A slight but non-significant (p > 0.05) increase in TC was detected in BAL 

fluid of group II, III and IV animals against group I (control) and amongst group II 

and III animals. Whereas, a significant increase in TC was noticed in animals 

treated with 10 mg/kg RPT (group V, p < 0.001) when compared with control as well 

as groups III and IV. 
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Table 5B.2 Serum biochemical parameters a) SGPT, b) SGOT, c) BUL and d) 

Creatinine of control, placebo-LDPI and RLDPI treated (equivalent to 1 mg/kg RPT) 

Wistar rats for 28 day intra-tracheal instillation toxicity study (Mean±SD; n=3). 

Biochemical 
Parameter (units) 

Days I  

(Mean ± SD) 

II  

(Mean ± SD 

III  

(Mean ± SD) 

 

 

SGOT 

(U/L) 

0 57±2.85 60±3.05 72±4.31 

7 68±3.4 75±3.75 106±6.36 

14 55±2.75 81±4.05 121±7.86 

21 61±3.05 93.5±4.68 124±6.84 

28 67±3.35 101.9±5.1 131±6.48 

 

 

SGPT  

(U/L) 

0 18±1.0 16±0.8 17±1.0 

7 20±1.5 17±0.85 20±1.2 

14 18±2.0 17.7±0.89 18±1.1 

21 17±0.5 19.1±0.95 22±1.5 

28 18±1.0 21.3±1.0 26±1.3 

 

 

BUN (mg/dL) 

0 17±0.85 18.5±0.65 21±1.1 

7 22±1.1 22.7±1.20 23±1.3 

14 20±1.0 20.7±0.82 21±1.2 

21 18±0.9 19.9±0.70 20±1.3 

28 18±1.1 19.7±0.75 23±1.1 

 

 

Cr  

(mg/dL) 

0 0.6±0.03 0.57±0.031 0.5±0.032 

7 0.7±0.04 0.63±0.035 0.7±0.045 

14 0.6±0.25 0.71±0.047 0.7±0.050 

21 0.8±0.035 0.76±0.042 0.8±0.052 

28 0.7±0.025 0.79±0.049 0.8±0.060 

Group I received no treatment; Group II were administered with placebo-LDPI that 

would contain higher dose of the RPT; Group III, was administered with low dose of 

RLDPI equivalent to 1 mg/kg of RPT. AD; animals died. 
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Table 5B.3 Serum biochemical parameters a) SGPT, b) SGOT, c) BUL and d) 

Creatinine of placebo-LDPI and RLDPI treated (equivalent to 5 and 10 mg/kg RPT) 

Wistar rats for 28 day intra-tracheal instillation toxicity study (Mean±SD; n=3). 

Biochemical 

Parameter (units) 

Days IV 

(Mean ± SD) 

V 

(Mean ± SD 

 

 

SGOT 

(U/L) 

0 89±4.89 78±4.68 

7 157±8.63 389±23.34 

14 154±8.47 423±25.38 

21 163±8.97 AD 

28 165±8.68 AD 

 

 

SGPT  

(U/L) 

0 18±1.1 17±0.94 

7 18±0.9 43±2.4 

14 21±1.3 56±3.1 

21 23±1.4 AD 

28 29±1.7 AD 

 

 

BUN (mg/dL) 

0 23±1.1 22±1.5 

7 23±1.5 45±3.0 

14 22±1.2 60±3.9 

21 24±1.2 AD 

28 25±1.3 AD 

 

 

Cr  

(mg/dL) 

0 0.6±0.033 0.6±0.024 

7 0.7±0.039 2.1±0.084 

14 0.8±0.044 2.5±0.1 

21 0.7±0.038 AD 

28 0.9±0.050 AD 

Group IV and V were administered with medium and high dose of RLDPI equivalent 

to 5 and 10 mg/kg of RPT, respectively. AD; animals died. 

The presence of higher % of PMN in BAL fluid is used as a marker for the 

detection of pulmonary inflammation. Intra-tracheal insufflation of RLDPI equivalent 

to 1 and 5 mg/kg of RPT did not elicit pulmonary irritation as revealed from the PMN 

values (Table 5B.1) for the respective groups compared with control group.  On the 

other hand, group IV animals the 5 fold increase in PMN value within 15 days.  

28-day repeated dose pulmonary intra-tracheal insufflation of RLDPI 

equivalent to 1 and 5 mg/kg of RPT produced no significant cytotoxic response as 

measured by LDH release in BAL fluid compared with control group animals (Table 
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5B.1). However, a significant increase in BAL fluid LDH levels in group V animals (p 

< 0.001) was observed. 

Lung tissue damage and pulmonary endothelial cell injury can be diagnosed 

by measuring levels of LDH and influx of PMN in BAL fluid. Injury to endothelial cell 

basolateral membrane induces release of LDH into the alveolar interstitium. Also, 

acute inflammation influx of neutrophils increases permeability of the 

alveolar/capillary barrier resulting into cellular cytotoxicity. Therefore, BAL fluid LDH 

and PMN were used as biochemical indices of pulmonary damage  for 28-day 

repeated dose of RLDPI by pulmonary intra-tracheal insufflation [76].  

The results of the BAL analysis demonstrated that all the BAL parameters 

studied for placebo-LDPI and RLDPI treated groups were comparable with the 

control group BAL values. This implies that placebo-LDPI and RLDPI at low and 

medium dose did not elicit any lung inflammation and were found to be safe for use. 

In contrast, animals treated with high dose of RLDPI possessed inflammatory 

potential and resulted in significant increase in these BAL parameters. The 

significant airway inflammation and cytotoxic response was confirmed from the 

elevated values of TC, PMN and LDH (p < 0.001 against group I) which might have 

resulted in lung failure. This could be the reason for the death of animals belonging 

to this group.  

5B.3.3d Histopathological Examination 

Lungs of the control and rifapentine treated groups were observed 

histopathologically to examine changes occurred in lungs after exposure to RLDPI 

by pulmonary intra-tracheal insufflation every day for 28 days.  

 No abnormality was detected in lungs of group I (control) II, III and IV 

animals histopathologically. However, some focal changes were noticed in group III 

and IV lungs but these focal changes did not alter functional capacity of the lung 

(Figure 2). Group V rat’s lung when microscopically examined, demonstrated 

minimal changes in mononuclear cells (MNC) infiltration in alveoli lining, 

emphysema in alveoli, pneumonic changes with consolidation of lung parenchyma. 

Also, moderate to severe congestion, hemorrhages in parenchyma and hyperplasia 

of bronchiolar epithelium were revealed in the same histomicrographs which affects 

the function of lung.  

In-vivo 28-day repeated dose toxicity study demonstrated no abnormality in 

lung of animals treated with placebo-LDPI and at the doses 1 and 5 mg/kg. 

However, a dose of RLDPI equivalent to 10 mg/kg of RPT revealed moderate to 

severe changes in the lung.  
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In-vivo 28-day repeated dose toxicity study in Wistar rats demonstrated no 

abnormality in lungs of animals treated with placebo-LDPI and at the low and high 

doses of RLDPI. However, a dose of RLDPI equivalent to 10 mg/kg of RPT 

revealed moderate to severe changes in the lung as described. To confirm the 

toxicity and inflammatory potential is purely due to high dose of RPT in the form of 

RLDPI, placebo-LDPI (excluding RPT) equivalent to dose holding the drug present 

in high dose of RLDPI were taken for the study. The animals belonging to this group 

were also found to be healthy and the lung micrograph did not reveal any signs of 

lung damage. This implies that use of liposome is safe and can be used as potential 

carriers for pulmonary administration. 

Thus, the study demonstrated inflammatory and cytotoxic effects of 10 

mg/kg dose of RPT administrated as intra-tracheal insufflation and it can be 

concluded that doses 1 and 5 mg/kg are safe to be used for pulmonary application. 

Figure 5B.2: Light photomicrographs of lung tissues after 28 days administration of 

RLDPI by intra-tracheal instillation. The images depicted here are from the (a) 

control (Group I), (b) Placebo-LDPI (Group II), and RLDPI-treated groups; (c) 1 

mg/kg (Group III), (d) 5 mg/kg (Group IV) and (e) 10 mg/kg (Group V) equivalent to 

RPT. 

Conclusion 

RLDPI prepared for pulmonary inhalation by spray drying method retained its anti-

TB potential even after processing at very high temperature by spray drying. RLDPI 

treated animals showed dose dependant lung toxicity. Also, encapsulation of RPT 
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in liposomes was found to increase the cytotoxic threshold (IC50) as compared to 

pure RPT on A549 cell lines. Thus, this study supports the potential of RLDPI for 

the treatment of pulmonary tuberculosis. 
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DEVELOPMENT AND EVALUATION OF MONTELUKAST LOADED 

NANOSTRUCTURED LIPID CARRIER DRY POWDER FOR INHALATION 

6.1 Definition of problem, strategy and objective 

Leukotriene (LT) is the precursor of prostaglandins in the human airway smooth 

muscle cells, airway macrophages and on other pro-inflammatory cells (including 

eosinophils and certain myeloid stem cells). LT is produced from arachidonic acid 

oxidation by an enzyme arachidonate 5-lipoxygenase in leukocytes. Cysteinyl-

leukotrienes (CysLT) are concerned with eosinophils and mast cell induced 

bronchoconstriction in asthma and bind to highly selective receptors on bronchial 

smooth muscle and other airway tissue. CysLT receptor antagonists act by 

preventing leukotriene release from mast cells and eosinophils or by blocking the 

specific leukotriene receptors on bronchial tissues, thus preventing 

bronchoconstriction, mucus secretion, and edema. These drugs also reduce the 

influx of eosinophils, thus limiting inflammatory damage in the airway [1-7] 

Upon exposure to allergens, irritant, cold air or exercise, bronchial mast 

cells, alveolar macrophages, T lymphocytes, and epithelial cells release 

inflammatory mediators viz., histamine, tryptase, leukotrienes and prostaglandins. 

This leads to airway inflammation and bronchial hypersensitivity a primary problem 

associated with asthma. Chronic, long lasting, reversible airway obstruction 

because of mucosal edema, constriction of the bronchial musculature, and 

excessive secretion of viscid mucus leads to mucus plugs. The epithelial damage, 

airway edema, mucus hypersecretion and hyperresponsiveness of bronchial 

smooth muscle are the consequences of early-phase and late-phase asthmatic 

response which are characterized by acute bronchoconstriction and direct 

activation of eosinophils and neutrophils, respectively. The late-phase asthmatic 

reaction occurs 2-8 h later resulting from more sustained bronchoconstriction [1]. 

Leukotrienes play a vital role in both triggering acute asthmatic attacks and causing 

longer term hypersensitivity of the airways in chronic asthma as they attract 

activated eosinophils into the bronchioles which produce leukotrienes. Varying 

airflow obstruction causes recurrent episodes of wheezing, breathlessness, chest 

tightness and cough [8]. 

Montelukast sodium is a [R-(E)]-1-[[[1-[3-[2-(7-chloro-2quinolinyl) 

ethenyl]phenyl]-3-[2-(1-hydroxy-1-methylethyl) phenyl] propyl] thio] methyl] 

cyclopropaneacetic acid, monosodium salt [9]. The montelukast, a potent CysLT 

receptor antagonist has high affinity and selectively binds to the CysLT1 receptor, 

thereby inhibiting physiologic actions of the LTD4 with no agonist activity. It is used 
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in the prophylaxis and treatment of chronic asthma and other disorders of the 

respiratory system [10,11]. Montelukast is well reported to be effective and safe in 

asthma, exercise-induced bronchospasm, urticaria and allergic rhinitis [12-14]. Also, 

it is reported in the literature that inhaled LT antagonists have the potential to 

protect the airway against inhaled LTs [15]. Conventional oral therapy of 

montelukast formulation is associated with hepatic first pass metabolism, short 

biological half-life (2.5-5.5 h) and low bioavailability of 64 % [16,17].  

The inhalation drug delivery route is being explored for the treatment of 

several pulmonary as well as systemic disorders as the potential delivery route 

[18,19]. This is the favored route of administration of drugs over both parenteral and 

oral route of drug administration due to (a) non-invasive nature, (b) avoid first pass 

metabolism, (c) reduced systemic toxicity and (d) reduced dosing frequency. Also, 

the drugs administered via the pulmonary route as inhalation reaches directly to the 

site of action in the lung such as epithelium and smooth muscles, at high effective 

local drug concentration resulting rapid onset of action [20-22]. 

The efficacy of inhalation drug delivery can be improved by critically 

formulating drug in the dosage form to meet the physico-chemical properties. 

Particle size, density, shape, charge, hygroscopicity and surface properties are the 

crucial parameters that determine the region of deposition in the lung [22,23]. 

Particles having aerodynamic diameter in the range of 1 - 5 μm are required for 

efficient deposition of the particles in the lower regions of respiratory tract. Particles 

below 1 μm will exhaled out whereas larger particles deposit in the tracheobronchial 

(> 5 μm) and oropharynx (≥ 10 μm) region of the respiratory tract [24,25]. Also, the 

formulations for pulmonary delivery should be biocompatible, biodegradable and 

stable during aerosolization with sufficient drug load. The literature survey revealed 

that lipid nanoparticles are the suitable delivery system for pulmonary application as 

these formulations can fulfill the above criteria [26]. Lipid nanoparticles such as 

solid lipid nanoparticles (SLN) and nanostructured lipidic carriers (NLC) are the 

alternative to microspheres (using PLGA, alginate and chitosan), liposomes, 

nanoemulsions and polymeric nanaoparticles for pulmonary application [26-28]. 

Microspheres greater than 5 μm may block blood capillaries and cause chronic 

obstructive pulmonary emphysema [29] whereas high production cost, instability 

during storage and disruption and premature loss of entrapped substances during 

nebulization make liposomes unsuitable for aerosolization [30-32]. Due to unknown 

toxicity and lack of thorough toxicity evaluation data of biodegradable polymers for 

pulmonary delivery, lipidic nanoparticles are preferred over polymeric colloidal drug 

delivery [33]. These lipidic biodegradable nanoparticles protect entrapped active 
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ingredient from degradation, releasing it in a controlled manner for prolonged 

periods of time [34]. Solid lipid nanoparticles (SLNs) are superior over microspheres 

and liposomes due to their ability to control the drug release as well as for drug 

targeting, increased drug stability, high drug payload, non-biotoxicity of the carriers, 

avoidance of organic solvents, and suitability for large scale production and 

sterilization. Nanostructured lipidic carriers (NLCs), the second generation SLN 

composed of binary mixture of solid lipid and a spatially different liquid lipid as the 

carrier, were introduced to overcome the high crystallinity of lipid matrix and drug 

leakage during storage from SLNs [35].  

Nanoparticulate matter has potential to cause pulmonary inflammation 

causing changes in the lung membrane permeability, which further may damage 

the underlying tissue [36]. Fibrosis may occur due to accumulation of surfactant in 

the lung tissue over prolonged dosing of NLC which may lead to interstitial lung 

damage and ultimately loss of the elasticity of the lung. To prevent damage to the 

lung, biodegradable, biocompatible surfactants are recommended. CAE (DL-

Pyrrolidonecarboxylic 167 acid salt of L-cocyl arginine ethyl ester) is an amino acid 

cationic surfactant derived from L-arginine, DL-pyrrolidone carboxlate and coconut 

fatty acid residue. Despite the fact that CAE is cationic, its reported to be very safe 

due to the biocompatible nature of surfactant [37-39]. 

The objective of the present study was to overcome the limitations 

associated with montelukast oral therapy, to achieve sustained release as well as 

targeted drug delivery by encapsulating montelukast in lipidic carriers such as NLC. 

Also, the prepared MNLC-DPI was evaluated for in-vitro aerosol performance, in-

vivo pulmokinetic and lung targeting.  

 

6.2 Experimental work 

6.2.1 Standardization and validation of HPLC method  

6.2.1a Instrumentation 

An amount of montelukast sodium in various samples was estimated using HPLC 

method reported earlier with slight modification [40]. The HPLC system consisted of 

a Thermo Scientific ODS Hypersil C-18 column (250mm x 4.6mm, 5μ). A mixture of 

methanol: ammonium acetate buffer (20mM) with 0.2 % formic acid in the ratio of 

88:12 (v/v) was used as mobile phase at the flow rate of 1mL/min. The detector 

consisted of UV/VIS (Jasco UV 2075) model operated at a wavelength of 313 nm. 

The data was analyzed by Borwin version 1.50 software (JASCO, Japan).  
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6.2.1.b Montelukast standard stock solutions 

The stock solution of montelukast was prepared by accurately weighing 10 mg of 

montelukast, transferring it into a 10 mL volumetric flask, dissolving and diluting to 

volume with 10 mL double distilled water to achieve a concentration of 1 mg/mL 

(1000 μg/mL). This stock solution was stable for at least three months when stored 

in refrigerator at 4ºC. Working standard solutions were freshly prepared when 

required by diluting stock solutions to an appropriate concentration with mobile 

phase.    

6.2.1.c Linearity and range 

The standard stock solution (1000 μg/mL) was further diluted with methanol to 

obtain different standard solutions in the concentration range of 0.1 - 10 μg/mL. 

Linearity of the method was evaluated by injecting these standard solutions of the 

drug in triplicate into the HPLC system. The calibration curve was obtained by 

plotting peak area recorded for all the peaks on Y-axis versus concentration of 

montelukast on X-axis. 

6.2.2 Lipid screening 

Different solid and liquid lipids were screened for solubility of montelukast. Briefly, 5 

mg increments of montelukast was added to melted solid lipid or liquid lipid (0.5 g) 

and mixed thoroughly using a vortex mixer to yield a clear solution. The addition of 

montelukast in melted solid lipid was continued until it is saturated and the amount 

of montelukast dissolved was reported directly. Solubility in liquid lipid was 

estimated after separating the undissolved montelukast by centrifugation (Allegra™ 

64R Centrifuge, Beckman-Coulter India Pvt. Ltd., Andheri (E), Mumbai, 

Maharashtra) at 25000 rpm, 25°C for 20 min. The amount of dissolved drug was 

analyzed by HPLC after dissolving drug containing oil in an appropriate solvent 

followed by dilution with the mobile phase.  

6.2.3 Preparation of montelukast (sodium) loaded nanostructured lipid 

carriers (MNLC) 

Melt-emulsification-ultrasonication method was used to prepare MNLC. Briefly, the 

weighed quantities of Precirol ATO-5 (solid lipid, melting point 57ºC) and Capryol-

90 (liquid lipid) were mixed in the ratio of 7:3, melted together at 5 - 10ºC above the 

melting point. Montelukast sodium (0.2 %) was added, vortexed and dissolved to 

form uniform and clear lipid mix. The aqueous phase was prepared by dissolving 

surfactants (CAE; 1 %) in Milli Q water and heated to the same temperature as that 

of the lipid phase. The hot lipid phase was added into the aqueous phase under 
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ultrasonication (Vibra- Cell, Sonics & Material, Inc, USA) at an amplitude of 75 % 

for 3 min (30:05 on: off cycle). The formed MNLC was cooled to room temperature 

and evaluated further.  

6.2.4 Evaluation of MNLC 

6.2.4a Particle size and zeta potential analysis 

Average particle size, polydispersity of the size distribution, and the zeta-potential 

were measured using a Malvern Zetasizer NANO ZS90 (Malvern, Worcs, UK). The 

cell temperature was 25°C; the scattering angle was 90°. For better measurement 

and suitable signal intensity the samples were diluted at least 100-times with Milli Q 

water prior to the measurement and both measurements were performed in 

triplicate. 

6.2.4b Drug content and entrapment efficiency (% EE) 

The drug content of prepared MNLCs was determined by dissolving 1 mL of MNLC 

in 10 mL solvent mixture of ethanol:dichoromethane (1:3) and the solutions were 

analyzed for drug content by directly injecting into the HPLC system after 

appropriate dilutions with mobile phase. To determine the % entrapment efficiency 

(% EE) MNLC was centrifuged 20°C for 30 min at 25,000 rpm. The amount of 

montelukast sodium in the pellet was determined by dissolving pellets in ethanol: 

dichoromethane (1:3) mixture and estimated by HPLC method followed by 

appropriate dilutions with mobile phase. 

6.2.4c Transmission electron microscopy (TEM) 

The morphology of MNLC was determined by TEM (JEM-2010, JEOL, Tokyo, 

Japan). Imaging was performed on TEM at a voltage of 80 kV having magnification 

of 60000X. A drop of NLC was placed on Formvar®-coated copper grids (Ted Pella, 

Redding, CA) and the grid was air-dried and images were captured using TEM. 

6.2.5 Lyophilization of MNLC to obtain MNLC-DPI 

To the optimized MNLC formulation mannitol (1 %, 2 %, 3 % and 5 %) was added 

as a cryoprotectant and as a carrier. This dispersion was frozen using ultra low 

freezer (U101, Innova, New Brunswick Scientific,) for 24 h at -80°C  followed by 

lyophilization for 48 h  using single stage freeze dryer (FreezeZone 2.5, Labconco, 

Labconco Corporation Czech Republic) at chamber pressure of 0.120 mBar. The 

resultant MNLC dry powder for inhalation (MNLC-DPI) was stored in desiccator until 

further use. 
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6.2.6 Characterization of MNLC-DPI 

6.2.6a Angle of repose 

The pile was carefully built up by dropping the material through a funnel till the tip of 

the funnel (height, 2 cm). The angle of repose was calculated by inversing 

tangentially the ratio of height and radius of the formed pile. 

6.2.6b Bulk and tapped density 

Bulk density was determined  by filling the powder in a 10-mL measuring cylinder, 

and followed by 500 taps (taps sufficient to obtain the plateau condition) using tap 

density tester (Electrolab, ETD-1020, USP, Mumbai, India) to determine tapped 

density. Carr’s compressibility index and Hausner’s ratio were determined by 

following formulae: 

Carr’s Index (%) = (tapped density-bulk density)/tapped density X 100  

Hausner’s ratio = tapped density/bulk density 

6.2.6c Moisture content 

The moisture content of the lyophilized MNLC was assessed in triplicate by Karl 

Fischer titrator (Veego/Matic-D, India). 

6.2.6d Particle size (Volume mean diameter; VMD or mass median diameter; 

MMD) 

Mass median diameter was measured using Malvern Mastersizer 2000® laser 

diffractometer attached to a dry sampling system (Scirocco 2000, Malvern 

Instruments, Malvern, UK) with a suitable standard operating procedure (SOP). 

SOP was generated using lactose as a sample at refractive index of 1.33, 50 % 

vibration feed rate, 12 s measurement time, 2 bar dispersive air pressure. Particle 

size is characterized by the mass median diameter (d0.5), i.e., the size in microns at 

which 50 % of the sample is smaller and 50 % is larger. Values reported are the 

average of three observations. 

6.2.6e Scanning electron microscopy (SEM) 

The surface morphology of pure montelukast, and MNLC-DPI was examined by 

scanning electron microscopy (SEM) (JSM-5610 LV, JEOL, Japan). Powder 

samples were adhered to sample stubs, coated with a gold-palladium using sputter 

coater (VG Microtech, UK) and surface topography was viewed and analyzed with a 

Cambridge Stereoscan S120 scanning electron microscope (Cambridge, UK) using 

an accelerating voltage of 15 kV. 
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6.2.6f Diffuse reflectance infrared fourier transform spectroscopy (DRIFTS) 

FTIR spectra of pure montelukast, placebo-lipid matrix (Precirol ATO-5:Capryol-90; 

7:3 ratio), lipids matrix with montelukast  and MNLC were recorded using Jasco 

FTIR-4100 (Jasco, Japan). About 2 – 3 mg of the sample was mixed with dry 

potassium bromide and the prepared sample was scanned through the wave 

number range of 4000–400 cm−1. 

6.2.6g Differential scanning calorimetry (DSC) 

Thermal characteristics of pure montelukast, Placebo-lipid matrix (Precirol ATO-

5:Capryol-90; 7:3 ratio), lipids matrix with montelukast and MNLC were studied 

using DSC. DSC measurements were performed on a Mettler Toledo Star 821e 

instrument with an intra-cooler (METTLER-Toledo, GmbH, Switzerland). The 

samples were accurately weighed (5–10 mg), hermetically sealed in aluminum pans 

and heated at a constant rate of 10°C/min over a temperature range of 25-200°C. 

Sealed empty aluminum pan was used as a reference. An inert atmosphere was 

maintained by purging with nitrogen gas at a flow rate of 50 mL/min. Indium/zinc 

standards were used to calibrate the DSC temperature and enthalpy scale. 

6.2.6h X-ray powder diffraction analysis (XRPD) 

The XRPD patterns of pure montelukast, placebo-NLC and MNLC were recorded 

on an X-ray diffractometer (PW 1729, Philips, Netherlands). The samples were 

irradiated with monochromatized CuK radiation (1.542 Å) and analyzed between 5 

and 50° 2θ. The voltage and current used were 30 kV and 30 mA, respectively. The 

range and the chart speed were 1×104 CPS and 10 mm/° 2θ, respectively. 

6.2.6i In-vitro release of montelukast from MNLC-DPI 

In-vitro drug release studies were carried out using the dialysis bag as described by 

Luo et al. [41] using modified simulated lung fluid (mSLF, pH 7.4) as dissolution 

medium [42,43]. mSLF used to study in-vitro release contained 0.02 % DPPC. SLF 

was prepared by dissolving magnesium chloride hexahydrate, sodium chloride, 

potassium chloride, sodium sulfate anhydrous, calcium chloride dihydrate, sodium 

acetate trihydrate, sodium hydrogen carbonate, sodium citrate dehydrate and 

sodium phosphate monobasic (Merck, Mumbai, India) in double distilled water. 

Then, separately 200 mg of DPPC (Lipoid, GmbH, Ludwigshafen, Germany) was 

weighed and dissolved in 40 mL of chloroform/methanol (1:1) mixture contained in 

500 mL round bottom flask. The solvent was evaporated by rotary evaporation 

(Equitron-ROTEVA Rotary Vacuum Evaporator, Medica Instrument Mfg. Co., 

Mumbai, India) and formed dry film was hydrated with 200 mL of distilled water at 
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55°C for 2 h under rotation. This warm suspension was sonicated at 55ºC for 1 h in 

sonicator bath (Toshniwal Process Instruments Ltd., Mumbai, Pune). The 

concentrated DPPC solution was stored at 4◦C diluted with SLF before use to obtain 

final mSLF (pH 7.4).  

For the in-vitro release study, the MNLC-DPI equivalent to 5 mg 

montelukast sodium was dispersed in distilled water and placed in the pre-swollen 

cellulose membrane bags (6000 - 8000 molecular weight cutoff) which were 

previously soaked overnight in the mSLF (pH 7.4). Both the ends of bag were tied 

to prevent any leakage. Dialysis bag was carefully placed in the beaker containing 

50 mL mSLF (pH 7.4) as the dissolution medium which was placed on the magnetic 

stirrer, rotated at 50 rpm for 48 h at 37 ± 0.1°C. The drug release from MNLC was 

compared with the aqueous solution of montelukast sodium placed in the dialysis 

bag. The amount of montelukast released into the medium was determined with the 

help of HPLC analysis. The experiments were carried out in triplicate. 

6.2.6j In-vitro aerosol performance 

MNLC-DPI was evaluated for the in-vitro aerosol performance as described earlier 

[27]. MMAD, GSD and FPF were determined using Westech 8 stage non-viable 

Cascade Impactor (Westech Scientific Instruments, Bedfordshire, UK) with a 

preseparator. The aerosolized parameters of the developed DPI, including MMAD, 

FPF and emitted dose (ED) were examined at a flow rate of 30 and 60 L/min for 4 

s. Cut-off diameters of 8-stages at a flow rate of 30 L/min are 9.0 μm (S1), 5.8 μm 

(S2), 4.7 μm (S3), 3.3 μm (S4), 2.1 μm (S5), 1.1 μm (S6), 0.7 μm (S7) and 0.4 μm 

(S8) whereas 8.6 μm (S1), 6.5 μm (S2), 4.4 μm (S3), 3.3 μm (S4), 2.0 μm (S5), 1.1 

μm (S6), 0.54 μm (S7) and 0.25 μm (S8) are the cut-off points at 60 L/min. Each 

plate of the impactor was pre-coated with 1 % of silicone oil in octanol to prevent 

particle bounce and re-entrainment. Powder equivalent to 100 μg of montelukast 

was filled in a size ‘3’ hard gelatin capsule and aerosolized using Rotahaler (Cipla 

Limited, Mumbai, India). For each impaction 10 capsules were aerosolized, with air 

drawn through it for 5 s after each shot. Ethanol was used to dissolve the samples 

deposited in the capsule and inhaler device, induction port, pre-separator and on 

each plate of cascade impactor and montelukast content was analyzed by HPLC. 

The percentage of deposition was calculated to its Z-value and plotted against the 

log of the cutoff diameter of each stage. The MMAD was obtained from the particle 

diameter at a Z-value of zero. The amount of drug recovered from the induction 

port, preseparator and different stages of impactor is regarded as ED, whereas the 

fraction of particles smaller than 4.4 µm is reported as FPF. 
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6.2.6k In-vitro cytotoxicity 

The A549 (Human lung adenocarcinoma) cell line was used to evaluate in-vitro 

cytotoxicity of MNLC and montelukast-aqueous solution based on metabolic cell 

viability using MTT assay. Briefly, 100 μL of the A549 cells was cultured in 96-well 

micro titer plates at a density of 1×106 cells/well and incubated overnight. Then, the 

cells were treated with 100 μL of different concentrations of montelukast-aqueous 

solution and MNLC (10-100 μmol/L) diluted with F12K medium followed by 

incubation for 24 h at 37 ± 0.2°C in a 5 % CO2-jacketed incubator (Model 3193, 

Forma Scientific Inc.). After overnight incubation, 100 μL supernatant from each cell 

was replaced by sterilized MTT solution (20 μL of 5 mg/mL in PBS), which were 

further incubated for 4 h at 37°C. The supernatant was carefully removed and the 

water-insoluble dark blue formazan crystals formed were dissolved by adding 100 

μL of dimethylsulfoxide and mixed thoroughly. The absorbance was recorded at 

540 nm using the microplate reader (SpectraMax Plus 384, Molecular Devices, CA, 

USA). The proportion of viable cells in treated wells was compared to the untreated 

well (control). Untreated control group values were fixed at 100 % cell viability. % 

cell viability was calculated from the Equation (1). The IC50 value (the drug 

concentration needed to prevent cell proliferation by 50 %) was calculated from the 

regression equation of the graph of % cell viability as a function of drug 

concentration. To evaluate the cytotoxicity of lipid carrier, cells were challenged with 

placebo-NLC.  

% cell viability = {[Asample - Ab / Ac - Ab]}                                                                (1) 

Where, Asample is absorbance of samples 

  Ab is absorbance of blank  

   Ac is the absorbance of control 

6.2.6l In-vivo pulmokinetic study 

6.2.6l.1 Animals 

The guidelines of the Committee for the Purpose of Control and Supervision on 

Experimental Animals (CPCSEA) were used to prepare an experimental protocol 

and were approved by the Institutional Animal Ethics Committee (IAEC) of Poona 

College of Pharmacy, Pune. Concisely, male Wistar rats were procured from the 

National Toxicological Centre (NTC), Pune one week prior to experiments. Animals 

were housed together in plastic cages under standard conditions of temperature 

(24±1 °C), relative humidity (55 ± 10%) and 12 h light/dark cycles throughout the 

experiment. Rats were allowed to standard pelletized chow (Pranav Agro 

Industries, Sangli, Maharashtra, India) and free access to filtered water but 
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abstained for 18 h prior to experimentation. During this acclimatization period, the 

health status of the animals was monitored daily. 

6.2.6l.2 Dosing protocol 

Pharmacokinetic study of pure montelukast sodium and MNLC was conducted as 

per the previous reports [27]. Briefly, six albino rats (200 - 240 g, 12 - 16 weeks) 

were selected randomly for each group for each time interval and anaesthetized 

intra-peritoneally using urethane solution (1.2 g/kg). Small midline incision between 

the fifth and sixth tracheal rings was made over the trachea using a 20 gauge 

needle and 5 - 7 cm long PE200 tubing was cannulated with the tip positioned at 

the bifurcation of the trachea. Montelukast-aqueous solution and MNLC-DPI (dose 

equivalent to 50 μg montelukast/kg of body weight) dispersed in filtered phosphate 

buffer saline (PBS, pH 7.4) was administered to the rats through the cannula [44]. 

Before animals were killed at 0.5, 1, 2, 4, 8, 12, and 24 h, approximately 8 mL 

bronchoalveolar lavage (BAL) was obtained from each rat by aspiration of 12 mL of 

filtered PBS (pH 7.4), prewarmed to 37°C and then animals were killed by cervical 

dislocation. Isolated lung and BAL were stored at -70 °C until further analysis for 

released and unreleased drug from MNLC by HPLC, respectively. 

6.2.6l.3 Standard solutions and spiked samples 

Telmisartan was used as an internal standard for the estimation of montelukast in 

biological samples. The stock solutions of montelukast and telmisartan were 

prepared by accurately weighing 10 mg of each drug, transferring it into a 10 mL 

volumetric flask separately, dissolving and diluting to volume with 10 mL double 

distilled water to achieve a concentration of 1 mg/mL (1000 μg/mL). This stock 

solution was stable for at least three months when stored in refrigerator at 4ºC. 

Working standard solutions were freshly prepared when required by diluting stock 

solutions to an appropriate concentration with mobile phase. BAL and lung standard 

samples were prepared by spiking blank BAL and lung with montelukast standard 

solutions. 

6.2.6l.4 Preparation of BAL samples 

Liquid-liquid extraction method was used for the preparation of BAL standard and 

study samples. 100 μL of BAL samples was spiked with 300 μL of internal standard 

(IS) solution (6 μg/mL Telmisartan in methanol). Methanol used to prepare IS 

solution acts as an extraction solvent. The resultant samples were vortexed for 10 

min and then subjected to centrifugation at 7000 rpm for 15 min at 4oC (AllegraTM 

64R Centrifuge, Beckmann Coulter India Pvt. Ltd., Andheri (E), Mumbai, 
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Maharashtra). The supernatant was collected and 20 μL was injected into the HPLC 

system for quantification.  

6.2.6l.5 Preparation of Lung homogenate (LH) samples 

Prior to HPLC analysis, tissue samples previously frozen at -80ºC were thawed to 

room temperature. To accurately weighed 100 mg lung tissue standard or sample 

homogenized with 500 μL of PBS (pH 7.4) 300 L of IS solution (15 μg/mL 

Telmisartan in methanol) was spiked. This homogenate was subjected to 

centrifugation at 7000 rpm for 20 min at 4 ºC. The supernatant was collected and 

subjected to HPLC analysis.   

6.2.6l.6 Pharmacokinetic and statistical analysis 

The pharmacokinetic parameters (Cmax, Tmax, AUC and CL) of montelukast in 

lung tissues and BAL were calculated using a noncompartmental approach 

(WinNonLin Version 5.2.1, Pharsight Corporation, Cary, NC). The values are 

reported as the mean ± S.D The pharmacokinetics parameters were analyzed 

statistically using Student's independent samples t test and expressed as a one-

way p value. The minimum level of significance was set at p < 0.05. All statistical 

analyses were performed using the GraphPad Prism 5.0 software (Graph pad 

software [CA, USA]). 

6.3 RESULTS AND DISCUSSION 

6.3.1 Analytical method development and calibration curve by HPLC 

 

Figure 6.1: HPLC chromatogram of standard montelukast (20 μg/mL). 
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6.3.2 Linearity  

Good correlation coefficient (R2 = 0.998) was obtained for montelukast in the 

concentration range of 0.1 – 10 μg/mL. As reported in Figure 6.2, calibration curve 

of peak area versus concentration of montelukast was found to be linear. The 

values of slope and intercept were found to be 32438 and 816.9 and were used for 

the estimation of unknown concentration of montelukast solutions. 

Figure 6.2: Calibration curve of montelukast by HPLC. 

6.3.3 Preformulation study for montelukast solubility and lipid 

screening  

For the preparation of NLCs, solid and liquid lipids were selected based on the 

solubilization potential of the lipids for montelukast. Long chain triglycerides (LCT) 

having a carbon chain length of 16-18 atoms were selected for the preparation of 

drug encapsulated lipidic carriers as they are reported to enhance bioavailability by 

the intestinal lymphatic system (ILS). As depicted in Figure 6.3, montelukast 

showed maximum solubility in Precirol ATO5 (glyceryl palmostearate), GMS 

(Glyceryl monostearate) and Compritol 888. Muller et al. have reported that addition 

of oil or liquid lipid to solid lipid decreases crystallinity and thereby leakage of 

entrapped drug [45]. Therefore, solubility study in liquid lipid was also conducted to 

screen liquid lipids. It was found that montelukast had maximum solubility in 

capryol-90 (liquid lipid) (Figure 6.3). Therefore, admixing capryol 90 with solid lipids 

such as Precirol ATO5, GMS or Compritol 888 can increase drug loading with 

higher entrapment efficiency as compared to SLN. 
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Figure 6.3: Lipid screening for solubility of montelukast in various solid and liquid 

lipids. Values expressed as mean ± SD, n=3. 

Melt-emulsification-ultrasonication technique was used to prepare 

montelukast-loaded NLC. A combination of Precirol ATO5 and Capryol-90 in the 

ratio of 7:3 was used to prepare montelukast loaded NLC. Pardeike et al. have 

proposed Precirol ATO5 (glyceryl palmitostearate) as a solid lipid for itraconazole-

NLC pulmonary administration [46]. As depicted in Table 6.1 drug loaded NLCs 

were larger in size as compared to placebo-NLCs both before and after the 

lyophilization. This increase in particle size can be attributed to hydrophilic nature of 

the montelukast. This is in contrast to lipophilic drug loaded lipid carrier. Padmawar 

and Pokharkar have reported decrease in particle size of drug loaded liposomes as 

compared to placebo-liposomes for lipophilic drug [47]. Further, lyophilization did 

not have any effect on the particle size of MNLC as well as Placebo-NLC. 

Polydispersity index ranged from 0.240 to 0.350 indicated narrow particle size 

distribution.  Both MNLC and Placebo-NLC formulations showed positive zeta 

potential in the range of 33.8 - 37.7mV due to the presence of cationic surfactant, 

CAE. The advantage of having positive zeta potential on the surface of 

nanoparticles is that nanoparticles have an affinity for cell membranes through 

electrostatic interactions. Cell membrane possesses large negatively charged 
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domains where positively charged nanoparticles can be attracted which ultimately 

results in improved cellular uptake [48,49]. 

MNLC showed entrapment efficiency of 96.13 ± 0.98 and 95.86 ± 0.78 % 

before and after lyophilization, respectively. A slight decrease in % EE after 

lyophilization was observed, which was not statistically significant. This decrease in 

% EE can be attributed to stress involved during lyophilization.  

Table 6.1: Physicochemical characterization of placebo-NLC and MNLC 

Parameters        Before lyophilization        After lyophilization 

Placebo NLC        MNLC Placebo NLC        MNLC 

Particle size (nm) 154.1 ± 7.8 181.4 ± 6.5 158.7 ± 5.3 184.6 ± 2.7 

Zeta potential 

(mV) 

33.8 ± 2.1 36.3 ± 1.8 34.5 ± 2.6 37.7 ± 1.6 

Polydispersity 

index (PDI) 

0.255 0.239 0.350 0.286 

Drug content (%) - 101.23 ± 1.54 - 99.84 ± 1.8 

% Encapsulation 

efficiency (% EE) 

- 96.13 ± 0.98 - 95.86 ± 0.78 

Values are expressed as Mean ± SD, n=3 

6.3.4 Transmission electron microscopy 

 

Figure 6.4: TEM image of MNLC. 
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As depicted in Figure 6.4 smooth spherical shaped lipid nanoparticles were 

observed. The size observed with TEM was in good agreement with the particle 

size obtained by dynamic light scattering method. 

6.3.5 Lyophilization of MNLC (MNLC-DPI) 

Mannitol was selected as cryoprotectant and a DPI carrier due to its mucoactive 

property. It induces an influx of water into the airway lumen, thereby improving 

hydration of airway secretions, and increasing mucociliary clearance by reducing its 

viscosity and stimulating cough [50-52].  

MNLCs were successfully lyophilized using 1, 2, 3 and 5 % mannitol as a 

cryoprotectant (MNLC-DPI). MNLC-DPIs prepared with 1 and 2 % mannitol were 

sticky as compared to 3 and 5 % mannitol. However, with 5 % mannitol, the solid 

content was higher with respect to the drug which may burden the lung with more 

solid content. Therefore, further study was carried out on MNLC-DPI prepared with 

3 % mannitol.  

6.3.6 Physico-chemical characterization of MNLC-DPI 

6.3.6a Flow properties and Mass median diameter (MMD) 

Flow properties were studied by evaluating prepared MNLC-DPIs for angle of 

repose (θ), bulk density, tapped density, Carr’s index and Hausner’s ratio. As 

expressed in Table 6.2, all the values of flow property parameters were in good 

agreement with the ideal reported values for powder to show satisfactory flow 

property [53]. Sufficiently low moisture content was reported for MNLC-DPI. As 

depicted in Table 6.2, bulk and tapped density values were less than 0.4 g/cc 

indicative of the formation of low density, large, porous particles. MMD is measured 

as the geometric particle size of MNLC-DPI and is reported in Table 6.2. The mean 

MMD for MNLC-DPI was found to be 15.1 ± 1.4 μm. Though by decreasing particle 

size aerosolization efficiency can be improved, smaller particles suffer from the 

problem of aggregation, inability to reach deep airways and deposition in upper 

respiratory tract. This problem can be overcome by formulation large but low 

density particles [54].  Low density large particles are superior as compared to 

small, denser particles with respect to the aerosolization properties. Also, large 

particles exhibit slower phagocytic clearance and therefore are long lasting at low 

dose [55]. 
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Table 6.2: Flow properties of MNLC-DPI. 

Parameters Observation 

Angle of repose (°) 29.18 ± 1.3 

Bulk density (ρb, g/cc) 0.04 ± 0.007 

Tapped density (ρt, g/cc) 0.051 ± 0.002 

Carr’s Index (%) 21.57 

Hausner’s ratio 1.275 

Moisture content (%) 0.07 ± 0.005 

Mass median diameter (MMD, μm) 15.1 ± 1.4 

 

6.3.3b Scanning electron microscopy 

Smooth surface particles were observed from the SEM image of pure montelukast 

(Figure 6.5a). SEM image of lyophilized MNLC (Figure 6.5b) revealed irregular and 

elongated particles. Lyophilization in the presence of mannitol as cryoprotectant 

resulted in the growth of the longest axis of crystals accelerated by process of 

sublimation of ice crystals from the frozen sample producing elongated particles. 

 Although the bigger particles (> 5 μm ) with mass median diameter (MMD) 

of 15.1 ± 1.4 μm were obtained, tapped density was less than 0.4 g/cc (0.051 ± 

0.002 g/cc; Table 6.2) resulting in lighter powder. This resulted in aerodynamic 

particle size (MMAD)  less than 5 μm. 

 

Figure 6.5: SEM photomicrographs of (a) Pure Montelukast sodium and (b) MNLC-

DPI 
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6.3.6c Diffuse reflectance infrared fourier transform spectroscopy (DRIFTS) 

To study the interaction between the drug and excipients of the NLC formulation 

(lipids and surfactant), FTIR study was conducted and is depicted in Figure 6.6. As 

demonstrated in Figure 6.6a, montelukast exhibited broad peak at 3400 cm-1 which 

is characteristic of the tertiary hydroxyl group and a strong peak near 1700 cm-1 

characteristic of a salt form of carboxylic acid. The peaks due to aromatic C-H 

groups are also observed between 2900 cm-1 to 3000 cm-1 whereas the C=O peak 

appeared at 1613 cm-1. Figure 6.6b revealed the characteristic peaks for the 

excipients used in the formulation. Figure 6.6c and 6.6d for montelukast-lipid 

mixture and lyophilized MNLC showed all the characteristic peaks of the pure 

montelukast, which suggested the presence of montelukast in its pure form. These 

observations confirmed no major chemical bond formation between the montelukast 

and the components of NLC formulation that could result in asymmetric vibrations 

detectable by FTIR.  

 

 

Figure 6.6: FTIR spectra of (a) Pure Montelukast sodium, (b) Placebo-lipid matrix, 

(c) Lipid matrix with montelukast and (d) Lyophilized MNLC. 

6.3.6d Differential scanning calorimetry  

Pure montelukast and Precirol ATO5 showed endothermic peaks at 60.06 °C (9.43 

J/g) (Figure 6.7a) and 66.67 °C (190.73 J/g) (Figure 6.7b), respectively 

corresponding to their melting points. To study the thermal behavior of solid lipid 

after addition of liquid lipid, a bulk mixture of solid lipid and liquid lipid was prepared 
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in the same ratio as that used in the NLC formulation (Precirol ATO5:Capryol-90; 

7:3 ratio). This placebo bulk mixture of lipids was subjected to DSC study. Figure 

6.7c revealed approximately 12° depression in melting of Precirol ATO5 with 

reduction in enthalpy to 187.18 J/g after addition of Capryol-90 in 7:3 ratio as 

compared to pure Precirol ATO5. This depression in melting point and broadening 

of peak can be attributed to the dissolution of Capryol-90 in Precirol ATO5 with 

formation of less distinct crystalline structure. Further, a melting behavior of ternary 

bulk mixture of lipids with montelukast was evaluated and is depicted in Figure 

6.7d. Figure 6.7d did not reveal endotherm corresponding to the melting of 

montelukast suggesting complete solubilization of drug in the lipid matrix. 

Thermogram for melting behavior of lyophilized MNLC (Figure 6.7e) revealed 

further depression in the melting of lipid matrix which could be attributed to 

nanocrystalline size of lipids in the NLC [56]. Thermogram of lyophilized MNLC also 

showed an endothermic peak at 154.51 °C for melting of mannitol used as 

cryoprotectant in the formulation with no endothermic peak for the drug. This 

indicated that even after lyophilization drug was in solubilized form in the lipid 

matrix. 

 

Figure 6.7: DSC thermograms of (a) Pure Montelukast sodium, (b) Precirol ATO5, 

(c) Placebo-lipid matrix, (d) Lipid matrix with montelukast and (e) Lyophilized 

MNLC. 
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6.3.6e X-ray powder diffraction study  

XRPD scans for montelukast, Placebo-NLC and lyophilized MNLC are depicted in 

Figure 6.8. X-ray diffractogram for pure montelukast revealed diffused peaks 

characteristic of its stable amorphous nature (Figure 6.8a). Figure 6.8b and 8c 

showed sharp, separate peaks for Placebo-NLC and MNLC, respectively which 

confirmed the crystalline nature of lipids in lyophilized formulations. Also, X-ray 

diffractogram for Placebo-NLC and MNLC were exactly overlapping confirmed no 

amorphous to crystalline conversion of montelukast during processing. Thus, this 

study confirmed the presence of montelukast as molecular dispersion in the lipid 

matrix of the formulation.  

 

Figure 6.8: X-Ray powder diffractograms of (a) Pure Montelukast sodium, (b) 

Placebo-NLC and (c) MNLC-DPI. 

6.3.6f In-vitro release study of MNLC-DPI  

In-vitro release studies were carried out in simulated lung fluid (SLF, pH 7.4) for 24 

h using the dialysis bag. The release of montelukast from montelukast aqueous 

solution and MNLC as a function of time is graphically represented. As depicted in 

Figure 6.9, approximately 100 and 15.35 % drug were released within 2 h from 

montelukast aqueous solution and MNLC, respectively. Also, at the end of 24 h, 
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around 85.6 ± 6.42 % release of drug was observed from MNLC indicating 

sustained release of drug after encapsulation in lipid matrix. 

 

Figure 6.9: In-vitro release of montelukast from montelukast-aqueous solution and 

MNLC in mSLF (pH 7.4). The data represents mean of three repeats and error bar 

shows standard deviation. 

To investigate the mechanism of drug release from the MNLC, release data 

were fit into different kinetic models. It was found that release from MNLC best fitted 

into the Higuchi matrix model with R2 value of 0.977 (Table 6.3). When release data 

were fitted into Korsmeyer-Peppas model, R2 of 0.770 was obtained with the value 

of ‘n’ (mechanism of release) to be 0.829. This suggested diffusion-controlled, non-

fickian release of montelukast from lipidic matrix [57]. 

Table 6.3: Regression coefficients for in-vitro release 

Kinetic model R
2
 

Montelukast aqueous 

solution 

MNLC 

Zero order 0.847 0.947 

First order 0.443 0.612 

Higuchi matrix 0.994 0.977 

Korsmeyer-Peppas          

                                        n 

0.000 0.770 

-0.041 0.829 
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6.3.6g In-vitro aerodynamic characterization 

In-vitro aerodynamic deposition pattern of freshly prepared MNLC-DPI was 

studied using 8-stage non-viable cascade impactor at 30 and 60 L/min flow rate and 

aerodynamic properties are reported in Table 6.4.  

 

Table 6.4: Aerodynamic characterization of MNLC-DPI at flow rate of 30 L/min and 

60 L/min using Westech 8-stage non-viable cascade impactor. 

Values are expressed as Mean±SD, n=3; MMADc:by calculation ; MMADp: by 
experimental a at 30 L/min; b at 60 L/min 
 

Efficiency of inhalation delivery system depends on particle size and particle 

size distribution which are considered as the critical factors for deposition of 

particles in the alveolar region. An aerodynamic particle size of 1-3 is required for 

optimal delivery to the lung. MMADc was calculated from MMD and tapped density 

of the powder. The MNLC-DPI showed MMADp of 3.24 ± 0.67 and 2.83 ± 0.46 μm 

with geometric standard deviation of 1.78 ± 0.14 and 1.61 ± 0.09 at 30 and 60 

L/min, respectively. In-vitro lung deposition study revealed recovery of more than 95 

% of the total loaded dose from an inhaler device with capsule, mouthpiece, 

induction port, preseparator, stages 1-8. The emitted dose was found to be more 

than 95 %. This indicated that the maximum amount of the drug was delivered by 

the device and very less drug was retained in the inhaler device. As depicted in 

Figure 6.10, not more than 10 % drug was deposited in induction port and 

preseparator. No significant difference was observed between MMADp at 30 L/min 

and MMADc whereas MMADp obtained at 60 L/min was found to be significantly 

smaller than MMADc. FPF is the fraction of the dose directly reaching to the 

respiratory tract in-vivo. Therefore, higher the FPF maximum will be the deposition 

in the deeper lung and maximum will be the efficacy. FPF of 69.98 ± 1.9 and 90.22 

± 2.6 % was achieved at 30 and 60 L/min flow rate, respectively. Significantly 

higher values (p < 0.0001) of FPF were obtained at a flow rate of 60 L/min as 

Parameters Observation 

Mass median aerodynamic diameter 

(MMADc, μm) 

3.41 ± 0.23 

Mass median aerodynamic diameter  

(MMADp, μm) 

3.24 ± 0.67a 2.83 ± 0.46b 

Geometric standard deviation   

(GSD,  μm) 

1.78 ± 0.14a 1.61 ± 0.09b 

Fine particle fraction (FPF, %) 69.98 ± 1.9a 90.22 ± 2.6b 
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compared to 30 L/min. However, a FPF of approximately 70 % is sufficiently high to 

deliver the drug efficiently deeper in the lung. Thus, these results demonstrated that 

prepared MNLC-DPI were efficient in delivery drug in the alveolar region.  

 

Figure 6.10: Comparison of in-vitro deposition behavior of MNLC-DPI at flow rate 

of 30 L/min and 60 L/min using Westech 8-stage non-viable cascade impactor. The 

data represents mean of three repeats and error bar shows standard deviation. 

 

6.3.6h In-vitro cytotoxicity study 

For nanoparticulate formulations to be acceptable for the human use low toxicity 

profile is a prerequisite. Hence to confirm the safety, the developed nanoparticles 

were tested in-vitro on relevant cell lines. Cleavage of MTT, a yellow tetrazolium 

salt by mitochondrial enzyme succinate dehydrogenase in living cells to form water 

insoluble dark blue formazan crystals is the basis of the MTT assay. 

Cytotoxicity of MNLC was compared with montelukast sodium aqueous 

solution in A549 cells. The results of in-vitro cytotoxicity study indicated an inverse 

relation between drug concentration and cell viability. As depicted in Figure 6.11, 

the IC50 value for montelukast was found to be 70.85 ± 4.25 μmol/L, whereas IC50 

value for MNLC increased to 107.61 ± 4.87 μmol/L. Also, when the cells were 

challenged with Placebo-NLC cell viability of 96.89 ± 2.91 % was observed after 24 

h. This indicated that components selected to prepare lipid carrier (NLC) were less 

toxic to the cells. Thus, it implies that the developed NLC can be used as a carrier 

to deliver the drugs to the respiratory tract. 
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The results of the study demonstrated that MNLC was less toxic than the 

pure drug itself and can be attributed to the biocompatible nature of excipients used 

in the formulation of NLC. The reduced toxicity of montelukast in the form of MNLC 

can be attributed to its association with nanoparticles and the sustained drug 

release. The main component of NLC formulations is glyceride of fatty acid, which 

is biocompatible and well accepted by organisms [58]. Thus, the study indicated 

safe use of MNLC as DPI by pulmonary route. 

 

Figure 6.11: In-vitro cell viability profile of montelukast in A549cell-line after 24 h. 

Cells were challenged with different concentrations of montelukast and cytotoxicity 

was determined using MTT assay. Cells were treated with MNLC at IC50 value of 

montelukast and were compared with Placebo-NLC. IC50 value was determined 

from the graph of % cell viability against various montelukast concentrations. 

Values are represented as the mean ± SD of six separate determinations for each 

group. 

6.3.6i In-vivo pulmokinetic 

6.3.6i.1 Bioanalytical method  

To determine montelukast in BAL and lung tissue samples, HPLC method was 

developed and standardized. Telmisartan was used as internal standard (IS) in the 

concentration of 6 and 15 μg/mL for BAL and lung tissue, respectively. Liquid-liquid 

extraction method was found to be superior in extracting montelukast from the 

samples with good specificity and sensitivity.  
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Figure 6.12: HPLC chromatogram of extracted BAL spiked with montelukast 

standard (2 μg/mL) and telmisartan (6 μg/mL) as internal standard. 

 

Figure 6.13: HPLC chromatogram of extracted lung homogenate spiked with 

montelukast standard (15 μg/mL) and telmisartan (15 μg/mL) as internal standard. 

 

Linearity 

The standard curve was obtained using a plot of the ratio of area of montelukast 

and telmisartan as a function of montelukast concentration (μg/mL). Better 
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extraction of montelukast and telmisartan was achieved using liquid-liquid 

extraction method for both BAL and lung tissue samples.  

 The calibration curve for montelukast was found to be linear between 0 - 10 

μg/mL and 0 - 25 μg/mL for BAL and LH with a correlation coefficient of 0.981 and 

0.982 using telmisartan as an internal standard (6 and 15 μg/ml in methanol for BAL 

and LH respectively), respectively.  

 

Figure 6.14: Calibration of montelukast in extracted BAL spiked with montelukast 

standard 

 

 

Figure 6.15: Calibration of montelukast in extracted lung tissue spiked with 

montelukast standard. 
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Concentration of montelukast in LH and BAL as a function of time is 

depicted in Figure 6.16 and the resultant pulmokinetic parameters are reported in 

Table 6.5. It was observed that encapsulation of montelukast modified the release 

as well as pharmacokinetic parameters as compared to montelukast-aqueous 

solution. Following intra-tracheal instillation of montelukast-aqueous solution and 

MNLC, absorbed drug was estimated in LH whereas, unabsorbed drug available for 

absorption was recovered from BAL. For montelukast-aqueous solution and MNLC 

approximately 36.62 ± 2.75 and 71.50 ± 3.57 % of the montelukast was recovered 

from BAL during first hour, respectively. The concentration of montelukast in BAL 

was eventually decreased to 3.37 ± 0.25 and 4 ± 0.22 % at 4 and 12 h for 

montelukast-aqueous solution and MNLC, respectively. Montelukast was not 

recovered in the BAL after 4 h of intra-tracheal instillation of montelukast-aqueous 

solution. No drug was detected at 12 h in the BAL of rats treated with MNLC 

whereas after 8 h drug concentration of lung tissue decreased implying elimination 

of the drug.  

During initial time points (till 2 h) amount of the drug in the lung tissue was 

more from the montelukast solution than MLNC. This could be attributed to the 

amount of montelukast available for immediate absorption, which was more from 

montelukast-aqueous solution. Cmax for aqueous montelukast solution was found 

to be 1750 ± 175 ng per gm of lung tissue at the end of 2 h (Tmax).  Intra-tracheal 

instillation of MNLC resulted into significantly higher Cmax (2047 ± 112.35 ng per 

gm of lung tissue) with Tmax of 4 h as compared to montelukast aqueous solution. 

The lung clearance was rapid for montelukast in case of montelukast-aqueous 

solution and at 24 h montelukast concentration in lung tissue was undetectable.  

On the other hand, slow and sustained release of montelukast from MNLC 

delayed the Tmax. Also, the residence of the drug was prolonged by formulating 

drug as MNLC. The AUC value indicated that the bioavailability was approximately 

12-fold higher for MNLC than the montelukast aqueous solution. Higher and 

improved sustained drug concentration at the target site can be achieved by better 

peripheral deposition with mucociliary movement back to trachea-bronchial region. 

Formulating drug in the form of nanoparticles, specifically below <500 nm results in 

higher lung deposition and reduces the mucus clearance by surface energetic 

which displaces the particles to the airway epithelium [59-61]. Another reason for 

improved bioavalability is that the drugs in nanoparticluate form interacts more with 

lung membrane [62]. 
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Figure 6.16: Pulmonary release of drug from montelukast-aqueous solution and 

MNLC following intra-tracheal instillation for 24 h in Wistar rats; (a) percentage of 

montelukast in lung homogenate (LH) (b) percentage of montelukast in 

bronchoalveolar lavage (BAL) fluid. Values represented as mean ± SD, n=6. 

 

Prolonged t1/2 and mean residence time (MRT) can be attributed to reduced 

rate of elimination which in turn can be ascribed to sustained release of the drug 

from MNLC. Approximately 3.3 and 3.6-fold increase in t1/2 and MRT, respectively 

were observed for MNLC after intra-tracheal instillation as compared to 

montelukast-aqueous solution.  

The targeting factor of montelukast in the form of MNLC was 11.76 which 

implies the higher targeting potential of MNLC. This significant lung targeting and 

deposition of MNLC can be attributed to particle size and composition of the 

formulation.  The particles below 260 nm are reported to escape the macrophage 

clearance and remain at the site of action for prolonged period of time [63]. Precirol 

ATO5, a lipophilic triglycerides form the outer layer of the drug loaded NLC which is 

responsible for the adsorption of NLC on the airway epithelium resulting in the 

prevention of mucociliary lung transit of NLC.  
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Table 6.5: Single dose pulmokinetic parameters of montelukast-aqueous solution 

and MNLC following intra-tracheal instillation. 

Pharmacokinetic 

parameters 

Montelukast-aqueous 

solution 

MNLC 

Cmax (ng/mL) 1750±175 2047.09±112.35 

Tmax (h) 2 8 

AUC0-24 (h*ng/mL) 446.00±22.3 4778.28±335.24 

AUC0-∞ (h*ng/mL) 2506.22±177.94 29478.36±2291.34 

AUMC0-∞ (h2*ng/mL) 27274.48±1363.72 1062484.98±17302.91 

Kel (h
-1) 0.11 0.03 

t1/2 (h) 6.40 21.49 

MRT (h) 10.88 36.04 

Cl 4.9×10-3 4.24×10-4 

TF - 11.76 

Values are expressed as Mean±SD, n=6. 

TF: Targeting factor= (AUC0-∞)MNLC/(AUC0-∞)Montelukast-aqueous solution 

6.4. CONCLUSION  

The combination of Precirol ATO5 and Capryol-90 was successfully used to 

encapsulate the hydrophilic montelukast sodium for pulmonary targeting. A particle 

size of 181.4 s± 6.5 nm and EE of 96.13 ± 0.98 % was achieved by melt 

emulsification-ultrasonication method.  DSC and XRD studies revealed molecular 

dispersion of the drug in the lipid matrix. Controlled and sustained drug release was 

obtained from MNLC. In-vitro cytotoxicity study confirmed the non-toxicity and 

compatibility of MNLC with lung cell-lines. MNLC-DPI prepared with 3 % mannitol 

resulted in desirable aerodynamic diameters which were able to deposit in the 

alveolar region of rat lung with higher targeting potential. In-vivo intra-tracheal 

instillation study revealed improved lung deposition of montelukast in the form of 

MNLC-DPI. The results of the study demonstrated NLC as an alternative choice for 

pulmonary delivery of montelukast.  
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DEVELOPMENT AND EVALUATION OF ROSUVASTATIN LOADED 

NANOSTRUCTURED LIPID CARRIER DRY POWDER FOR INHALATION 

7.1 Definition of problem, strategy and objective 

Rosuvastatin calcium (RSVS) is an anti-lipidemic agent used to reduce plasma 

cholesterol levels. RSVS competitively inhibits hydroxymethylglutaryl-coenzyme A 

(HMG-CoA) reductase which catalyzes the conversion of HMG-CoA to mevalonic 

acid, the rate-limiting step in cholesterol biosynthesis and thus, prevents 

cardiovascular diseases such as coronary heart disease, stroke and peripheral 

arterial disease. It is a BCS class-II drug, sparingly soluble in water with good 

permeability. Although, it’s well absorbed in the GIT, an extensive first pass 

metabolism limits its bioavailability to only 20 % [1]. Mevalonic acid is the precursor 

of many non-steroidal isoprenoid compounds such as farnesol and geranylgeraniol 

which are related to cell proliferation in human airway smooth muscle (ASM) cells. 

Small GTP binding proteins such as Ras and Rac which, regulates various cellular 

and signaling processes are post-translationally modified with isoprenoids. Ras 

and Rac are covalently linked to farnesol and are associated with cellular 

proliferation and generation of reactive oxygen species (ROS), respectively [2,3]. 

RSVS also shows pleiotropic effects, which includes regulation of cell cycle, cell 

death and proliferation, inflammation, immune modulation, tissue remodeling, and 

cellular redox balance [4-6]. 

Capra and Rovati correlated the effect of rosuvastatin on cell growth 

promoted by a set of physiological and eicosanoid contractile mitogens relevant to 

lung pathophysiology. They also found that the proliferative activities of a wide 

range of physiological mitogens such as fetal bovin serum (FBS), epidermal 

growth factor (EGF), and the eicosanoid contractile agents U46619 and LTD4 in 

human ASM cells can be completely inhibited by rosuvastatin at micromolar 

concentration. An involvement of mevaloanate pathway in all the mitogenic stimuli 

was confirmed by reversal of these stimuli by mevalonate which was added 

simultaneously to RSVS/mitogen treatment [7]. In response to mitogens such as 

EGF, eicosanoid contractile agents and pro-inflammatory cytokines activate 

farnesylated proteins (Ras), ERK and PI3K, which ultimately activate Rho small G 

proteins leading to ASM cells proliferation. The eicosanoid contractile agents like 

thromboxane A2 (TxA2) and cysteinyl-leukotriene D4 (LTD4), which are the 

products of arachidonic acid metabolism are mainly involved in the pulmonary 

pathophysiology and play an important role in the inflammatory cascade that 

occurs in asthmatic and COPD airways [8,9]. 
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In both asthma and chronic obstructive pulmonary disease (COPD) airway 

remodeling occurs in response to long-term, unresolved airway inflammation. 

Airway remodeling is the structural change, which includes loss of epithelial 

integrity, basement membrane thickening, subepithelial fibrosis, enlargement of 

goblet cell and submucosal gland, increase in smooth muscle mass, decrease in 

cartilage integrity and increase in airway vascularity. These structural changes 

arise from the activation of inflammatory cells like CD4+ cells, eosinophils, 

neutrophils and mast cells [10-12]. Airway inflammation occurs in response to 

some asthma triggers resulting in wheezing, coughing, chest tightness and 

shortness of breath making breathing more difficult. By triggering changes in the 

repair functions of the airway lining, body tries to fix the inflammation with one or 

more of the following structural changes (hyperplasia and/or hypertrophy), a) 

increased airway lining thickness involving smooth muscles and collagen tissue, b) 

increased mucous gland and mucous production and c) increased vascularity and 

blood supply in the airways. This remodeling results in the permanent and 

persistent narrowing of the airways which in turn reduces lung function with loss of 

ability to move air into and out of the lungs [12-14], 

Drug delivery by inhalation route is graded as superior over oral and 

parenteral route of administration for the treatment of local as well as systemic 

disorders. Number of factors that determine particle deposition in the deep lung are 

airway geometry, breathing behavior of the subject and inherent clearance 

mechanism of the lung. In order to achieve optimum deposition in the respiratory 

airway inhaled particles should have an aerodynamic diameter in the range of 1- 5 

μm. Lipid nanoparticles have been explored as an alternative drug carrier over 

other vesicular systems due to the properties such as 1) biodegradable and 

biocompatible nature of the components, 2) ability to sustain the drug release, 3) 

stability of drug within the lipid matrix during storage, 4) high payload, 5) suitability 

for large scale production and sterilization etc. [15,16]. Second generation solid lipid 

nanoparticles (SLN) are nanostructured lipid carriers (NLC) which combine the 

advantages of SLN along with high encapsulation efficiency and reduced drug 

leakage during storage [17]. For the purpose of pulmonary administration, particles 

smaller than 500 nm increases diffusional mobility resulting in improved deposition 

in all parts of the lung [18]. It is also demonstrated that macrophage clearance can 

be escaped by developing particles smaller than 260 nm [19] whereas phagocytic 

uptake is maximum for particles 1 – 2 μm in size [20]. Lipophilic and bioadhesive 

properties of NLC extend residence in the lung while sustained release of the 
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entrapped drug from such lipid matrices prolongs therapeutic effect and inhalation 

dosing thereby improving patient compliance [21,22]. 

RSVS due to its pleiotropic effects on airway smooth muscles can be 

considered as a drug of choice to improve pulmonary health by decreasing 

inflammatory response. US Food and Drug Administration (FDA) have alerted oral 

use of RSVS for side effects such as rhabdomyolosis and kidney failure [23]. 

Inhaled therapy target local pulmonary inflammation while reducing systemic side 

effects and thus improves therapeutic index. We hypothesized that pulmonary 

administration of RSVS-loaded NLC will help to achieve high and sustained drug 

concentration in the lung tissue with favorable pulmokinetic parameters. The 

present study was conducted to assess the delivery potential of nanostructured lipid 

carriers (NLC) loaded with rosuvastatin (RNLC) for pulmonary application. The 

prepared RNLC-DPI was evaluated for in vitro aerosol performance using cascade 

impactor and in vivo pulmokinetic parameters. 

7.2 Experimental work 

7.2.1 Standardization and validation of HPLC method  

7.2.1a Instrumentation 

The amount of rosuvastatin in the various samples was estimated using HPLC 

method reported earlier with slight modification in mobile phase composition [24]. 

Briefly, HPLC system (JASCO, Japan) consisting of a pump (JASCO Intelligent 

Pump, 2080 Plus, Japan) with UV spectrophotometric detector (JASCO UV 2075 

Plus, Japan) and a 20-μl loop injector (Reodyne 7125) was used. The separation 

was carried out on reversed phase gold C18 column ((250 mm   4.6 mm, 10.0 μ) 

Thermo Electron Corporation, Bellefonate, PA, USA). The composition of mobile 

phase was 60: 40 of 0.05M formic acid: acetonitrile at a flow rate of 1.0 mL/min and 

the detection wavelength used was 240 nm. The data was analyzed by Borwin 

version 1.50 software (JASCO, Japan).  

7.2.1b Rosuvastatin standard stock solutions 

The stock solution of rosuvastatin was prepared by accurately weighing 10 mg of 

rosuvastatin, transferring it into a 10 mL volumetric flask, dissolving and diluting to 

volume with 10 mL double distilled water to achieve a concentration of 1 mg/mL 

(1000 μg/mL). This stock solution was stable for at least three months when stored 

in refrigerator at 4ºC. Working standard solutions were freshly prepared when 

required by diluting stock solutions to an appropriate concentration with mobile 

phase.    
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7.2.1c Linearity and range 

The standard stock solution (1000 μg/mL) was further diluted with methanol to 

obtain different standard solutions in the concentration range of 0.4 - 10 μg/mL. 

Linearity of the method was evaluated by injecting these standard solutions of the 

drug into the HPLC system. The calibration curve was obtained by plotting peak 

area recorded for all the peaks on Y-axis versus concentration of montelukast on X-

axis. 

7.2.2 Lipid screening 

Solid and liquid lipids for the preparation of RNLC were selected which dissolves 

maximum amount of RSVS. Briefly, 5 mg increments of RSVS were added to 

melted solid lipid or liquid lipid (0.5 g), mixed thoroughly using a vortex mixer to 

yield a clear solution and addition was continued till saturation. The amount of 

rosuvastatin dissolved or added to melted solid lipid before the saturation point is 

reported directly as the solubility of rosuvastatin. Solubility in liquid lipid was 

estimated after separating the undissolved rosuvastatin by centrifugation (Allegra™ 

64R Centrifuge, Beckman-Coulter, USA) at 25,000 rpm, 25°C for 20 min. The 

amount of dissolved drug was analyzed by HPLC after dissolving drug containing 

oil in an appropriate solvent followed by dilution with the mobile phase. 

7.2.3 Preparation of rosuvastatin loaded nanostructured lipid carrier (RNLC) 

RNLC was prepared by melt-emulsification and ultrasonication method. Briefly, 

mixture of lauric acid (solid lipid) and capryol 90 (liquid lipid) in the ratio of 7:3 was 

melted 10⁰C above the melting point of solid lipid (47oC). RSVS (final concentration 

1 mg/mL) was dissolved in hot melted solution of lipids with the aid of vortex until 

the clear solution was obtained. The hot lipid phase prepared above was added to 

hot aqueous phase of 3 % w/v cremophor RH40 which was prepared and heated 

simultaneously to the same temperature as that of lipid phase. This colloidal 

dispersion was subjected to the ultrasonication (Vibra-Cell, Sonics & Material, Inc., 

USA) for 4 min (30:5 on:off cycle) to obtain RNLC. RNLC was allowed to cool at 

room temperature and characterized further. 

7.2.4 Experimental design 

A 23 experimental design was applied for the development of RNLC to evaluate the 

influence of three independent variables lipid concentration (%), drug concentration 

(mg/mL) and surfactant concentration (%) (factors)  on particle size (nm) and 

encapsulation efficiency (% EE) (response variables). Table 7.1 demonstrates each 



Chapter 7                                                                                      Rosuvastatin-NLC-DPI 

 

Ph. D. Thesis: Arpana Patil-Gadhe         188         BVDU Poona College of Pharmacy, Pune 

factor tested at two levels designated as -1 (low) and +1 (high) and their uncoded 

levels.  

 

Table 7.1: Coded and real values of the independent variables for 2
3
 factorial 

design. 

Factors 

(Independent variables) 

Levels 

Low (-1) High (+1) 

X1: Total lipid concentration 

(%) 

1 2 

X2: Drug concentration 

(mg/mL) 

0.5  1 

X3:Surfactant concentration 

(%) 

1 3 

Response:(Dependent variables) 

Y1: Particle size (nm) 

Y2: % Encapsulation efficiency (% EE) 

The resultant batches with their obtained responses are presented graphically in 

Figure 7.3. Multiple regression analysis was used to assess the response. The 

regression equations for the two responses were calculated using following 

equations: 

Y1 (PS) = b0+b1X1+b2X2+b3X3+b12X1X2+b13X1X3+b23X2X3                                         (1) 

Y2 (%EE) = b0+b1X1+b2X2 + b3X3 + b12X1X2 + b13X1X3 + b23X2X3                                                 (2) 

Equation 1 and 2 indicates quantitative effects of selected independent 

factors on particle size (Y1) and % EE (Y2), respectively. b0 is the intercept and b1, 

b2, b3 represent the regression coefficients for the polynomial equations. X1, X2 and 

X3 indicates main effect while X1X2, X1X3 and X2X3 indicates the interactions 

between two factors. Multiple regression analysis was performed using MODDE 

(Umetrics, USA) Significance was set at p < 0.05 in the model for the effect of all 

factors. 

Contour plots depicted in Figure 7.4-7.9 are the graphical representation of 

the values and the effect of the response. The relationship between independent 

and dependent variables can be explained with the help of these contour plots for 

the full models. Contour plots were plotted using MODDE at the values of two 
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factors between -1 and +1 keeping third factor constant at predetermined values of 

particle size and EE. 

7.2.5 Statistical analysis 

All average results are presented as means ± standard deviation (S.D.) The 

statistical difference of the values was determined by ANOVA followed by 

Bonferroni’s or Dunnett “post-hoc test” for multiple comparisons. A statistical level 

of significance was set at P < 0.05. 

7.2.6 Characterization of RNLC 

7.2.6a Particle size and zeta potential (£) 

Nanoparticles size and size distribution of placebo-NLC and RNLC was determined 

using by dynamic light scattering with a Malvern MasterSizer 2000 HydroSM 

(Malvern Instruments, Malvern, UK) before and after lyophilization of RNLC. The 

analysis was repeated thrice and the width of the size distribution was reported as 

polydispersity index (PDI).  

Zeta potential was measured using a Malvern Zetasizer NANO ZS90 

(Malvern, Worcs, UK). Samples were diluted 100-times with Milli Q water 

(Nanopure Diamond by Barnstead, Dubuque, IA, USA) for better measurement and 

suitable signal intensity. The measurements were performed in triplicate and results 

are reported as mean ± standard deviation (SD). 

7.2.6b Drug content and encapsulation efficiency (% EE) 

Drug content of prepared RNLC was determined by dissolving NLC equivalent to 1 

mg of RSVS in 10 mL ethanol. After suitable dilution the drug content was 

determined by directly injecting into the HPLC system.  

Centrifugation method was used to determine % EE of RNLC. Undiluted 

NLC dispersion equivalent to 1 mg of RSVS was filled in centrifuge tubes 

(Eppendorf India Limited) and subjected to centrifugation at 25,000 rpm for 30 

minutes at 25oC to settle the prepared nanoparticles. Free drug in the supernatant 

was determined after suitable dilution with methanol and analyzed by HPLC 

method. The drug encapsulation efficiency (% EE) was calculated by following 

equation:  

     
                  

        
                                                                                   (1) 

Drug content % EE was determined after lyophilization to study the effect of 

lyophilization method on the stability of the RNLC with respect to drug leaching. 
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7.2.6c Transmission electron microscopy (TEM) 

TEM was used to study the morphology of RNLC. Imaging was performed on TEM 

(TEM, JEM-2010, JEOL, Tokyo, Japan) at a voltage of 80 kV having magnification 

of 60000X. A drop of NLC was placed on Formvar®-coated copper grids (Ted Pella, 

Redding, CA) followed by air drying and images were captured using TEM. 

7.2.7 Lyophilization of RNLC (RNLC-DPI)  

Effect of cryoprotectants type and concentration: 

RNLC-DPIs were prepared using lactose (Respitose SV010), mannitol, fructose, 

sucrose and sorbitol at different concentrations (1 - 5 %) as cryoprotectant-carrier, 

with and without L-leucin. L-leucin was added as an antistatic/anti-adherent in the 

concentration 5 % of total solid content. Respitose SV010 and L-leucin were 

dissolved in RNLC followed by freezing at -80 °C using ultra low freezer for 24 h 

(U101, Innova, New Brunswick Scientific, USA) and lyophilized for 48 h using single 

stage lyophilizer (FreezeZone 2.5, Labconco Corporation, Czech Republic) at 

chamber pressure of 0.120 mBar. The prepared RNLC-DPI was stored in 

desiccator until further analysis. RNLC-DPI was dispersed in double distilled water 

to determine particle size and % EE after lyophilization.  

7.2.8 Characterization of RNLC-DPI 

7.2.8a Angle of repose 

The pile was carefully built up by dropping the material through a funnel till the tip of 

the funnel (height, 2 cm). The angle of repose was calculated by inversing 

tangentially the ratio of height and radius of the formed pile. 

7.2.8b Bulk and tapped density 

Bulk density was determined  by filling the powder in a 10-mL measuring cylinder, 

and followed by 500 taps (taps sufficient to obtain the plateau condition) using tap 

density tester (Electrolab, ETD-1020, USP, Mumbai, India) to determine tapped 

density. Carr’s compressibility index and Hausner’s ratio were determined by 

following formulae: 

Carr’s Index (%) = (tapped density-bulk density)/tapped density X 100      (3) 

Hausner’s ratio = tapped density/bulk density                                             (4) 

7.2.8c Moisture content 

The moisture content of the lyophilized MNLC was assessed in triplicate by Karl 

Fischer titrator (Veego/Matic-D, India). 
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7.2.8d Particle Size (Volume mean diameter; VMD or mass median diameter; 

MMD)  

Particle size is characterized by the volume mean diameter (VMD) or mass median 

diameter (MMD) (d0.5), i.e., the size in microns at which 50 % of the sample is 

smaller and 50 % is larger. MMD for the lyophilized powder sample was measured 

using Malvern Mastersizer 2000® laser diffractometer attached to a dry sampling 

system (Scirocco 2000, Malvern Instruments, Malvern, UK) using an appropriate 

standard operating procedure (SOP). SOP was generated using lactose as a 

sample at refractive index of 1.33 with 50 % vibration feed rate for measurement 

time of 12 s and 2 bar dispersive air pressure. The measurements were performed 

in triplicate and results are reported as mean ± standard deviation (SD). 

7.2.8e Scanning electron microscopy (SEM) 

The surface morphology of pure rosuvastatin and RLNLC-DPI was examined by 

scanning electron microscopy (SEM) (JSM-5610 LV, JEOL, Japan). Powder 

samples were adhered to sample stubs, coated with a gold-palladium using sputter 

coater (VG Microtech, UK) and surface topography was viewed and analyzed with a 

Cambridge Stereoscan S120 scanning electron microscope (Cambridge, UK) using 

an accelerating voltage of 15 kV. 

7.2.8f Differential scanning calorimetry (DSC) 

The melting behavior of pure rosuvastatin, lauric acid, bulk mixture of lauric 

acid:capryol-90 (7:3), ternary bulk mixture of RSVS:lauric acid:capryol-90, placebo-

NLC and RNLC-DPI were studied on a METLER DSC 821e module controlled by 

STARe software (METLER Toledo GmbH, Switzerland). DSC measurements were 

performed at a heating rate of 10 °C/min from 25 to 250 °C using empty aluminum 

sealed pan as a reference. The sample sizes were 5–10 mg for each measurement. 

During measurement, the sample cell was purged with nitrogen at a flow rate of 50 

mL/min. 

7.2.8g X-ray powder diffraction study (XRPD) 

The X-ray powder diffraction patterns for pure rosuvastatin, placebo-NLC and 

RNLC-DPI were recorded on an X-ray diffractometer (PW 1729, Philips, 

Netherland). The samples were irradiated with monochromatized CuKα radiation 

(1.542 Å) and analyzed between 2–30° 2θ. The patterns were collected with a 

voltage of 30 kV and current of 30 mA, respectively. The range and the chart speed 

were 5×103 CPS and 10 mm/°2θ, respectively. 
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7.2.8h In-vitro release of RSVS from RNLC-DPI 

In vitro drug release studies were carried out using the dialysis bag [25] in modified 

simulated lung fluid (mSLF, pH 7.4) as release medium [26,27]. Cellulose 

membrane bags (6000-8000 molecular weight cut off) were previously soaked 

overnight in the medium. The RNLC-DPI equivalent to 5 mg rosuvastatin dispersed 

in distilled water was placed in the dialysis bag and both the ends of bag were tied 

to prevent any leakage. Dialysis bag was carefully placed in the beaker containing 

50 mL mSLF (pH 7.4) and was placed on the magnetic stirrer, rotated at 50 rpm for 

48 h at 37±0.1°C. The drug release from RNLC was compared with the 

rosuvastatin- aqueous solution placed in the dialysis bag. The amount of 

rosuvastatin released into the medium was determined with the help of UV-visible 

spectrometer (V570 Jasco, Japan) at wavelength of 242 nm. The experiments were 

carried out in triplicate and data was reported graphically as mean ± s.d.  

7.2.8i In-vitro lung deposition study  

In vitro lung deposition study was undertaken to assess aerosol performance in 

terms of emitted dose (ED), mass median aerodynamic diameter (MMAD) and fine 

particle fraction (FPF) were determined using Westech 8 stage non-viable Cascade 

Impactor (Westech Scientific Instruments, Bedfordshire, UK) with a preseparator. 

The aerosolized parameters of the developed RDPI were examined at a flow rate of 

30 and 60 L/min for 4 s. To prevent particle bounce and re-entrainment these plates 

were precoated with 1 % silicone oil in octanol. Powder equivalent to 200 μg was 

filled in a size ‘3’ hard gelatin capsule and aerosolized using Rotahaler (Cipla 

Limited, Mumbai, India). For each impaction 10 capsules were aerosolized, with air 

drawn through it for 5 sec after each shot. Ethanol was used to dissolve the 

samples deposited in capsule and inhaler device, induction port, preseparator and 

on each plate (stage) of cascade impactor followed by determination of rosuvastatin 

content in these samples by HPLC. The cumulative percentage of deposition was 

calculated to its Z-value and plotted against the log of the cut-off diameter of each 

stage. The MMAD was obtained from the particle diameter at a Z-value of zero. The 

amount of drug recovered from the delivery device to last stage of impactor is 

regarded as emitted dose whereas the fraction of particles smaller than 4.4 μm is 

reported as FPF. 

7.2.8j In-vitro cytotoxicity  

In-vitro cytotoxicity of rosuvastatin-aqueous solution and RNLC was assessed in 

the A549 (Human lung adenocarcinoma) cell line using MTT assay. Briefly, 100 μL 

of the A549 cells was cultured in 96-well micro titer plates at a density of 1×106 
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cells/well and incubated overnight. Then, the cells were treated with 100 μL of 

different concentrations of rosuvastatin-aqueous solution and RNLC (0-80 μg/mL) 

diluted with F12K medium followed by incubation for 24 h at 37 ± 0.2°C in a 5 % 

CO2-jacketed incubator (Model 3193, Forma Scientific Inc.). After overnight 

incubation, 100 μL supernatant from each cell was replaced by sterilized MTT 

solution (20 μL of 5 mg/mL in PBS), which were further incubated for 4 h at 37°C. 

The supernatant was carefully removed and the water-insoluble dark blue formazan 

crystals formed were dissolved by adding 100 μL of dimethylsulfoxide and mixed 

thoroughly. The absorbance was recorded at 540 nm using the microplate reader 

(SpectraMax Plus 384, Molecular Devices, CA, USA). The proportion of viable cells 

in treated wells was compared to the untreated well (control). Untreated control 

group values were fixed at 100 % cell viability. % cell viability was calculated from 

the Equation (5). The IC50 value (the drug concentration needed to prevent cell 

proliferation by 50 %) was calculated from the regression equation of the graph of 

% cell viability as a function of drug concentration. To evaluate the cytotoxicity of 

lipid carrier, cells were challenged with placebo-NLC.  

% cell growth = [T –T0 / T0]                                                                                (5) 

Where, T0 is cell count on day 0 (initial count) 

  T is cell count on last day (after 24 h)  

   

7.2.8k In-vivo pulmonary pharmacokinetics study 

7.2.8k.1 Animals 

To ascertain the in vivo pharmacokinetics properties of the RNLC, intra-tracheal 

instillation technique was used as per earlier reports [28,29]. The guidelines of the 

Committee for the Purpose of Control and Supervision on Experimental Animals 

(CPCSEA) were used to prepare experimental protocol and were approved by the 

Institutional Animal Ethics Committee (IAEC) of Poona College of Pharmacy, Pune 

(CPCSEA/PCT-5/2014). Briefly, male albino rats were obtained from National 

Toxicological Centre (NTC), Pune and were housed in individual plastic cages at a 

constant temperature. Rats were allowed free access to water and rat pelletized 

chow but abstained for 18 hours prior to experimentation.  

7.2.8k.2 Dosing protocol 

Randomly six albino rats (200–240 g, 12-16 weeks) were selected for each group 

for each time interval and anaesthetized intraperitoneally using urethane solution 

(1.2 gm/kg). Small midline incision between the fifth and sixth tracheal rings was 

made over the trachea using a 20 guage needle and 5-7 cm long PE200 tubing was 
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cannulated with the tip positioned at the bifurcation of trachea to instill the 

formulation. Pure drug as well as powder equivalent to RSVS dose of 0.2 mg/kg 

were dispersed in sterile phosphate buffer saline (PBS; pH 7.4) and were instilled 

intra-tracheally. Before animals were sacrificed at predetermined time of 1, 3, 6, 9, 

12 and 24 h, 8 mL bronchoalveolar lavage fluid (BALF) was obtained from each rat 

by slow intra-tracheal instillation of 12 mL filtered (0.22 μm filter) PBS (pH 7.4), 

prewarmed to 37oC which was withdrawn after 2 min by gentle aspiration. Then, 

animals were killed by cervical dislocation. Isolated lung and BAL were stored at -

70 °C until further analysis for released and unreleased drug from RNLC by HPLC, 

respectively. 

7.2.8k.3 Standard solutions and spiked samples 

Rosuvastatin in biological samples was estimated using ketoprofen as an internal 

standard. The stock solution of rosuvastatin and ketoprofen was prepared by 

accurately weighing 10 mg of each drug separately, transferring it into a 10 mL 

volumetric flask, dissolving and diluting to volume with 10 mL mixture of double 

distilled water and methanol (8:2) to achieve a concentration of 1 mg/mL (1000 

μg/mL). This stock solution was stable for at least three months when stored in 

refrigerator at 4ºC. Working standard solutions were freshly prepared when required 

by diluting stock solutions to an appropriate concentration with mobile phase. BAL 

and lung standard samples were prepared by spiking blank BAL and lung with 

rosuvastatin standard solutions. 

7.2.8k.4 BALF sample preparation 

Liquid-liquid extraction method was used for the preparation of BALF samples. 100 

μL of BALF standard and study samples were spiked with 100 μL of internal 

standard (IS) solution (6 μg/mL ketoprofen in mobile phase) and 300 μL of mobile 

phase. Mobile phase was used acts as an extraction solvent. The resultant samples 

were vortexed for 10 min and then subjected to centrifugation at 7000 rpm for 15 

min at 4oC (AllegraTM 64R Centrifuge, Beckmann Coulter, USA). The supernatant 

was collected and 20 μL was injected into the HPLC system for quantification.  

7.2.8k.5 Preparation of Lung homogenate (LH) samples  

Prior to HPLC analysis, tissue samples previously frozen at -80ºC were thawed to 

room temperature. To analyze released RSVS, portions of the trachea below the 

instillation site and the lungs were excised. From this 100 mg was homogenized 

with 500 μL of mobile phase to which 100 μL of ketoprofen (15 μg/mL in mobile 

phase) was added as internal standard. This LH was further vortexed for 15 min 
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and centrifuged at 7000 rpm for 20 min at 4oC. The collected supernatant was 

analyzed by HPLC as discussed under drug content determination. Using LH data 

mean pulmonary pharmacokinetic parameters were determined. 

7.2.8k.6 Pharmacokinetic and statistical analysis 

The pharmacokinetic parameters (Cmax, Tmax, AUC and CL) of rosuvastatin in 

lung tissues and BAL were calculated using a noncompartmental approach 

(WinNonLin Version 5.2.1, Pharsight Corporation, Cary, NC). The values are 

reported as the mean ± S.D The pharmacokinetics parameters were analyzed 

statistically using Student's independent samples t test and expressed as a one-

way p value. The minimum level of significance was set at p < 0.05. All statistical 

analyses were performed using the GraphPad Prism 5.0 software (Graph pad 

software [CA, USA]). 

7.3 Result and discussion 

7.3.1 Analytical method development and calibration curve 

Previously reported HPLC method was used after slight modification in the mobile 

phase to estimate the rifapentine with good resolution. A standard solution of 0.4-10 

μg/mL was injected (20 μL) and analyzed, by HPLC using UV detection wavelength 

at 240 nm. Figure 7.1 represents chromatogram for 10 μg/mL solution of standard 

rifapentine. 

 

Figure 7.1: HPLC chromatogram of standard rosuvastatin ((10.0 μg/mL) 
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Linearity 

A good correlation coefficient (r2 =0.999) was obtained for the concentration range 

of 0.4 – 10 μg/mL (Figure 7.2). A linear relationship was obtained for a plot of peak 

area versus rosuvastatin concentration. The mean values of slope and intercept 

were 23002 and 4153 for rosuvastatin, respectively. 

 

Figure 7.2: Calibration curve of rosuvastatin by HPLC. 

 

7.3.2 Nanoparticle preparation 

To select the best possible excipients for the pulmonary administration of RNLC-

DPI preliminary study was undertaken. In the preliminary study both formulation 

and processing parameters were studied for their effects on particle size, % EE and 

stability of RNLC. Formulation factors included type of solid lipid, type of liquid lipid, 

ratio of solid lipid:liquid lipid, type of surfactant, surfactant concentration and drug 

concentration. The processing parameters included sonication amplitude and 

sonication time. The solid lipid and liquid lipid were selected on the basis of high 

solubility for RSVS and in contrast, surfactant was selected on the basis of low 

solubility of drug in its aqueous solution. Various solid lipids tested were lauric acid, 

stearic acid, whitepsol H 85, whitepsol H 175, whitepsol H 35, glycerol 

monostearate, glycerol monolaurate, glycerol monocapryolate, gelucire 44/14, 

gelucire 30/01, gelucire 50/13, compritol 888 and Precirol ATO 5 whereas liquid 

lipids studied were capryol-90, oleic acid, lauroglycol FCC, labrasol and captex 200 

P. Addition of liquid lipids to solid lipid matrix is reported to enhance encapsulation 

of lipophilic drug and also forms small particles [17]. The surfactant type and 
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concentration were also screened on the basis of stability of the formulation and 

encapsulation efficiency of the RSVS. Surfactants screened were tween 80, 

poloxamer 188, MYS-25, cremophor RH 40 in the concentration range of 0.5 – 5 % 

w/v.  

 From the solubility study data, lauric acid was selected as solid lipid and 

capryol-90 was selected as liquid lipid. NLCs prepared using Cremophor RH40 as a 

surfactant at 7:3 ratio of solid lipid:lquid lipid gave stable batches. Other surfactants 

screened at all concentrations showed aggregation. 

Extensive preformulation study revealed that solid lipid:liquid lipid ratio, 

sonication amplitude and time as the factors least affecting particle size and % EE 

of RNLC. Moreover, total lipid concentration, drug concentration and surfactant 

concentration being the most influential factors for particle size and % 

encapsulation efficiency.  

7.3.2 Factorial design  

RNLCs were prepared using melt-emulsification sonication method using three 

factors at two levels based upon 23 factorial design. Table 7.1 summarizes the 

coded and uncoded values for the three independent parameters. Figure 7.3 

demonstrates 8 formulated batches for RNLC with the particle size and % EE as 

responses. The results of the regression analysis for these two responses are 

presented in Table 7.2.  

 Multiple regression analysis of the obtained data for particle size and % EE 

generated full model polynomial equation and are presented as Equation 6 and 

Equation 7, respectively.  

 

Y1 (PS) = 205+18.5X1-12.25X2-24X3-3X1X2-5.25X1X3+3X2X3                                  (6) 

 

Y2 (% EE) = 71.55-5.87X1+10.86X2+8.78X3+0.31X1X2-1.26X1X3-2.08 X2X3            (7) 

 



Chapter 7                                                                                      Rosuvastatin-NLC-DPI 

 

Ph. D. Thesis: Arpana Patil-Gadhe         198         BVDU Poona College of Pharmacy, Pune 

 

Figure 7.3: Experimental design with coded levels of dependent variables with 

responses obtained for dependent variables from experimental batches (n=3). 

Table 7.2: Result of regression analysis of full model for RNLC 

Response Particle size (nm) Encapsulation efficiency (%) 

 X coefficient p-value X coefficient p-value 

Constant (b0) 205.75 0.0039* 71.55 0.0025* 

X1 (b1) 18.5 0.043* -5.87 0.03* 

X2 (b2) -12.25 0.064 10.86 0.016* 

X3 (b3) -24 0.033* 8.78 0.02* 

X1X2 (b12) -3 0.25 0.31 0.47 

X1X3 (b13) -5.25 0.15 -1.26 0.14 

X2X3 (b23) 3 0.25 -2.08 0.085 

R
2
 0.999 1.00 

Adj R
2
 0.99 0.998 

 

Correlation coefficient (R2) values helps to check for the goodness of fit since R2 

value near to 1 indicates an excellent correlation between the independent 

variables. The values of the correlation coefficients for PS (0.999) and EE (1.0) for 

full model signified that over 99 % of the total variations are explained by the 

obtained model (Table 7.2). Also, the values of adjusted correlation coefficients (adj 

R2) were also more than 99 % (0.99 for PS and 0.998 for EE) for the full model 
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indicating a high significance of the model. Thus, all the above considerations 

indicate that the model is highly significant and can effectively explain 99% variation 

around the mean value. Coefficients of the equations are the quantitative effects of 

the particular independent factor on response while p-value is used to evaluate the 

significance of the coefficient and are listed in Table 7.2. 

Smaller particle size (161 ± 3.38 nm) and significantly high % EE (95.66 ± 

4.78 %) was obtained for RNLC-7 which is prepared using low level of total lipid 

concentration (X1) and high levels of drug concentration (X2) and surfactant 

concentration (X3). 

7.3.2a Effect of independent variables on particle size 

Particle size is one of the critical factor in the aerosolization process, the smaller the 

particle size the more number of nanoparticles will accommodate into the micron 

size aerosol particles and thereby enhance the delivery of drug to deep lung 

because of the increased diffusional mobility. Another advantage of the smaller 

particle size is that the rate of drug absorption increases by promoting a more 

uniform drug distribution [30]. 

Particle size obtained for RNLC batches is presented graphically in Figure 

7.3. As demonstrated in Figure 7.3, particle size varied in the range of 161 ± 3.38 to 

273 ± 5.73 nm. As presented in Table 7.2 and Eq. 3, constant (b0) indicates 

average value of the response for all the 8 runs. Mean particle size of 205.75 nm 

(p-value=0.0039; R2=0.999; Table 7.2) was observed for RNLC. It was noticed that 

all the three factors selected for the study had significant (p < 0.05) effect on 

particle size, whereas interaction terms indicated effect of two factors 

simultaneously did not have profound effect. Predicted particle size values at 

different levels of X1, X2 and X3 are graphically represented in contour plot (Figure 

7.4 to 7.6). Increase in particle size was observed with increase in total lipid (X1) 

whereas increase in drug concentration and surfactant concentration, particle size 

was found to decrease. The increase in particle size due to X1 can be attributed to 

the increase in globule size of the dispersion [31]. Variation in drug concentration 

(X2) did not have significant effect on particle size (p > 0.05). However, this 

insignificant decrease in particle size on increase in drug concentration can be 

attributed to the lipophilic nature of the RSVS which resulted in higher hydrophobic 

interaction of RSVS with the lipid blend [32]. It was also noticed that particle size of 

RNLCs was smaller than placebo-NLC (Figure 7.3). In our earlier report, we also 

have reported reduction in liposomal vesicle size of rifapentine loaded proliposmal 

dry powder for inhalation (RLDPI) as compared to blank liposomes [33]. Further, as 
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surfactant concentration was increased from 1 to 3 %, particle size was decreased. 

Increase in surfactant concentration might have led to the better stabilization of 

internal structure of colloidal dispersion and prevented the coalescence resulting in 

smaller particles.  

 

 

Figure 7.4: Contour plot depicting the effect of lipid concentration (%) and drug 

concentration (mg/mL) on particle size of RNLC. 

 

Figure 7.5: Contour plot depicting the effect of lipid concentration (%) and 

surfactant concentration (%) on particle size of RNLC. 
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Figure 7.6: Contour plot depicting the effect of drug concentration (mg/mL) and 

surfactant concentration (%) on particle size of RNLC. 

 

7.3.2b Effect of independent variables on % encapsulation efficiency 

% EE for the RNLC batches ranged from 45.19 ± 2.26 % and 95.66 ± 4.78 % 

(Figure 7.3) with mean % EE of 71.55 % (p-value=0.0025; R2=1.00; Table 7.2). The 

effect of independent factors on % EE is shown in polynomial Eq. 4 and graphically 

represented in Figure 7.7 to 7.9. The values obtained for R2 and p-value for each 

factor coefficient after regression analysis of % EE data is presented in Table 7.2. 

From Eq. 4 and Figure 7.7 it is evident that total lipid concentration increase led to 

significant decrease (p-value < 0.05) in the % EE of RSVS. In contrast, significant 

increase (p-value < 0.05) in % EE was noticed for increase in drug concentration 

(X2; Figure 7.7) and surfactant concentration (X3; Figure 7.8). Decrease in % EE on 

increase in total lipid concentration can be attributed to lipid precipitation 

mechanism. During the production of lipid nanoparticles by melt-emulsification-

sonication method, dispersion droplets contain mixture of drug and lipid(s). Upon 

cooling since melting point of lipid is smaller than melting point of drug, lipid starts 

precipitating earlier than the drug. This leads to less entrapment of the drug which 

ultimately results in more drug in external aqueous phase than within lipid 

nanoparticles [34]. Upon increase in drug concentration, more amount of the drug 

was available for encapsulation which resulted in improved % EE. This is in 

contrast to the observation reported by Zhang et al. as they found decrease in % 

EE on increase in drug concentration [35].  
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Figure 7.7: Contour plot depicting the effect of lipid concentration (%) and drug 

concentration (mg/mL) on % EE of RNLC. 

 

Figure 7.8: Contour plot depicting the effect of lipid concentration (%) and 

surfactant concentration (%) on % EE of RNLC. 
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Figure 7.9: Contour plot depicting the effect of drug concentration (mg/mL) and 

surfactant concentration (%) on % EE of RNLC. 

7.3.3 Zeta potential (ζ) 

Physical stability of colloidal dispersion such as NLC is determined by zeta 

potential. The zeta potential of RNLC in double distilled water was −29.38 ± 2.30 

mV which indicated physically stable formulations.  

7.3.4 Transmission electron microscopy (TEM) 

Smooth spherical lipid nanoparticles were revealed from TEM images (Figure 7.10). 

The size observed with TEM was in good agreement with the particle size obtained 

by dynamic light scattering method. 

 

Figure 7.10: TEM image of RNLC-7. 
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7.3.5 Lyophilization 

Of the three available inhaled delivery systems dry powder inhaler has gained much 

attention due to various advantages such as propellant-free nature, portable, 

stability and longer shelf life as compared nebulizers and pressurized metered dose 

inhalers (pMDI), the conventional delivery systems. Lyophilization is the preferred 

method for the preparation of NLC-DPI over spray drying. Spray drying requires 

more than 100oC for complete and fast drying of aqueous colloidal dispersion and 

to yield powder with low density (< 0.4 g/cc) [36]. During lyophilization the 

nanoparticles undergo freezing stress which may hamper the performance of the 

product in-vitro and in-vivo. Furthermore, during lyophilization the nanoparticles 

undergo aggregation to produce bigger particles which may not form individual 

nanoparticles in-vivo. Therefore, to overcome this problem of lyophilization and to 

obtain nano-aggregates which upon reconstitution form individual nanoparticles, 

bulking agents or cryoprotectant was added before lyophilization. The water soluble 

bulking agents connect the nanoaparticles through ‘interparticle or excipient 

bridges’ preventing direct contact of nanoparticles each other that enables 

spontaneous dispersion [37,38].  

 As revealed from Sf/Si ratio depicted in Table 7.3, all cryoprotectants except 

lactose showed significant increase in particle size after lyophilization at 

concentration of 2.5 and 5%. Sf/Si ratio close to 1 is the indication of retention of 

initial particle size after lyophilization whereas Sf/Si < 1.3 is acceptable [39]. All 

cryoprotectants at 1 % concentration resulted in sticky product. At 2.5 % free 

flowing powder was obtained, however, a significantly larger particles were 

obtained with Sf/Si ratio greater than 1.3. 

 Addition of L-leucin improves aerosolization efficiency by reducing 

the propensity of nano-aggregates to agglomerate. This hydrophobic L-leucin is 

used as an antistatic agent and acts by water repulsion to reduce the moisture 

uptake of the highly hygroscopic lactose, reduces particle cohesiveness and is also 

reported to improve particle morphology [40]. In the present study inhalation grade 

lactose (Respitose SV010) was used as cryoprotectant-carrier. Respitose SV010 

was added in the concentration of 1, 2.5 and 5 % w/v whereas L-leucin was added 

5 % of the total solid content. Lyophilization using 1 % w/v Respitose SV010 

resulted in sticky product whereas 2.5 and 5 % w/v yielded non-sticky, free flowing 

powder. However, Respitose SV010 more than 5 % w/v was not used because it 

might result in very fluffy powder and to accommodate required dose of the drug, 

powder mass will be very high which may burden the lung with inactive excipients. 
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Therefore, RNLC-DPI using 5 % w/v Respitose SV010 was chosen for the further 

study. 

Table 7.3: Effect of type and concentration of cryoprotectants after lyophilization on 

particle size. 

Cryoprotectant Concentration 

(%) 

Final 

Particle size 

Sf/Si 

ratio 

 

Mannitol 

1 Sticky product 

2.5 275 1.71 

5 214 1.23 

 

Lactose 

1 Sticky product 

2.5 201 1.25 

5 165 1.02 

 

Fructose 

1 Sticky product 

2.5 233 1.45 

5 208 1.29 

 

Sucrose 

1 Sticky product 

2.5 247 1.53 

5 219 1.36 

 

Sorbitol 

1 Sticky product 

2.5 291 1.81 

5 274 1.70 

 

Table 7.4 compares particle size, zeta potential of RNLC before and after 

lyophilization for Rspitose SV010 as cryoprotectant. No significant difference 

(p>0.05) was observed between these values pre- and post-lyophilization.   

 

Table 7.4: Physical characterization of RNLC before and after lyophilization (mean 

± s.d.) 

Parameters Before lyophilization After Lyophilization 

Placebo-NLC RNLC Placebo-NLC RNLC 

Particle size (nm) 177 ± 5.68 161 ± 3.38 181 ± 4.29 165 ± 4.87 

Zeta potential 

(mV) 

33.3 ± 2.1 -31.8 ± 2.30 32.3 ± 3.4  -29.38 

Polydispersity 

index (PDI) 

0.155 0.183 0.196 0.268 

Drug content 

(mg/mL) 

- 1.03 ± 0.05 - 0.99 ± 0.07 

Encapsulation 

efficiency (%EE) 

- 95.66 ± 0.98 - 95.01 ± 1.23 
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7.3.6 Physicochemical characterization of DPI 

7.3.6a Bulk density, tapped density and MMD 

As reported in Table 7.5, RNLC-DPI with MMD of greater than 5 μm was 

obtained. Bulk density and tapped density for the RNLC-DPI with and without L-

leucin were found to be less than 0.4 g/cc which indicates formation of light and 

less dense powder mass. Though the MMD obtained was higher, low density of 

powder improves aerosolization properties compared to denser particles. It was 

also observed that densities of RNLC-DPI with leucin were less than density of the 

RNLC-DPI without L-leucin whereas MMD was increased significantly.  

L-leucin was added to the colloidal formulations due to its colloidal 

destabilizing effect [40]. Also, L-leucin is used for controlled flocculation where it is 

added as flocculating agent in the nanosuspension which was further lyophilized. 

El-Glendy et al. have reported MMAD of 2.1 ± 1.8 μm for budesonide 

nanocomposite containing leucin added before the lyophilization [41].  

Table 7.5:  Flow properties of developed RNLC-DPI after lyophilization. 

Parameters RNLC-DPI without 

L-leucin 

RNLC-DPI with 

L-leucin 

Angle of repose (o) 31.62 ± 2.41 35.12 ± 1.98 

MMD (μm) 9..85 ± 1.32 10.3 ± 1.48 

Bulk density (g/cc) 0.23 ± 0.05  0.145 ± 0.01 

Tapped density (g/cc) 0.375 ± 0.08  0.196 ± 0.07 

MMADc (μm) 6.03 ± 0.61 4.5 ± 0.97 

 

7.3.6b Crystallographic investigation 

7.3.6b.1 Scanning electron microscopy 

As observed from Figure 7.11a, pure rosuvastatin particles were irregular in size 

with smooth surface. SEM photomicrographs of lyophilized RNLC (with leucin) 

revealed needle shaped, elongated particles (Figure 7.11b). These larger particles 

(> 5 μm), however showed MMAD of < 5 μm due to lower density. 
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Figure 7.11: SEM photomicrographs of (a) Pure Rosuvastatin calcium and (b) 

RNLC-DPI. 

 

7.3.6b.2 X-ray powder diffraction analysis 

X-ray powder diffraction analysis was undertaken to study the physical state of 

RSVS before and after encapsulation in lipid nanoparticles followed by 

lyophilization. The obtained diffractograms for pure unprocessed RSVS, placebo-

NLC-DPI and RNLC-DPI are reported in Figure 7.12. As seen from Figure 7.12a., 

very weak and discrete peaks were observed for pure RSVS which indicated 

amorphous form of the drug. Figure 7.12b for placebo-NLC-DPI and Figure 7.12c 

RNLC-DPI were completely super-impossible and no amorphous to crystalline 

conversion was observed for RSVS upon encapsulation in lipid nanoparticles 

followed by lyophilization. However, few crystalline peaks were observed in both 

these diffractograms which can be attributed to crystalline nature of the lactose 

used as cryoprotectant and carrier for the DPI. Thus, from the results it can be 

inferred that amorphous form of the drug was retained during encapsulation as well 

as after lyophilization. 
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Figure 7.12: XRPD (a) Pure Rosuvastatin calcium, (b) Placebo-NLC-DPI, (c) 

RSVS-NLC-DPI. 

7.3.6b.3 Differential scanning calorimetry 

DSC thermograms of standard RSVS, lauric acid, bulk lipid melt of lauric 

acid:capryol-90 (7:3), bulk lipid melt of lauric acid:capryol-90 (7:3) with rosuvastatin, 

placebo-NLC and RNLC-DPI are represented in Figure 7.13. The DSC thermogram 

of the standard RSVS (Figure 7.13a) received from the supplier did not reveal any 

endothermic peak corresponding to melting point of crystalline nature. This 

confirmed the amorphous form of the pure rosuvastatin. The DSC thermogram of 

lauric acid alone showed a sharp endothermic peak at 48.05°C (415.90 J/g) (Figure 

7.13b). However, following addition of the capryol-90 and capryol-90-RSVS to lauric 

acid, a depression in melting point of lauric acid to 45.33°C (Figure 7.13c) and 

47.96°C (Figure 7.13d) was noticed, respectively. This depression in melting point 

of lauric acid may be due to presence of liquid lipid and RSVS which may acts as 

impurities in the lauric acid. DSC thermogram recorded for placebo-NLC (Figure 

7.13e) and RNLC-DPI (Figure 7.13f) were similar. Furthermore, the DSC 

thermogram of RNLC-DPI did not reveal any endotherm for RSVS melting which 
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confirmed the amorphous form or molecular dispersion and encapsulation of drug in 

the crystalline lipid matrix.  

 Also, as depicted in Table 7.6 melting enthalpy values decreased for lauric 

acid from 415.90 J/g to 159.58 J/g (Figure 7.13c) and 57.66 J/g (Figure 7.13d) for 

bulk lipid mixtures as well 39.13 J/g (Figure 7.13e) and 21.81 J/g (Figure 7.13e) for 

processed nanoparticles, respectively. Decrease in melting temperature and 

enthalpy can be ascribed to presence of surfactants [42,43] and formation of 

nanoparticles with high surface area to volume ratio [44]. During nanoparticle 

formation lattice defects are created on the surface of lipid matrices, resulting in 

decrease in crystallinity. This also resulted in less ordered lipid within nanoparticle 

which requires less energy to overcome lattice forces [45].  

 

 

Figure 7.13: DSC (a) Rosuvastatin calcium, (b) Lauric acid (c) Lipid melt of Lauric 

acid:Capryol-90 (7:3), (d) Lipid melt of Lauric acid:Capryol-90 (7:3) with 

rosuvastatin, (e) Placebo-NLC-DPI, (f) RSVS-NLC-DPI. 



Chapter 7                                                                                      Rosuvastatin-NLC-DPI 

 

Ph. D. Thesis: Arpana Patil-Gadhe         210         BVDU Poona College of Pharmacy, Pune 

Table 7.6: DSC parameters of bulk lipids placebo and with rosuvastatin, placebo-

NLC-DPI and RSVS-NLC-DPI 

 

Material Melting point (°C) Enthalpy (J/g) 

Rosuvastatin No peak 

Lauric acid 48.05 415.90 

Lipid melt of Lauric 

acid:Capryol-90 (7:3) 

45.33 159.58 

Lipid melt of Lauric 

acid:Capryol-90 (7:3) with 

rosuvastatin 

47.96 57.66 

Placebo-NLC-DPI 42.16 39.13 

RSVS-NLC-DPI 42.29 21.81 

 

7.3.6c In vitro release study 

The bulk-equilibrium reverse dialysis method was used to study the release pattern 

of RSVS from the RNLC. Release and kinetics of RSVS from RNLC were 

compared with the release of drug from rosuvastatin-aqueous solution. 

 As demonstrated in Figure 7.14, encapsulation of RSVS in the form of 

RNLC modified its release behavior. At the end of 1 h, rosuvastatin-aqueous 

solution released 31.23 ± 1.56 % of RSVS whereas only 5.95 ± 1.21 % drug was 

released from RNLC. Rosuvastatin-aqueous solution showed complete drug 

release at the end of 3 h. In contrast, 98.65 ± 4.54 % RSVS was released at the 

end of 24 h indicating sustained release of the drug from the RNLC.  

RSVS as per the biopharmaceutics classification system belongs to class II 

and is sparingly soluble in water with solubility of 7.8 mg/mL [23]. The rosuvastatin-

aqueous solution prepared for the study was of concentration 1 mg/mL which was a 

clear solution and therefore showed complete drug release at the end of 3 h. Thus, 

reduction in the release rate and the sustained release of RSVS from RNLC can be 

attributed to association of drug with the lipid matrix. Molecular dispersion of the 

drug in the lipid matrix was confirmed by XRPD and DSC study. 

Different kinetic models were used to assess the drug release mechanism 

from RNLC.  Release data was fitted in kinetic models such as zero order, first 

order, Higuchi matrix and korsmeyer-peppas. As reported in Table 7.7 release of 

rosuvastatin from RNLC showed Higuchi kinetics followed by zero order with the 

best fit (R2) value 0.991 and 0.886, respectively indicating drug releases by 

diffusion mechanism rapid, these data were not fitted into release models [46].  
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Figure 7.14: In-vitro release of RSVS from RSVS-aqueous dispersion and RSVS-

NLC in mSLF (pH 7.4). 

Table 7.7: Kinetics of in-vitro release in mSLF (pH 7.4) 

Kinetic model Regression 

coefficient (R
2
) 

‘n’ value 

Zero order 0.886 - 

First order 0.435 - 

Higuchi matrix 0.991 0.5 

Korsmeyer-Peppas 0.554 0.717 

 

7.3.6d In-vitro lung deposition study 

In-vitro lung deposition study was undertaken to assess aerodynamic particle size 

and size distribution. Aerodynamic size and size distribution was expressed in 

terms of mass median aerodynamic diameter (MMAD) and geometric standard 

deviation (GSD), respectively. MMAD and GSD were determined using Westech 8-

stage non-viable cascade impactor at flow rate of 30 and 60 L/min. Dispersion 

performance of the both cohesive and adhesive inhaler formulation is a function of 

dispersion pressure or flow rate. For lucid design and fundamental understanding of 

the inhaler formulation, dispersion performance is generally performed at different 

flow rates [47-50]. Cascade impactor analysis is recommended by both the United 

States Pharmacopoeia and the European Pharmacopoeia and considered as the 
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most important and precise in-vitro testing of aerosols. % rosuvastatin deposited on 

each stage of cascade impactor at 2 flow rates studied is demonstrated in Figure 

7.15 whereas resultant MMAD and FPF are represented in Table 7.8 Total 

recovered dose and emitted dose (ED) were greater than 95 % and 97 % (of 

recovered dose), respectively at both the flow rates studied. Higher values of these 

parameters indicated good recovery and better aerosolization of the lyophilized 

powder. However, aerosol performance of batches RNLC-DPI prepared with L-

leucin was better than the batches without L-leucin.  

 

Figure 7.15: Comparison of in-vitro deposition behavior of RNLC-DPI at flow rate of 

30 L/min and 60 L/min using Westech 8-stage non-viable cascade impactor. The 

data represents mean of three repeats and error bar shows standard deviation. 

 

As depicted in Table 7.8, MMAD and FPF values of RNLC-DPI with and 

without L-leucin at both the flow rates indicated satisfactory performance of the 

formulation in-vitro. MMAD values ranged between 2.56 μm for RNLC-DPI with L-

leucin studied at 60 L/min to 3.14 μm for RNLC-DPI without L-leucin studied at 30 

L/min. 

The FPF observed for the two samples at both the flow rate range between 

81.34 ± 5.37 to 86.54 ± 3.81 % at 30 L/min while at 60 L/min it ranged from 87.65 ± 

3.16 to 91.25 ± 3.57 %. Higher FPF values were obtained at both the flow rates. 

Thus, the FPF obtained at 60 L/min was significantly greater that at 30 L/min (p < 

0.001). Significantly higher values of FPF demonstrates deep lung deposition which 

is required for better performance of the formulation. 
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The dispersion performance is best described by FPF which is the inhalable 

drug fraction detached from the carrier, more specifically for adhesive mixtures 

which contains mixture of drug and carrier particles. FPF is the function of rate or 

pressure drop and type of inhaler. It is resulted from the balance between inter-

particle interactive forces and opposing dispersion forces [51]. 

 

Table 7.8: Aerodynamic characterization of MNLC-DPI at flow rate of 30 L/min and 

60 L/min using Westech 8-stage non-viable cascade impactor. 

Parameters RNLC-DPI without 

L-leucin 

RNLC-DPI with 

L-leucin 

MMADc (μm) 6.03 ± 0.61 4.5 ± 0.97 

MMADp 

 (μm)      

@ 30 L/min 3.14 ± 1.23 2.98 ± 0.95 

@ 60 L/min 2.73 ± 1.10 2.56 ± 1.06 

GSDp 

 (μm)         

@ 30 L/min 1.75 ± 0.091 1.68 ± 0.097 

@ 60 L/min 1.72 ± 0.083 1.66 ± 0.089 

FPF  

(%)                                       

@ 30 L/min 81.34 ± 5.37 87.65 ± 3.16  

@ 60 L/min 86.54 ± 3.81 91.25 ± 3.57  

ED  

(%)                                            

 @ 30 L/min 98.36 ± 4.61 98.17 ± 4.38 

@ 60 L/min 97. 40 ± 3.28 98.7 ± 4.68 

MMD; Mass median diameter, MMADc; calculated mass median aerodynamic 

diameter, MMADp; experimental mass median aerodynamic diameter, GSDp; 

experimental geometric standard deviation, FPF; fine particle fraction, ED; emitted 

dose. Values are represented as mean ± s.d. where n=3. 

Higher air flow velocity results in increased kinetic energy through the 

device. This generates higher dispersion forces as compared to interaction forces in 

the powder which results in improved dispersion performance.  

 The dispersion of cohesive or carrier-free powder is primarily concerned 

with breakup of agglomerates whereas in adhesive mixture detachment of drug 

particles from the carrier is prerequisite. The binding energy (Eb) is the minimum 

energy required to break drug carrier interaction [52] whereas potential separation 

energy (Es,pot) is the energy equal to the maximum binding energy that can 

potentially be overcome for a certain drug particle in the mixture. The detachment of 

drug particle from carrier surface during dispersion takes place when energy ratio of 

Es,pot/ Eb > 1. Increase in the flow rate increases Es,pot which shifts energy ratio to 

higher levels and therefore, increase in dispersion performance is observed [51]. 
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 It was also noticed that RNLC-DPI with and without L-leucin studied at the 

same flow rate (30 L/min or 60 L/min) displayed significantly different aerosol 

performance (Table 7.8). This difference in the performance of two different 

adhesive formulations at same flow rate can be due to difference in the energy ratio 

distribution. This difference in the energy ratio distribution can be ascribed to the 

different formulation variables. Several authors have reported increase in FPF of 

powder containing leucin due to decrease in interparticle interaction [53-55]. 

7.3.6e In-vitro cytotoxicity study 

Low toxicity profile is prerequisite for nanoparticulate formulations to be acceptable 

for the human use. Hence in-vitro cytotoxicity on relevant cell lines was conducted 

to confirm the safety of the developed nanoparticles was tested. Principle of the 

MTT assay is the cleavage of MTT to a yellow tetrazolium salt by mitochondrial 

enzyme succinate dehydrogenase in living cells to form water insoluble dark blue 

formazan crystals. 

Cytotoxicity of RNLC was compared with RSVS aqueous solution in A549 

cells. An inverse relation between drug concentration and cell viability was revealed 

from the results of in-vitro cytotoxicity study. As depicted in Figure 7.16, the IC50 

value for montelukast as encapsulated in NLC was found to be 1.26 fold higher 

than the IC50 value of pure RSVS solution. To confirm the non-toxicity of carrier-

NLC, cells were challenged with Placebo-NLC. IC50 value of > 80 μg/mL was 

obtained for placebo-NLC, indicating safety of the components selected to prepare 

lipid carrier (NLC) for pulmonary application. Thus, it implies that the developed 

NLC can be used as a carrier to deliver the drugs to the respiratory tract. 

The biocompatible nature of excipients used in the formulation of NLC was 

confirmed from the study. Also, the association of drug with nanoparticles and its 

sustained drug release resulted in the reduced toxicity of RSVS in the form of 

RNLC. The main component of NLC formulations is glyceride of fatty acid, which is 

biocompatible and well accepted by organisms [56]. Thus, the study indicated safe 

use of MNLC as DPI by pulmonary route. 
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Figure 7.16: (a) In-vitro cell viability profile of RSVS in A549cell-line after 24 h. 

Cells were challenged with different concentrations of RSVS, placebo-NLC, RNLC 

and cytotoxicity was determined using MTT assay. (b) IC50 value was determined 

from the graph of % control cell growth against various concentrations of the 

formulations. Values are represented as the mean ± SD of six separate 

determinations for each group. 

7.3.6f In vivo pulmokinetic study 

7.3.6f.1 Bioanalytical method 

The bioanalytical method with highest specificity and sensitivity was developed for 

the estimation of rosuvastatin in lung tissue and BAL fluid (Figure 7.17 and 7.18). 

Ketoprofen was used as an internal standard (IS). Highest extraction efficiency was 

obtained for ethanol as an extraction solvent for the liquid-liquid extraction method 

 

Figure 7.17: HPLC chromatogram of extracted BAL fluid spiked with pure 

rosuvastatin and internal standard, ketoprofen (KTPN). 
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Figure 7.18: HPLC chromatogram of extracted lung tissue spiked with pure 

rosuvastatin (RSVS) and internal standard, ketoprofen (KTPN). 

7.3.6f.2 Linearity 

The standard curve was obtained by plotting the area ratio of 

rosuvastatin/ketoprofen versus the concentration of rosuvastatin (Figure 7.19 and 

7.20). The regression equation obtained for the calibration curve of rosuvastatin in 

BAL fluid is y= 0.209x-0.070 and that for lung homogenate is y= 0.074x+0.062. 

Rosuvastatin showed good correlation coefficient (R2= 0.996 and 0.995) in the 

concentration range of 0 - 10 and 0 – 25 μg/mL for BAL fluid and lung homogenate, 

respectively. 

 

Figure 7.19: Calibration curve of rosuvastatin in extracted BAL fluid spiked with 

rosuvastatin. 
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Figure 7.20: Calibration curve of rosuvastatin in extracted lung tissue spiked with 

rosuvastatin. 

7.3.6f.3 Single dose pulmonary pharmacokinetic 

Pulmokinetic behavior of RNLC-DPI was evaluated in Wistar rats following single 

dose intra-tracheal instillation and was compared with RSVS-aqueous solution. 

Drug concentrations in BAL fluid and lung tissue as a function of time are depicted 

in Figure 7.21 and Figure 7.22, respectively. Resultant pharmacokinetic parameters 

are summarized in Table 7.9. Significantly different pulmokinetic profile was 

observed for RSVS-aqueous solution and RNLC-DPI.   

 At the end of initial 1 h, approximately 21.26 and 89.15 % of the RSVS was 

recovered in BAL fluid following intra-tracheal instillation of RSVS aqueous solution 

and RNLC-DPI, respectively (Figure 7.21). Amount of RSVS recovered from BAL 

fluid is considered as unreleased drug and available for absorption. Amount of drug 

decreased to negligible percent only at the end of 6 h and no drug was detected post 

6 h in BAL fluid. However, from RNLC-DPI % of RSVS decreased to 4.32 at the end 

of 9 h and no drug was detected at the end of 12 h. 
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Figure 7.21: % of unreleased rosuvastatin in bronchoalveolar fluid from 

rosuvastatin-aqueous solution and RNLC following intra-tracheal instillation for 24 h 

in Wistar rats. Values are represented as mean ± SD, n=6. 

 

As represented in Figure 7.22, no amount of RSVS was detected in lung 

tissue after 6 h from RSVS-aqueous solution. In contrast, sufficiently high amount of 

RSVS (19.97 μg/mL) was detected in lung from RNLC which ultimately decrease to 

below detectable levels after 9 h post dosing. After 24 h negligible amount of drug 

was detected that could be attributed to lung clearance mechanisms, possibly 

mucociliary and macrophage. 

It was also noticed from Figure 7.22 that at initial time points (1 and 2 h) % 

of drug in lung was greater for RSVS-aqueous solution than RNLC-DPI. This could 

be due to maximum encapsulation of RSVS in the lipid matrix and less of free drug. 

Also, RSVS being a BCS class II exhibits high permeability in vivo which might 

have resulted in rapid absorption of RSVS from its solution. 
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Figure 7.22: % of released rosuvastatin in lung tissue from rosuvastatin-aqueous 

solution and RNLC following intra-tracheal instillation for 24 h in Wistar rats. Values 

are represented as mean ± SD, n=6. 

Though, the Cmax achieved for RNLC-DPI was 1.14 fold higher than RSVS-

aqueous solution, it was obtained at 6 h against 1 h (Tmax; Table 7.9) for RSVS-

aqueous solution. The higher Tmax for RNLC-DPI can be attributed to 

encapsulation and slow release of the drug from the lipid carrier. It was noticed from 

Table 7.9 that elimination rate (Kel) from RNLC-DPI was significantly low (5-fold, p 

<0.01) than RSVS-aqueous solution which resulted in improved t1/2 (5-fold) and 

mean residence time (MRT; 1.66-fold). Area under curve (AUC) is the measure 

extent of drug absorption in the tissue or plasma. Approximately 35-fold increase in 

AUC0-∞ value indicated significant improvement in the lung bioavailability of RSVS 

after encapsulation in lipid carrier compared to pure RSVS. Improvement in lung 

bioavailability can be attributed to nano-size and lipid vesicular delivery system. 

Maximum lung deposition and reduced mucus clearance can be achieved by 

preparing nanoparticles smaller than 500 nm [57-59]. Furthermore, it is also 

demonstrated that particle size smaller than 260 nm will bypass the macrophage 

[60]. Bhavna et al. have shown improvement in the interaction of nanoparticles than 

micro-particles that may increase the residence time of the drug in the lung [61]. 

Lower melting point of lauric acid than drug results in formation of drug enriched 

core-shell model [62] and this outer lipophilic shell nanoparticles will be adsorbed 

on the airway epithelium resulting in reduced mucociliary lung transit.  



Chapter 7                                                                                      Rosuvastatin-NLC-DPI 

 

Ph. D. Thesis: Arpana Patil-Gadhe         220         BVDU Poona College of Pharmacy, Pune 

Increase in MRT and thus improvement in the bioavailability of RNLC-DPI of 

size 161 nm can be attributed to escape of lung macrophage and mucociliary 

clearance 

Table 7.9: Single dose pulmokinetic parameters (average) of RSVS-aqueous 

solution and RNLC-DPI following intra-tracheal instillation. 

Parameters Pure RSVS  RSVS-NLC 

Cmax 

(ng/mL) 

38.66 43.92 

Tmax (h) 1 6 

AUC0-t 

(h*ng/mL) 

11.66 119.82 

AUC0-∞ 

(h*ng/mL) 

142.96 5058.26 

Kel (h-1) 0.14 0.028 

t1/2 (h) 5.10 25.08 

MRT (h) 4.14 6.88 

Vd 31.57 15.10 

Cl 0.35 0.0099 

Fr - 35.38 

 

7.4. CONCLUSION  

This is the first report on pulmonary targeting of RSVS as RNLC-DPI. RSVS loaded 

lipid nanoparticles with high encapsulation efficiency were prepared and converted 

into respirable particles using lyophilization technique. Selection of lipid matrix 

based on the solubility of drug helped in achieving maximum encapsulation 

efficiency. Sustained release over an extended time period was achieved by 

encapsulation of drug in lipid nanoparticles. MMAD of < 3 μm achieved > 90 % of 

FPF at 60 L/min with proposed deposition in central and peripheral portions of the 

lung. Improved aerosol performance was observed for DPI prepared using L-leucin 

as an anti-static agent. In-vivo study results demonstrated modified 

pharmacokinetic properties for RNLC-DPI with higher Cmax, improved t1/2, MRT 

and Kele. Drug encapsulation in NLC as a carrier revealed improved lung targeting 

potential. Lipidic nature and smaller size of the particles helped in bypassing 

macrophage clearance leading to higher targeting factor. Thus, the outcome of the 
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study demonstrated the potential of the RNLC-DPI for the lung targeting and further 

for the treatment of COPD. 
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SUMMARY AND CONCLUSION 

8.1 Summary 

The study conducted in this dissertation narrates to the realization of potential of 

inhalation route for drug delivery. Inhalation or pulmonary drug delivery have been 

gaining the fame as unique drug delivery route for administration of drugs or actives for 

both systemic and local treatment of diseases. Nanomaterials have potential 

biomedical applications for pulmonary drug delivery. Nanomaterials studied here are 

liposomes and nanostructured lipid carriers. In this context, in first part of the thesis we 

explored spray drying method to develop proliposomes for inhalation in single step. In 

the second part, we investigated targeting of the actives by inhalation route for local 

treatment of asthma and COPD by encapsulating in nanostructured lipid carrier. 

The present study can be summarized as follows: 

Development and evaluation of rifapentine loaded proliposomal dry powder for 

inhalation 

Formulation and evaluation 

Spray drying, a fast one step method requiring less energy than freeze drying, was 

selected for the preparation of proliposomes. For the preparation of proliposomes for 

inhalation (LDPI) by spray drying, mixture of ethanol and water (3:1 hydroalcoholic 

solution) was found to be a suitable solvent mixture. From the preliminary studies, 

drug: HSPC ratio and type of charged lipid were found to have significant impact on 

physical and aerodynamic characteristics of the proliposomes. To study their effect, 32 

factorial design approach was used with the help of contour plots. To yield powders 

with improved flow and aerodynamic characteristics 5% L-leucin was added with other 

ingredients. Spray dried inhalable grade lactose (Respitose SV010) was used as 

inhalation carrier. Angle of repose (θ) for all the batches prepared was found to be in 

the range of 23-31° whereas bulk (ρb) and tapped densities (ρt) were in the range of 

0.0882-0.6093 g/cc and 0.105-0.677 g/cc, respectively. Moisture content for all the 

prepared proliposomes was found to be in the range of 0.33×10-4 –0.41×10-4 % 

whereas for pure rifapentine and R-DPI-0 it was 0.53 and 0.009 %, respectively. 

Tapped density values confirmed formation of low density aerodynamic particles 

(ρt<0.4 gm/cc) which results in maximum drug deposition in deep lung. Average mass 

median diameter (MMD), liposomal vesicle size, % encapsulation efficiency, mass 
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median aerodynamic diameter (MMAD) and fine particle fraction (FPF) were found to 

be 7.73 μm, 651.11 nm, 43.77 %, 3.54 μm and 77.02 %, respectively. Zeta potential 

values demonstrated that liposomal batches prepared with stearyl amine yielded as the 

most stable as compared to batches containing no charged lipid and stearic acid. Out 

of all the LDPIs prepared, batch R-LDPI-7 was found to be stable with zeta potential of 

29.4±1.2 mV. Stearyl amine bearing liposomes gave maximum encapsulation than 

liposomes with no charged lipid and liposomes with stearic acid. This could be 

attributed to the charge present on these liposomes and rifapentine. Electrostatic 

interaction between stearylamine bearing liposomes with positive charge and 

negatively charged rifapentine enhanced encapsulation efficiency; whereas repulsion 

between stearic acid bearing liposomes due to negative charge and rifapentine gave 

minimum % EE. FTIR study concludes no physical interaction as well as no new bond 

formation of drug with L-leucin, lactose and the components of the liposomes. XRPD 

study of RDPI-0 and RLDPI-7 revealed that crystalline pure rifapentine was converted 

into amorphous form after spray drying. Absence of melting endotherms in 

thermograms for RDPI-0 and RLDPI-7 confirmed physical transformation from 

crystalline to amorphous state of drug after spray drying. Decomposition of drug was 

observed after 200 °C in all the three formulations. SEM images revealed rough 

surface of RDPI-0 which can be attributed to the faster crystallization of lactose 

(Respitose SV010) at high inlet temperature of 120 °C; whereas smooth spherical 

particles generated in batch R-LDPI-7 can be attributed to the presence of lipids in the 

formulation. Drug present in the bronchoalveolar lavage (BAL) is unabsorbed drug 

available for absorption whereas drug in the lung homogenate (LH) is the absorbed 

drug ready for pharmacological action. The increase in the absorption of rifapentine 

from R-DPI-0 and R-LDPI-7 as compared to pure drug (p<0.01) for first one hour can 

be attributed to desirable particle characteristics obtained by spray drying. Spray drying 

method is reported to reduce particle size which in turn increases solubility and 

ultimately improvs bioavailability. Decrease in values of (mean residence time) MRT 

and t1/2 of drug from R-DPI-0 as compared to pure drug can be attributed to the rate of 

flow of drug through the pulmonary system. Increase in inflow (absorption, Cmax: 

18.65 vs 7.15 mcg/mL) and outflow (elimination, Kel: 0.9373 vs 0.841 h-1) of the drug 

through the lung was found to decrease the t1/2 and MRT. Faster absorption of drug 

due to reduction in particle size was achieved which might have led to increase in 

solubility of this BCS class II drug after spray drying. 8-fold increase in t1/2 and 7-fold 
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increase in MRT for rifapentine from RLDPI-7 can be concluded that prolonged 

elimination due to altered drug distribution (Vd: 29.78 vs 23.6 mL) was achieved from 

liposomally encapsulated drug formulation as compared to pure drug. Increase in t1/2 

and residence time can be ascribed to rate at which drug is eliminated from the 

pulmonary system, smaller the rate of elimination, longer the t1/2 and MRT. Thus, the 

findings of the study successfully demonstrated application of QbD principles and DOE 

approach to develop drug encapsulated proliposomes for inhalation by spray drying in 

single step. 

In-vitro cytotoxicity and in-vivo toxicity of rifapentine loaded proliposomal dry 

powder for inhalation 

Drug Susceptibility Testing (DST) on Mycobacteria Growth Indicator Test (MGIT) 

undertaken confirmed retention of anti-TB activity post spray drying against MTB. 

In-vitro cytotoxicity in A549 cell line revealed that IC50 value of RLDPI was higher than 

IC50 value of pure rifapentine (60 μg/mL). Also, cells were also challenged with 

placebo-LDPI. The results demonstrated the non-toxicity and the potential of the 

liposomes as the carrier for anti-TB drug. The reduction in cytotoxicity of RLDPI could 

mainly be due to controlled release of drug and endocytosis of nanoparticles slowly 

over a prolonged period of time. Sub-acute repeated dose pulmonary toxicity study (28 

day) was conducted in Wistar rats using three doses of RLDPI formulation equivalent 

to 1, 5 and 10 mg/kg of rifapentine as well as placebo-LDPI equivalent to higher dose 

of RPT. The results of the study demonstrated safety and non-toxicity of placebo-LDPI, 

RLDPI at 1 and 5 mg/kg dose whereas RLDPI equivalent to at 10 mg/kg of rifapentine 

was found to be toxic in rats. Thus, this study supports the potential of RLDPI for the 

treatment of pulmonary tuberculosis. 

Development and evaluation of montelukast loaded nanostructured lipid carrier 

dry powder for inhalation 

Melt-emulsification-ultrasonication method was used to prepare montelukast-loaded 

NLC (MNLC). MNLCs were prepared using spatially different solid and liquid lipid 

triglycerides and CAE (1 %) was used to stabilize NLC by virtue of its biodegradable, 

biocompatible nature. MNLC was prepared with montelukast (0.2 %), Precirol ATO5 

and Capryol-90 in the ratio of 7:3. Developed MNLC was evaluated for particle size, % 

encapsulation efficiency, zeta potential, TEM whereas MNLC-dry powder for inhalation 

(MNLC-DPI) was characterized for flow properties, moisture content, crystallographic 

properties by XRPD and DSC, in-vitro release in modified simulated lung fluid (mSLF 
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pH 7.4), in-vitro cytotoxicity study, in-vitro aerosol performance and in-vivo 

pulmokinetics. MNLCs showed particle size of 184.6 ± 2.7 nm with encapsulation 

efficiency of > 95 %. Optimized MNLC-DPI prepared by lyophilization consisted of 3 % 

mannitol as cryoprotectant-carrier. Mass median diameter (MMD) and density for 

MNLC-DPI were found to be 15.1 ± 1.4 μm and 0.051 ± 0.002 g/cc, respectively. 

Results of FTIR study revealed no interaction between montelukast and NLC 

excipients which could lead to asymmetric vibrations. Encapsulation of drug in lipid 

matrix and stable amorphous form of drug in lipid matrix was confirmed by DSC and 

XRPD study. In-vitro study in mSLF, pH 7.4 for 24 h using dialysis bag showed 

approximately 100 % and 15.35 % drug release at the end of 2 h from montelukast 

aqueous solution and MNLC, respectively. Diffusion controlled, non-fickian sustained 

release of the drug from MLNC over a period of 24 h was obtained. In-vitro aerosol 

performance study using cascade impactor demonstrated mass median aerodynamic 

diameter (MMAD) of 3.24 ± 0.67 μm and 2.83 ± 0.46 μm with fine particle fraction of 

69.98 ± 1.9 % and 90.22 ± 2.6 % at 30 and 60 L/min, respectively. In-vitro cytotoxicity 

study in A549 cells indicated improved safety of montelukast in the form of MNLC as 

compared to pure drug as revealed from respective IC50 values (107.61 ± 4.87 μmol/L 

vs 70.85 ± 4.25 μmol/L). Improved safety could be attributed to biocompatible nature of 

excipients used and association of drug with nanoparticles. The pulmokinetic 

parameters of MNLC were compared with montelukast-aqueous solution in Wistar rats. 

Following intra-tracheal instillation of montelukast-aqueous solution and MNLC 

approximately 36.62 ± 2.75 % and 71.50 ± 3.57 % drug was recovered from 

bronchoalveolar fluid (unabsorbed drug), respectively which eventually decreased to 

3.37 ± 0.25 % and 4.0 ± 0.22 % at 4 and 12 h, respectively. During initial 2 h 

concentration of drug in lung tissue from montelukast-aqueous solution as compared to 

MNLC. 1.16-fold increase in Cmax whereas approximately 12-fold improvement in 

AUC was demonstrated from MNLC as compared to pure drug solution. Reduced rate 

of drug elimination improved t1/2 and mean residence time (MRT) of drug from MNLC. 

Improved bioavailability, longer residence of drug in the lung and targeting factor of 

11.76 was obtained for MNLC.  

Development and evaluation of rosuvastatin loaded nanostructured lipid carrier 

dry powder for inhalation 

Rosuvastatin-loaded NLC (RNLC) was prepared using melt emulsification-

ultrasonication method. The effects of various critical independent variables were 
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studied by 23 factorial design approach. The developed NLC was evaluated for particle 

size, zeta potential, % encapsulation efficiency, TEM, SEM, FTIR, DSC, XRPD, in-vitro 

release study in modified simulated lung fluid (mSLF). In-vitro aerosol performance and 

in-vivo pulmokinetic study in Wistar rats was also carried out. For all the prepared 

batches hydrodynamic particle size ranged between 161 ± 3.38 to 273 ± 5.73 nm with 

average particle size of 205 nm. % encapsulation efficiency (% EE) for the RNLC 

batches ranged from 45.19 ± 2.26 % and 95.66 ± 4.78 % with mean % EE of 71.55 %. 

Zeta potential for optimized RNLC (RNLC-7) was found to be -29.38 ± 2.30 mV. TEM 

analysis of RNLC revealed that all the particles were uniform, spherical in shape and in 

good agreement with the particle size obtained by dynamic light scattering method. 5 

% Respitose SV010 was found to be optimum cryoprotectant and also acts as a 

inhalation carrier. 5 % L-leucin was also added as anti-adherent, anti-static agent. 

Addition of hydrophobic L-leucin improved aerosolization efficiency and also reduced 

uptake of moisture. RNLC-DPIs prepared with L-leucin were found to be slightly lighter 

than DPIs without leucin. RNLC-DPI with MMD of greater than 5 μm was obtained. 

Bulk density and tapped density for the RNLC-DPI with and without L-leucin were 

found to be less than 0.4 g/cc which indicates formation of light and less dense powder 

mass. Though the MMD obtained was higher, low density of powder improves 

aerosolization properties compared to denser particles. It was also observed that 

densities of RNLC-DPI with leucin were less than density of the RNLC-DPI without L-

leucin. Absence of melting endotherm of rosuvastatin in NLC when subjected to DSC 

studies confirmed the molecular dispersion of drug in lipid matrix. XRD studies 

concluded that the crystallinity of rosuvastatin was reduced drastically when 

rosuvastatin is dispersed in the lipid matrix at the molecular level. Encapsulation of 

rosuvastatin in NLC resulted in reduction in release rate of drug and approximately 24 

h were required to release 98.65 % drug by Higuchi diffusion mechanism. This 

reduction in drug release rate confirmed association of drug in NLC. In-vitro aerosol 

performance was studied at 30 and 60 L/min. Total recovered dose and emitted dose 

(ED) were greater than 95 % and 97 % (of recovered dose), respectively at both the 

flow rates studied. Higher values of these parameters indicated good recovery and 

better aerosolization of the lyophilized powder. Mass median aerodynamic diameter 

(MMAD) values were 3.14 μm and 2.73 μm for RNLC-DPI without L-leucin studied at 

30 and 60 L/min, respectively whereas that for RNLC-DPI with L-leucin were between 

2.98 μm and 2.56 μm at 30 and 60  L/min, respectively. Significantly higher value of 
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fine particle fraction (FPF) demonstrates deep lung deposition which is required for 

better performance of the formulation. The FPFs observed for the RNLC-DPI without L-

leucin were 81.34 ± 5.37 and 86.54 ± 3.81 % at 30 L/min and 60 L/min, respectively 

whereas those for RNLC-DPI with L-leucin at 30 L/min and 60 L/min were 87.65 ± 3.16 

to 91.25 ± 3.57 %, respectively. Thus, the FPF obtained at 60 L/min was significantly 

greater than at 30 L/min (p<0.05). Higher air flow velocity results in increased kinetic 

energy through the device. This generates higher dispersion forces as compared to 

interaction forces in the powder which results in improved dispersion performance. 

Following intra-tracheal instillation of RSVS-aqueous solution and RNLC approximately 

21.26 and 89.15 % of the RSVS was recovered in BAL fluid after 1 h. no amount of 

RSVS was detected in lung tissue after 6 h from RSVS-aqueous solution. In contrast, 

sufficiently high amount of RSVS (19.97 μg/mL) was detected in lung from RNLC. The 

Cmax achieved for RNLC-DPI was 1.14 fold higher than RSVS-aqueous solution at 6 h 

against 1 h for RSVS--aqueous solution. It was also noticed that elimination rate (Kel) 

from RNLC-DPI was significantly low (5-fold, p <0.01) than RSVS-aqueous solution 

which resulted in improved t1/2 (5-fold) and mean residence time (MRT; 1.66-fold). 

Approximately 35-fold increase in AUC0-∞ value indicated significant improvement in 

the lung bioavailability of RSVS after encapsulation in lipid carrier compared to pure 

RSVS. Improvement in lung bioavailability can be attributed to nano-size and lipid 

vesicular delivery system. 

8.2 Conclusion 

 Rifapentine-loaded proliposomes for inhalation via pulmonary route were successfully 

developed in single step by spray drying method using QbD principles and DOE 

approach. Being a single step, the method was found to be economical for the 

production of proliposomes for pulmonary delivery. Prepared proliposomes were 

characterized by contour plots and multiple regression analysis. Findings of the study 

demonstrated that selected process inputs significantly influences critical quality 

attributes of the proliposomes. In vitro pulmonary deposition study using cascade 

impactor confirmed the production of aerodynamic particles for pulmonary delivery with 

higher FPF and ED. Sustained release with higher mean residence time was obtained 

for prepared rifapentine encapsulated liposomes. Thus, we have successfully 

demonstrated the application of QbD principles and DOE approach to develop drug 

encapsulated proliposomes for inhalation by spray drying in single step. 
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 Montelukast-loaded NLC-DPIs were successfully developed and characterized for 

flow properties, in-vivo pulmonary targeting and bioavailability as well as in-vitro 

aerosol performance. The combination of Precirol ATO5 and Capryol-90 were found to 

be beneficial to encapsulate hydrophilic montelukast. A particle size of 181.4 6.5 nm 

and EE of 96.13 0.98 was achieved by melt-emulsification-ultrasonication method. 

MNLC demonstrated sustain release of montelukast SLF (pH 7.4) as well as non-

toxicity and compatibility with A549 lung cell line. 3 % mannitol resulted in desired 

aerodynamic properties of MNLC-DPI. This may result in deposition of drug in the 

lower region of lung with higher targeting potential. In-vivo intra-tracheal instillation 

study in Wistar rats revealed improved deposition of montelukast and approximately 

12-fold targeting potential of montelukast in the form of MLNC-DPI. 

 RSVS-loaded lipid nanoparticles with high encapsulation efficiency were prepared 

using blend of lauric acid and capryol-90 and converted into respirable particles using 

lyophilization technique. Sustained release over an extended time period was achieved 

by encapsulation of drug in lipid nanoparticles. MMAD of < 3 μm achieved > 90 % of 

FPF at 60 L/min with proposed deposition in central and peripheral portions of the lung. 

Improved aerosol performance was observed for DPI prepared using L-leucin as an 

anti-static agent. In vivo study results demonstrated modified pharmacokinetic 

properties for RNLC-DPI with higher Cmax, improved t1/2, MRT and Kele. Drug 

encapsulation in NLC as a carrier revealed improved lung targeting potential. Lipidic 

nature and smaller size of the particles helped in bypassing macrophage clearance 

leading to higher targeting factor. Thus, the outcome of the study demonstrated the 

potential of the RNLC-DPI for the lung targeting and further for the treatment of COPD. 
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STANDARD OPERATING PROCEDURES 

Objective: To provide a standard operating procedure for intra-tracheal 

administration. 

Procedure: 

1. Remove the rats from the cage and anesthetize the rat using urethane 

intraperitoneally. 

2. Place anesthetized animals in supine position on a 45o slanted support, 

make small middle incision on the trachea and expose the trachea by 

blunt dissection of the sternohyoideus muscle. 

3. Make small hole in the trachea between the fifth and the sixth trachea 

using a 20-gauge needle. 

4. Insert small (10-15 cm) long PE50 tubing into the hole and advance to 

the bifurcation of the trachea. 

5. Slowly instill test formulation (suspension or solution) over a minute using 

a 1-mL syringe attached to the PE50 tubing. 

6. Following instillation, withdraw the tubing and place a small drop of 

cyanoacrylate adhesive over the hole to seal the opening. 

7. Cloth the skin with 3-0 Dexon sutures, remove the animal from 

anesthesia and allow to recover under a heating lamp. 
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Objective: To provide standard operating procedure for performance of BAL. 

Procedure: 

1. Remove the rats from the cage and anesthetize the rat. 

2. Replace the Hamilton syringe connected to PE50 tubing (from SOP no. 1) with 

a three-way stopcock attached to two 20 mL syringes.  

3. Slowly inject approximately 12 mL sterile (0.22 μm filtered) phosphate buffered 

saline (PBS, pH 7.4) in fractions to fill the lungs. 

4. Withdraw the fluid by gentle aspiration. 

5. To obtain final BAL, centrifuge this fluid at 2000 rpm for 5 min. 
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Objective: To provide standard operating procedure for removal of blood by retro 

orbital puncture method from rats. 

Procedure: 

1. Remove the rats from the cage and anesthetize the rat using anesthetic ether. 

2. Hold the animal at its ear site with two fingers in such a way that the animal 

does not move its head. 

3. Push the micropipettes or micro capillary tubes with a rotating movement 

through the conjunctiva laterally or dorsally to the eye at the back wall of the 

orbit. 

4. Collect the blood sample flowing through the capillary into the bottle containing 

anti-coagulant solution (for plasma) and without anti coagulant solution (for 

serum). 

5. Collect the blood as per biochemical test requirement. 

6. Remove the capillary from the eye after collecting the blood sample and stop 

the blood flow with the help of cotton at the puncture site. 

7. Mix it gently if anti coagulant was added or allow separating the serum at room 

temperature without disturbing the bottle. Replace the animal in cage. 

Caution: Do not shake the bottle vigorously for it may lead to haemolysis of blood.   
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Objective: To provide standard operating procedure for weighing and preserving 

organ for histopathology examination. 

Procedure: 

1. Give the longitudinal incision to expose the visceral organs of the rat by using 

sharp scissors. 

2. Dissect the organ required for histopathology examination and remove the fat 

and other adhering material. 

3. Transfer the organ carefully by holding gently with a blunt forceps to normal 

saline solution to wash the organ, keep it on a tissue paper in order to soak the 

saline solution.  

4. Immediately weigh the organ and transfer the organ to the bottle containing 10 % 

formalin solution. Repeat step 3 and 4 carefully for each organ.  

5. Keep all the organs of the same animal in one bottle and label the bottle for 

identification. 

6. Change the formalin solution after each 24 hours.  

 

.  
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Objective: To provide standard operating procedure for pulmonary insufflation. 

Procedure: 

1. Remove the rats from the cage and lightly anesthetize the rat by injecting 

ketamine intra-peritoneally. 

2. Keep the animal in supine position on the table. 

3. Insert the insufflation device into the trachea near to the bifurcation of the 

bronchi but not touching to the carina. 

4. The insufflator resembles the syringe with a chamber for holding the dry 

powder. 

5. Discharge the powder at the bifurcation by depressing the plunger and 

then remove the device from the site. 

6. Allow the animal to recover under the heating lamp. 
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