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ABSTRACT 

The increasing prominence of pulmonary drug delivery for local and systemic treatments 

coupled with the complex lung structure and the numerous factors affecting the pulmonary 

delivery of drugs has necessitated extensive research on this drug delivery route. The research 

mostly includes studies on characterization of aerosolized formulations in terms of their 

aerodynamic properties and particle size, and also in vitro, ex vivo and in vivo evaluation of the 

efficacy and the pharmacokinetic and pharmacodynamic properties of the formulations. 

However, a need is felt for improved models of aerosol testing, which closely simulate the 

aerosolization of the formulation in the lungs and in which two or more parameters for aerosol 

characterization can be simultaneously tested. This Master’s thesis describes the development 

and validation of an improved in vitro model of the diseased lung which can be used for accurate 

evaluation of inhaled formulations.  

An enhanced in vitro model of the lung was created by carrying out modifications in the 

collection cups of the Next Generation Impactor (NGI) to allow incorporation of bacterial 

cultures for evaluation of formulation efficacy. The regular collection cup in the stage 4 of the 

NGI was replaced with a deep collection cup for incorporating bacterial cultures without 

affecting the critical impaction distance. Various modifications using agar plates, polymer as a 

collection surface and liquid collection surface were carried out. Theophylline solution was 

nebulized in both the regular and modified NGI and the particle size distribution and 

aerodynamic parameters such as Mass Median Aerodynamic Diameter (MMAD), Geometric 

Standard Deviation (GSD) and Fine Particle Fraction (FPF) in both the models were compared. 

The modification using liquid collection surface was chosen for further studies as the parameters 
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obtained in the modified NGI modified did not display any statistically significant difference 

from those obtained in the regular NGI. 

Ceftazidime was chosen as the antibiotic of choice because of its broad spectrum of activity and 

potential use in the treatment of pneumonia. Escherechia coli K12 MG 1655 was chosen for the 

bacterial studies because of its susceptibility to antibiotics, allowing for unbiased evaluation of 

the modified NGI performance. The sterility testing in the modified NGI in the laboratory 

environment indicated prevention of environmental contamination in the NGI. The airflow in the 

NGI and the excepients of ceftazidime formulation did not cause any reduction of bacterial count 

in the modified NGI. Ceftazidime solution nebulized in the modified NGI was able to completely 

inhibit bacterial growth. 

The selected modification in the NGI allowed for testing of aerosolized antibiotic formulation 

efficacy. However, further studies need to be performed to widen the scope of the application of 

the modified NGI as an enhanced model for in vitro aerosol testing. 
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1 Introduction 

The pulmonary administration of drugs is gaining prominence by the day for delivering drugs 

both to the lungs as well as to the systemic circulation. The complex structure of the lungs and 

the numerous factors affecting the pulmonary delivery of drugs has necessitated extensive 

research on this drug delivery route. Much of the research revolves around characterization of 

aerosolized formulations in terms of their aerodynamic properties and particle size. In vitro, ex 

vivo and in vivo studies are also carried out to measure the efficacy and the pharmacokinetic and 

pharmacodynamic properties of the formulations. However, there is a need for improved models 

of aerosol testing, which closely simulate the aerosolization of drug formulations in the lung and 

in which two or more parameters for aerosol characterization can be simultaneously tested. This 

Master’s thesis describes the development and validation of an improved in vitro model of the 

diseased lung which can be used for more accurate evaluation of the abovementioned parameters 

of aerosolized drug formulations.  

1.1 Anatomy and physiology of the human lung 

 

          Figure 1.1: The lower respiratory tract 
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The respiratory tract facilitates respiration, which involves oxygen transport from the atmosphere 

to the cells in the body and the carbon dioxide transport from the body to the atmosphere. The 

respiratory system is broadly divided into the upper respiratory tract, which consists of the nasal 

cavity, pharynx and larynx and the lower respiratory tract, which consists of the trachea and the 

lungs. The trachea divides into two bronchi, which enter the lungs. The lungs are a pair of 

spongy, air-filled organs present in the thoracic cavity. In the lungs, each bronchus further sub-

divides into bronchioles, which sequentially subdivide into respiratory bronchioles and terminal 

bronchioles. In the distal areas of the lungs, the terminal bronchioles terminate into alveolar 

ducts, which are composed of numerous alveolar sacs. Airway branching is dichotomous, in that, 

each airway divides into two airway branches.  

 

Figure 1.2: Branching of airways in the respiratory tract 

Z – generations in the airways, Z1 – generations in the acinar airways 
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The lower respiratory tract is divided into 24 generations, where the trachea represents 

generation 0 while the alveolar sacs represent generation 23 (Figure 1.2). Generations 0 to 14 

represent the conducting airways, which consist of the trachea, bronchi, bronchioles and terminal 

bronchioles. Generation 15 represents the transitional bronchioles and these walls show the first 

signs of alveoli with gas exchange surface. This leads into the respiratory bronchioles, which 

lasts from generations 16 to 18. After the respiratory bronchioles, the alveoli completely cover 

the airway walls, forming the alveolar duct. The alveolar ducts go on branching until they reach 

the alveolar sac, which represents generation 23. From generation 0 to generation 23, the lower 

respiratory tract shows a decrease in the airway diameter from 18 mm in the trachea to 0.4 mm in 

the alveoli.2, 19, 20 The alveoli are the site of exchange of gases between the blood and the lungs. 

An average human lung consists of about 480 million alveoli.2  

The conducting airways are lined by ciliated columnar epithelium, which produces mucus. The 

mucus and the epithelium are together called the mucociliary escalator. The mucus traps any 

inhaled particles which may enter the respiratory tract. It is then swept towards the pharynx by 

the movement of the cilia from where it is expelled out along with the trapped particles. 1,20,22 

The alveoli are composed of mainly three cell types – Type I cells constituting the squamous 

epithelium which forms the alveolar wall structure, Type II cells contributing to the greater 

alveolar epithelium and secrete lung surfactants to facilitate gas exchange, and alveolar 

macrophages, which are immune cells responsible for elimination of harmful foreign particles 

which may deposit in the alveoli. The exchange of carbon dioxide and oxygen between the 

alveoli and blood occurs by simple diffusion i.e. based on the concentration gradient of the gases. 

This concentration difference is maintained by the act of breathing.1,20  
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1.2 Lung infections 

Pneumonia is an acute inflammation of the lungs that results from bacterial, viral or parasitic 

infections. It is the sixth most common cause of death in the United States. The most common 

sites of persistent bacterial infection in the lungs are the respiratory bronchioles and the alveoli.3 

Specifically, fluid retention and immune cell migration in lung tissue result in an increased lung 

weight and impair gas exchange and normal lung function.  

Numerous patient groups are more susceptible to fatal lung infections due to impaired immune 

responses or altered lung function. Immunocompromised individuals include those with acquired 

immunodeficiency syndrome (AIDS), hematologic and pulmonary malignancies, and patients 

using cytotoxic agents and/or corticosteroids. In healthy individuals, the body’s immune system 

removes most of the pathogens out of the lungs before they can cause pneumonia. Since 

immunocompromised patients lack such an immune response against the pathogens, they are 

more susceptible.23  

Altered lung function can also give rise to recurrent episodes of pneumonia. For example, 

patients that have cystic fibrosis (CF), a genetic disorder that results from mutations in the cystic 

fibrosis transmembrane conductance regulator (CFTR) gene, which encodes for a chloride 

channel present in the apical membrane of the epithelial cells.6 In the lungs, this gene 

misexpression causes the mucus to dehydrate and become more viscous, resulting in poor airway 

clearance and ineffective cough. This results in obstruction of the airways over a period of time, 

thus affecting the protective cough mechanisms which eliminate inhaled microorganisms. The 

lungs of CF patients often become colonized by pathogenic bacteria, resulting in chronic and 

recurring pneumonias.5,6,8 
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Some pathogenic organisms produce serious infections that are difficult to treat and result in 

higher incidence of fatal pneumonias. Hospital Acquired Pneumonia (HAP) or nosocomial 

pneumonia refers to pneumonia that was not present at the time of admission to the hospital. 

HAP is defined as generally occurring 48 hours after admission to hospital and can have a high 

mortality rate. Gram-negative bacteria such as Pseudomonas aeruginosa, EnterobacterSP, 

AcinetobacterSP, and Klebsiella pneumoniae are the leading cause of Gram-negative infections 

associated with HAP. In some cases, HAP can be caused by multiple types of bacteria. Early-

onset HAP occurs within the first four days of admission, and is most likely caused by antibiotic-

susceptible bacteria. Late-onset HAP occur after five days of admission, and is caused by 

resistant pathogen strains.4,33  

Pseudomonas aeruginosa is a common cause of HAP. It exhibits resistance against most 

antimicrobial treatment, which has been attributed to continuous expression of multiple efflux 

pumps. Also, the tendency of these pathogens to produce biofilms has rendered the treatment 

regimen for lung infections difficult to manage. Bacteria growing as a part of a biofilm are more 

resistant to antibiotic treatment compared to bacteria not growing in biofilms.33,34    

Another common and serious lung infection is tuberculosis (TB), caused by Mycobacterium 

tuberculosis. This pathogen mostly attack the lungs, but may also spread to other parts of the 

body. A small number of bacteria is sufficient to cause infection in healthy individuals. On 

inhalation through the environment, these pathogens travel to the lung airways where they are 

phagocytosed by the alveolar macrophages. This induces an inflammatory response, resulting in 

recruitment of mononuclear cells and T-lymphocytes, known as granuloma. The pathogens 

remain in a dormant state as long as the granuloma is intact. Over a time period, the granuloma 
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begins to decay at its center into macrophage debris. The pathogens are then released in the 

airways, where they divide.35  

1.3 Targeted Drug Delivery to the Lungs 

Conventional drug therapy in for treating pneumonia involves intravenous (IV) drug delivery and 

subsequent distribution of the anti-infective agents from the systemic circulation to the site of 

infection in the lungs. The lung, being a highly perfused organ, allows for rapid exposure to the 

drug in the systemic circulation. However, systemic drug delivery for pulmonary actions has a 

number of disadvantages including systemic side effects due to distribution of drug throughout 

the body, lower patient compliance due to invasive nature of drug delivery, and increased 

amount of drug required in the formulation to compensate for the drug loss to other parts of the 

body.6 Additionally, because of the nature of the alveoli-capillary barrier membrane, many 

antibiotic agents have demonstrated poor distribution into lung fluids and tissues or require very 

high systemic doses to achieve sufficient drug concentrations in the lung to treat infections.6,24 

Inhaled antibiotic delivery has the potential to overcome these disadvantages.  Currently, inhaled 

antibiotic drug delivery is considered first line route of administration for many disorders such as 

asthma and chronic obstructive pulmonary disease (COPD). The prospect of the enhanced 

pulmonary delivery systems and devices as well as advances in particle engineering processes 

has made the lungs more attractive as a potential route of targeted local and systemic drug 

delivery.1  

Advantages of targeted pulmonary delivery include accurate delivery to the site of action, better 

therapeutic action in the lungs as compared to IV drug delivery, reduced risk of systemic side 

effects, rapid onset of action and lesser chance of drug metabolism before the onset of 

therapeutic action. Inhaled drug delivery to the lungs helps to deliver a major portion of the drug 
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to the site of infection, as opposed to IV administration. Targeted drug delivery has the potential 

to minimize systemic adverse effects of inhaled drugs.1.6 For example, IV delivery of tobramycin 

for the treatment of CF causes ototoxicity, high tone deafness, acute vestibular toxicity and renal 

impairment. Nebulized solutions of tobramycin do not cause any such side effects because of 

absence of systemic exposure to the drug. Inhaled tobramycin also requires a relatively lower 

drug dose to achieve equivalent therapeutic action to IV tobramycin.6 Direct drug delivery to the 

lungs produces a rapid onset of local action and bypasses the first pass metabolism and other 

metabolic processes.  

Targeted pulmonary drug delivery has the potential for variability in the doses delivered between 

different subjects due to patient factors.  These include age, breathing patterns, co-morbid 

respiratory disorders, and patient handling of the aerosol device.25 The aerodynamic particle size 

range of aerosol particles should be between 1 to 5 µm for optimal drug deposition in the lower 

lung regions. Particles of larger aerodynamic sizes will deposit in the upper respiratory tract due 

to inertial impaction, while smaller particles have inadequate deposition in the lung and tend to 

be eliminated during expiration.9,10 Most of the aerosol devices used today are not efficient to 

cause particle deposition in the deep lung to treat pneumonias. These devices are unable to 

deliver the entire dose to the intended target site and could induce additional variability in the 

dose available to the patient for therapeutic action.12 Inhaled particle deposition in the deep lung, 

thus, is influenced by the formulation and effeciency of the aerosol device.  

1.4 Devices for pulmonary drug delivery 

Pulmonary drug administration relies upon devices, nebulizers, pressurized metered dose 

inhalers (pMDI), and dry powder inhalers (DPI) to aerosolize the formulation and deliver 

medication into the lung.  Ideally, these devices produce consistent and reproducible aerosols to 
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allow predicatable drug delivery and effects.  These aerosol devices should also minimize drug 

wasting within the device, allow ease of patient operation, and maintain drug and formulation 

stability.  Although pMDI devices are commonly used for inhaled drug delivery, they are not 

within the scope of this Master’s Thesis and will not be discussed.   

Nebulization is a commonly used method to deliver drugs present in solution form to the 

respiratory tract. Nebulizer devices aerosolize medication by continuously creating or forming a 

cloud of droplets from a liquid formulation that is then gently inhaled by the patient.  The 

aerosolization efficiency and aerodynamic properties of produced droplets varies between 

nebulizer devices and affects drug deposition.  Nebulizers are able to deliver large liquid 

volumes, achieve high doses and produce gentle aerosols that are gently inspired by patients.12 

However, nebulizers often require long aerosolization times, bulky devices or compressors, can 

produce heat and noise, and often produce polydisperse droplet sizes.12 

A relatively new class of nebulizers are the vibrating mesh nebulizers, which attempt to 

overcome many of these possible limitations through the use of a vibrating perforated mesh to 

produce aerosol droplets. Some examples of vibrating mesh nebulizers include Omron NE-U22V 

MicroAir nebulizer, Aerogen’s OnQ aerosol generator and Pari’s eFlow TouchSpray 

technologies. These nebulizers require smaller device components, are virtually silent, decrease 

the nebulization time, and reduce residual drug loss in the device.  However, the vibrating mesh 

can become clogged due to suspended particles in the formulation and adversely affect 

nebulization and requires device cleaning or replacement.11 
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1.5 Next Generation Impactor  

As previously described, aerodynamic particle size is an important parameter for aerosolized 

products, as it directly influences regional deposition of particles in the respiratory tract and the 

lungs. This can be determined by cascade impaction, which is an in vitro process using size as a 

tool for classification of aerosols. Cascade impactors use the principle of inertial impaction; 

particles of different size within a formulation are separated on the basis of inertia, which is a 

function of the particles’ size and velocity. By keeping the particle velocity constant, one can 

determine the aerodynamic particle size. While other techniques use a representative sampling to 

determine the particle size and distribution, cascade impactors measure the size distribution of 

the entire drug sample, which is delivered from a device. The various USP-approved cascade 

impactors available for use are the Anderson Cascade Impactor (ACI), the Multi-stage Liquid 

Impactor (MSLI) and the Next Generation Impactor (NGI).16 

The primary purpose of cascade impactors is to characterize the particle size distribution of 

aerosols. Air is drawn through a series of orifices, having holes of decreasing diameter, at a 

constant flow rate. Below each orifice is a plate known as the collection cup or the impaction 

plate. Air passing downwards has to first pass the collection cups before heading to the next set 

of orifices. When a drug is aerosolized in the NGI, either as a dry powder or a solution, particles 

with low inertia will pass through the orifices of the first stage and move onto the next stage with 

the air flow, while bulkier particles with a higher inertia will impact on the plate because of their 

greater momentum. The cut-off size of aerosolized particles for each stage differs based on the 

airflow to which the aerosol is subjected. Particles with sizes larger than the cut-off size are 

collected on the collection cups, while those with smaller sizes are carried onto the next stage. 

Thus, deposition characteristics of an aerosolized formulation can be studied using the NGI.16, 17 
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Figure 1.3: A Next Generation Impactor in open configuration 

As seen in Figure 1.3, the Next Generation Impactor (NGI) is a planar cascade impactor, with 

seven horizontally aligned stages, terminating in the micro-orifice collector (MOC).  It can be 

broadly divided into three parts – the lid, the seal body and the bottom frame. The lid is mainly 

responsible for holding the seal body in place. The lid is attached to the seal body with the help 

of two limited torque screws. The seal body is responsible for holding the eight nozzle pieces 

and the O-rings in their places. The O-rings prevent any leakage of sample from the NGI during 

aerosol testing. Each nozzle piece corresponds to each of the seven stages and the MOC, which 

are held in the bottom frame of the NGI. 

 

Figure 1.4: Schematic arrangement of nozzle pieces in the NGI 
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Tear-shaped impaction plates (also known as collection cups) are present below each nozzle, 

with the large end of the plate exactly below the nozzle. The aerosolized sample is collected on 

this large end of the plate. Above the small end of the plate on the opposite side, is a cavity 

through which air passes upwards, through the lid and onto the next plate. Any roughness present 

on the surface of the collection cups has no effect on particle capture efficiency as long as this 

roughness is lesser than the particle stop distance, which is about 25% of the nozzle diameter. 

Based on the test results of earlier NGI prototypes, the collection cup for stage 1 is larger than 

the cups of other stages, so as to minimize the secondary impaction i.e. impaction of the larger 

particles on the walls of the cup. The other stages do not show secondary impaction because of 

the smaller size of particles deposited there, and hence, have a smaller size. The MOC cup size is 

also larger than stages 2 to 7 and same as stage 1. This is necessary so as to accommodate 4032 

nozzles in the MOC. The main function of the MOC is to act as a filter to capture particles which 

are not captured in the previous seven stages. The lid is locked together with the bottom frame by 

a past-center lock handle mechanism, which is present at the front of the NGI.16 

The pre-separator is an add-on part of the NGI, whose main function is to retain the large, inert 

particles which are generally found in dry powder inhalers (DPI) as excepients. The pre-

separator captures these large particles, but does not affect the size distribution of the active 

pharmaceutical ingredient (API). The pre-separator is attached between the induction port and 

stage 1 of the NGI. The first collection surface of the pre-separator is a circular cup of 30 mL 

volume, which contains the solvent intended to remove the large particles. The solvent is filled 

half-way in the cup, so as to reduce particle re-entrainment from the cup. This cup is followed by 

the second collection surface, which has a more conventional impaction stage. This cup is 

responsible for collection of particles which were not entrapped in the first collection cup.14, 16   
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Another add-on part of the NGI is the induction port. It is an L-shaped stainless steel tube, one 

end of which is attached to stage 1 of the NGI. The other end is used as the point of attachment 

of aerosolizing devices such as dry powder inhalers, metered dose inhalers and nebulizers. The 

induction port acts as the point of entry of the aerosols into the NGI, and also simulates the 

human throat in the study of aerosol deposition in the NGI.14, 16  

One of the important parameters in the NGI is the critical impaction distance.  

 

Figure 1.5: Cross-sectional representation of the collection cup in the NGI 

     ‘b’ – Critical Impaction Distance 

The critical impaction distance is the distance between the top and collection surface of the 

collection cup, represented by ‘b’ in Figure 1.5. It is necessary to maintain this critical impaction 

distance to achieve consistent deposition of the aerosol in the NGI.  

For studying drug deposition of the aerosolized formulation in the lungs, the United States 

Pharmacopeia (USP) allows the use of the Next Generation Impactor (NGI) as an approved 

aerosol testing device. Apart from providing a replicate of the deposition pattern of a drug 

formulation in the lungs, the NGI also helps in calculating the various aerodynamic parameters 

of an aerosol such as mass median aerodynamic diameter (MMAD), geometric standard 

deviation (GSD) and fine particle fraction (FPF). It gives an in vitro assessment of delivery 
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efficiency of aerosols. The NGI mimics drug deposition in the human lungs, acting as an aerosol 

particle size classifier, by collecting the larger particles in stages representing the upper airways 

and collecting the smaller particles in stages representing the deeper lung.14  

1.6 Methods of evaluation of targeted drug delivery to the lungs 

Advances in aerosol formulation and inhaler device technology have made it possible to deliver 

drug molecules via inhalation into the deep lungs. The in vitro determination of aerosol 

properties and performance has been codified in the United States Pharmacopeia (USP).14 

However, there is often little correlation between standardized in vitro aerosol evaluation with 

cellular or in vivo evaluation of aerosols.  The evaluation of pharmacokinetic processes in the 

lungs are challenging with varying published methods for testing.13 Specifically, currently 

reported aerosol testing methods fail to account for many pulmonary patient parameters such as 

elimination mechanism of the lungs, breathing patterns, and co-morbid diseased states, as well as 

device and formulation factors such as particle size, osmolality, pH and airflow. As a result, 

several in vitro, ex vivo and in vivo methods have been developed to address these uncertainties 

regarding the deposition patterns and clearance mechanisms for inhaled drug products.   

In vitro methods for evaluation of inhaled drug product parameters are those biological testing 

methods in which certain components of an organism are separated from their biological 

environment to an artificial environment to facilitate analysis. Advantages of in vitro methods 

include their simplicity and ability to isolate components of complex biological systems, 

robustness and reliability, control over environmental and experimental conditions, 

straightforward data analysis, and reduced costs compared to animal use.  One of the most 

common in vitro testing methods for the evaluation of drug pharmacokinetic processes or 
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pharmacodynamic effects is the use of mammalian derived cell cultures that mimic biologically 

relevant cells or tissues.13 

Primary cultures of lung epithelial cells have been isolated and used for pulmonary drug 

analysis.  Alveolar epithelial cells are preferred for many aspects of research with additional 

reports of tracheal and bronchial epithelial cell use.13,26  Most of the studies on primary alveolar 

epithelial cells take advantage of the phenotypic differentiation of alveolar type II (ATII) cells to 

acquire alveolar type I (ATI) cell-like properties due to the ability to isolate ATI cells from 

primary sources.  However, deriving cell cultures from primary lung sources is challenging, and 

has prompted the use of continuous cell cultures.  

Unlike primary cell cultures, which have a limited life span, continuous cell cultures are 

immortal because of the process of transformation, which can be spontaneous or induced. Such 

cells can then divide and propagate indefinitely. These continuous cell lines have the advantage 

of having consistency in the cell phenotypic characteristics. One of the most extensively studied 

cell lines has been the human bronchial carcinoma epithelial cell line known as Calu-3, 

commercially available with American Type Culture Collection (ATCC). 13 In addition, 

immortalized human lung epithelial cell lines such as A549 and Calu-3 have been used as 

continuous cell culture models offering more reproducibility and ease of use.13,26 Both the culture 

models form lung epithelial cell monolayers and can be used to study the transepithelial transport 

kinetics of drug molecules. These data can then be co-related with in vivo absorption. 

The evaluation of pharmacodynamic effects of inhaled antibiotics is possible through the use of 

bacterial cultures such as Pseudomonas aeruginosa, Klebsiella pneumoniae, and Methicillin-

resistant Staphylococcus aureus. Bacterial cultures are grown in petri dishes or test tubes using a 

variety of nutrition media. Typical antibacterial efficacy studies involve application of antibiotics 
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to bacterial cultures that have been grown in or on nutrient media followed by visual inspection 

or quantification of bacterial growth.  Additional antibiotic effects can be studied through the use 

of time-kill methods that evaluate the time-course of antibacterial effects.13,27      

In spite of all the advantages, in vitro methods have certain limitations. It can be challenging to 

co-relate the results obtained from in vitro studies to those in an intact in vivo model. These 

studies fail to consider various physiological effects which take place in the body on drug 

absorption and deposition, leading to erroneous conclusions. There have been instances where 

drugs which showed excellent action in vitro failed during in vivo studies.13  

In vivo methods for evaluating pharmacokinetic processes and pharmacodynamic effects consist 

of methods in which a formulation is administered to living animals like rodents.  These studies 

replicate human pulmonary physiology to simulate the influence of the biological environment of 

an animal on the inhaled formulation.   

Schanker has performed pioneering work in the field of in vivo studies for pulmonary drug 

delivery with respect to studying drug absorption and disposition in the lungs.13,28,29 This has 

made it possible to administer test molecules in the form of various formulations to living 

animals and directly acquire pharmacokinetic data from lung tissue. The most commonly used 

animals for these studies are rats and guinea pigs, employed because of their small size which 

requires small amounts of test materials during pulmonary dosing. However, larger animals, 

though costly, have been found more useful for studies on inhalation pharmacokinetics. Methods 

such as the traditional intratracheal instillation and the relatively modern orotracheal intubation 

are used to deliver the test molecule to the lungs of these animals. Custom made dosing devices 

are also being made available for use in rodents, thus enabling administration of not only liquid 

formulations, but also dry powders in accurate and reproducible manner. Also, forced or 
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ventilated administration of drug is being employed to ensure drug delivery into the deep lung to 

facilitate systemic absorption. Initial procedures of sample collection necessitated animal 

sacrifice, thus increasing the total costs of the experiments. However, recent adaptations such as 

drawing of multiple blood samples from an individual animal through surgical catheterization of 

a suitable vein has reduced the number of animal sacrifices for each study. Some important 

factors should be considered while studying the pulmonary deposition of a test molecule. The 

routes of delivery such as intratracheal instillation or aerosol administration play an important 

role in drug disappearance from the lungs. Other factors such as age of the test animals and their 

species have also shown to affect the results of these studies.13  

In vivo studies display certain advantages such as the ability to observe the pharmacodynamic 

effects of a test molecule directly in an animal model, better understanding of the 

pharmacokinetics of a drug molecule in a biological environment and ability to study any 

adverse effects of the drug in living animals. However, these studies are expensive, time 

consuming and require trained personnel to handle the animals.13  

Ex vivo studies are those biological studies which are performed outside the subject organism. In 

these studies, the tissue of an animal is kept in an artificial environment which simulates its 

natural environment. The main advantage of this method over in vivo and in vitro methods is the 

use of physiological organs and tissues such as the isolated perfused lung (IPL), not just cells, in 

a controlled environment for better understanding of varying processes and effects. Ex vivo 

studies are performed while maintaining the original structure and functions of the tissue and 

hence, represent the in vivo state better compared to the in vitro models. One limitation of these 

models in pulmonary studies is the limited time frame available to perform these studies, as the 

isolated perfused lung (IPL) is viable for a maximum of 2 – 3 hours at 37°C, after which edema 
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starts to form in the lung. This limitation affects studies in which pulmonary absorption of 

macromolecules is to be studied, as they do not appear in the perfusate in significant amounts 

during such short times. There is a restriction on usage of large animals such as rabbits, monkeys 

and dogs to obtain larger lung sizes for ease in experimental methodology. Studies involving 

perfusions at low temperatures may accelerate the edema formation, thus restricting the use of 

this model for energy dependent studies. These studies also require expert handling during the 

surgery as well as maintenance of lung viability for 2 – 3 hours. For studying pulmonary 

pharmacokinetics of the drug, IPL prepared from small rodents has most often been employed. 

Rats, guinea pigs and occasionally, rabbits, have been used for this purpose. Mice, due to their 

smaller size, pose a challenge during the surgical procedure. 13  

1.7 Hypothesis and Specific Aims 

The human lungs are not conducive to efficient drug delivery. This may be due to various 

physicochemical factors such as pH and tonicity, the formulation characteristics such as particle 

size and aerodynamic characteristics, and physiologic factors such as breathing patterns, 

individual diseased states and tidal volume. As a result of such limitations, the current in vitro 

methods for drug and formulation testing cannot co-relate with the aerodynamic particle size 

analysis of inhaled formulations. These limitations result in the inability to correlate in vitro 

studies with in vivo or ex vivo studies.18,37 

Currently, to examine the antibacterial action of an antibiotic formulation taking place in 

different stages of the lung in vitro, the amount of drug deposited at each stage is determined 

using the NGI. This is followed by spreading an equal amount of drug onto a bacterial culture 

plate and evaluating its antibacterial effect. However, this method fails to consider the effects of 

the aerosolization of the formulation on its pharmacodynamic activity.  
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Studies by Cooney et al have demonstrated cell culture incorporation in an Anderson Cascade 

Impactor (ACI), wherein one of the impaction plates in the ACI was replaced with cell culture 

inserts of airway epithelial cells. Solutions and dry powders of fluorescein derivatives were 

aerosolized on these cultures. Another similar study by Fiegel et al reported aerosolization of 

fluorescein powder on bronchial epithelial cells in a Multi-stage Liquid Impinger (MSLI).30,31 

These modified impactor models served as a proof of concept for incorporation of cell or 

bacterial cultures in cascade impactors. 

The NGI allows for more accurate aerosol measurements over a range of airflow rates. 

Compared to the ACI or MSLI, it is more preferred for the analysis of dry powder aerosols.32 

This Master’s thesis project involves modifying the NGI as an improved tool for testing the 

pharmacodynamic activity of an aerosol.  

The first aim of this research project was to create an in vitro NGI model, which can simulate 

both healthy and diseased lungs and allow for both pharmacokinetic and pharmacodynamic 

evaluation of the inhaled formulations, without affecting the aerodynamic parameters of the 

formulation. This was done by performing various modifications on the NGI collection cups, and 

comparing the aerodynamic parameters of nebulized solutions in the modified NGI with those in 

the unmodified NGI.  

The second aim involved the incorporation of a susceptible strain of Escherechia coli in the 

modified NGI, followed by nebulization of Ceftazidime solution to prove the validity of the 

modification. 
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The principal hypothesis of this research was: 

Incorporating bacterial cultures in the NGI will not adversely affect particle deposition 

patterns and aerodynamic parameters of aerosolized antibiotic formulations, allowing for 

accurate evaluation of their antibacterial efficacy. 

This research has two specific aims. 

Specific Aim 1: To characterize the deposition pattern and aerodynamic parameters of nebulized 

theophylline solution in modified NGI. 

Specific Aim 2: To incorporate bacterial cultures in the modified NGI model and evaluate the 

direct antibacterial action of the aerosolized antibiotic formulation. 
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Chapter 2 

Creation and validation of an in vitro lung model 
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2 Creation and validation of an in vitro lung model 

The current in vitro aerosol testing methodologies demand the need for a new and improved in 

vitro aerosol testing model which can be used for studying the pharmacokinetic processes and 

the pharmacodynamic effects of drugs in the lungs, as described in section 1.7.18,37 To this end, 

the Next Generation Impactor (NGI) was chosen for modification into an improved aerosol 

testing model. It was necessary to study and understand the effects that the modifications to be 

carried out may have on the deposition and aerodynamic properties of the formulation. It was 

also necessary to ensure that these effects would not significantly affect these properties when 

compared to those obtained from drug aerosolization in the unmodified NGI. This section will 

describe the various modifications carried out and evaluated in the NGI.  

2.1 Selection and detection of the model drug 

 

                                      Figure 2.1: Chemical structure of theophylline 

The aerosol properties to be studied in the regular and modified NGI are not influenced by the 

drug. Hence, the selection of a specific antibiotic for evaluation and validation seemed 

unnecessary at this time. Theophylline was chosen as the model marker drug for the preliminary 

studies.  
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Theophylline, structurally classified as a methylxanthine, is a white, odorless, bitter powder. It 

has a molecular weight of 180.17 gm/mol.  Its therapeutic use is as a bronchodilator in the 

treatment of chronic obstructive pulmonary disorder (COPD), infant apnea and asthma36. 

Theophylline has an aqueous solubility of 7400 mg/L at 25°C and distinctive UV spectral 

absorbance with an absorbance maxima at 273 nm. The preliminary studies required a model 

drug for the sole purpose of quantification after nebulization in the NGI, and theophylline met 

this criteria. The use of theophylline in these preliminary studies also helped avoid unnecessary 

exposure to antibiotics for the researchers. 

2.1.1 Materials and Methods 

Theophylline anhydrous was obtained from City Chemical Corporation (New York, NY). 

Deionized (DI) water was obtained using PURELAB Ultra (ELGA LabWater, Woodridge, Il). 

Detection of theophylline was carried out using the Synergy H1 Hybrid Multi-mode Microplate 

Reader (Biotek Instruments Inc., Winooski, VT). Data was analyzed using the Gen5 Data 

Analysis Software (Biotek Instruments Inc., Winooski, VT). 96-well UV plates were obtained 

from Corning Inc. (Corning, NY).  

The protocol section of the Gen5 Data Analysis Software was used to set the parameters for the 

studies. Absorbance was selected as the detection method of the plate reader for the theophylline 

solutions, while the detection wavelength was 273 nm. The temperature was maintained at 37ºC. 

The blank, standards and samples were duly named in the ‘Plate layout’ section. The 

‘Transformation’ section was set to subtract the reading of each well from the blank well, so as 

to negate any absorbance caused by other contaminants in the theophylline solution. 
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Stock solution for preparing theophylline dilutions was prepared by dissolving 25 mg 

theophylline in 50 mL of deionized water in a volumetric flask, giving a final concentration of 

500 µg/mL. Suitable dilutions were prepared from this stock solution.  

Standard curve was obtained by pipetting 200 µL of the dilutions to each well of the 96 well UV 

plates, running these plates in the plate reader at UV wavelength of 273 nm and plotting the 

absorbance obtained versus the known concentrations of the dilutions. 200 µL of DI water was 

added to each of the first column of wells as the ‘blank’. This was done to negate any error in 

absorbance measured in the DI water by itself. Absorbances of theophylline solutions of 

unknown concentrations were then extrapolated on this curve.  

2.1.2 Results and Discussion 

A linear standard curve was obtained on an ‘absorbance versus concentration’ graph for stock 

solution dilutions from 55.56 µg/mL to 0.008 µg/mL. A sample of one of the standard curves is 

given below (Figure 2.2). 

Co-efficient of determination (R2) values of 1 were obtained, indicating a goodness of fit of the 

trendline. The slopes and intercepts were calculated for each standard curve using MS Excel 

software. These values were then used to calculate the concentration of the unknown solution by 

using the following equation- 

Concentration of unknown solution = (Absorbance of unknown solution – Intercept) / Slope 

These results demonstrated that it is possible to detect and quantify theophylline using ultraviolet 

absorbance on the plate reader. This method is reproducible, thus allowing consistency in the 

results obtained during the studies. 
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Figure 2.2: Representave standard curve of ‘Absorbance versus concentration’ for theophylline 
solution 

2.2 Evaluation of baseline aerosol deposition in the unmodified NGI 

Current inhaled drug delivery regimens directly aerosolize drug formulations to the lungs to 

increase drug concentrations at the site of action and to minimize systemic drug exposure. Many 

marketed aerosolized products are solutions for nebulization to the lung. While nebulization 

allows large quantities of the drug to be delivered to the lung, the bulkiness of the nebulizer and 

long nebulization times may reduce patient compliance. 

The aerodynamic particle size distribution and aerosol parameters were evaluated for nebulized 

theophylline solutions in the NGI. As previously discussed, the NGI is an in vitro model of 

particle deposition in the lungs due to inertial impaction. The amount of theophylline deposited 

at each stage of the NGI suggests relative particle deposition within the lung, as described in 

section 1.5. Achieving consistency in the theophylline deposition at each stage was necessary 

from the point of view of further studies. 
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2.2.1 Materials and Methods 

Theophylline anhydrous was obtained from City Chemical Corporation (New York, NY). 

Deionized (DI) water was obtained using PURELAB Ultra (ELGA LabWater, Woodridge, Il). 

Aeroneb Pro nebulizer (Aerogen Ltd, Galway, Ireland) was used for aerosolizing the formulation 

in the Next Generation Impactor (MSP Corporation, Shoreview, MN). Sigmacote (silicone in 

heptane) was obtained from Sigma Aldrich (St. Louis, MO). TSI 4000 series airflow meter (TSI, 

MN, USA) was used to calibrate the airflow in the NGI. Detection of theophylline was carried 

out using the Synergy H1 Hybrid Multi-mode Microplate Reader (Biotek Instruments Inc., 

Winooski, VT). Data was analyzed using the Gen5 Data Analysis Software (Biotek Instruments 

Inc., Winooski, VT). 96-well UV plates were obtained from Corning Inc. (Corning, NY).  

2.2.1.1 Preparation of theophylline solutions 

Stock solution of theophylline for standard curve was prepared as described in section 2.1.1. 

Sample solution of theophylline for nebulization in the NGI was prepared by dissolving 10 mg 

theophylline in 50 mL of tap water (final concentration of 200 µg/mL) in a volumetric flask.  

2.2.1.2 Assembly of the NGI 

The NGI was assembled as described in the USP. There is a high probability of the particles or 

droplets bouncing off the impaction surface of the collection cups and settling on the orifice 

surface above the collection cups when a formulation is aerosolized in the NGI. To minimize this 

bouncing and enhancing the collection efficiency of the collection cups, the impaction surface of 

the collection cups was coated with Sigmacote (silicone in heptane). This was done by applying 

500 µL and 1500 µL of Sigmacote to the impaction surfaces of the small and large collection 
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cups respectively, and allowing the heptane to evaporate at room temperature, resulting in a 

uniform layer of silicone on the impaction surface. 

The induction port was attached to the mouth of the main frame of the NGI. As dry powder 

formulations were not being used, the pre-separator was excluded from the assembly. An 

external filter was attached to the NGI to entrap any droplets which had escaped impaction on 

the MOC. Airflow through the NGI was calibrated to 15 L/min using the TSI 4000 series airflow 

meter (TSI, MN, USA) attached to the induction port through a custom-made airtight silicone 

elastomer fitting. 

2.2.1.3 Nebulization of theophylline solutions 

The nebulizer was placed in front of the induction port to allow aerosol entry into the NGI due to 

calibrated airflow movement. 5 mL of the sample solution (1 mg theophylline) was added to the 

head of the nebulizer and completely nebulized to dryness within 10 minutes.  

2.2.1.4 Recovery and analysis of nebulized solutions 

Drug solution and deposited aerosol droplets were collected from each component of the 

nebulizer and NGI following complete nebulization.  Each component was washed at least three 

times using DI water. The washes for each component were collected in separate 100 mL 

volumetric flasks, and the volume was made up to 100 mL using DI water. Each nebulization 

was carried out in quadruplicate. 

As described in section 2.1.1, 200 µL of each of these samples were added to wells of a 96-well 

plate in triplicates. The 96-well plate was then read in the Synergy H1 Hybrid Multi-mode 

Microplate Reader using the Gen5 Data Analysis Software. 
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The amount of drug deposited in the NGI was calculated using the formula -  

% Dose Recovered = (Amount of drug recovered from the NGI / Amount of Drug Nebulized) × 

100 

The percent fine particle fraction (% FPF), mass median aerodynamic diameter (MMAD) and the 

geometric standard deviation (GSD) were calculated as described in the USP.14 The % FPF gives 

the percentage of particles deposited in the impactor that have an aerodynamic diameter below 5 

µm. As described in the USP, the relationship between the percent cumulative recovery and the 

aerodynamic diameter was used to calculate the MMAD and GSD.  

The above study was carried out in quadruplets. 

2.2.2 Results and Discussion 

The deposition pattern of the nebulized theophylline solution in the NGI can be depicted by the 

following graph –  

 

                     Figure 2.3: Average theophylline deposition pattern in unmodified NGI 
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The % FPF of the theophylline solution was found to be 62 ± 0.04 %. The MMAD was 3.53 ± 

0.36 µm, while the GSD was 5.19 ± 1.16. These values obtained serve as a baseline for 

comparison of readings values from other studies.  

Approximately 62 % of nebulized theophylline having aerodynamic diameter below 5 µm was 

recovered from the NGI. While the MMAD value of 3.53 µm was within the desirable 1 to 5 µm 

range necessary for drug deposition in the lower bronchioles and the alveoli, the GSD values of 

about 5.2 indicated a high variation in the aerodynamic diameters of the aerosolized particles, 

thus indicating a state of polydispersion. This high GSD value was unexpected due to typically 

narrow particle size distributions produced by vibrating mesh nebulizers. This may have 

happened because the formulation was not optimized to achieve relatively less polydisperse 

formulation. The nebulization efficiency of the nebulizer could also have played a role in this 

result. Approximately 51 % of the drug was deposited in the initial stages of the NGI, which 

represent the upper bronchioles, while 25 % of the drug was recovered from the stages 

representing the lower bronchioles and the alveoli. 

Nebulized theophylline solutions showed desirable MMAD values, while the GSD values 

indicated heterodispersity in the solution. The deposition pattern and aerodynamic parameters of 

the nebulized theophylline solution were used as baseline values against which values of further 

studies were compared.  

2.3 Modification to the NGI 

Current in vitro methodologies of testing the aerosol efficacy involve applying drug solutions to 

bacterial culture plates, and studying the reduction in bacterial colonies in the plates. These do 

not take into consideration the possible differences between antibacterial efficacy of aerosolized 

formulations and formulations spread on surface of bacterial agar plates. The deposition of 
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inhaled aerosols in vivo is non-uniform while in vitro drug deposition is controlled and 

predictable. These deposition differences may result in a variable drug formulation efficacy 

when evaluating laboratory versus clinical antibacterial studies. Thus, the current in vitro 

methodology has a major limitation by neglecting the influence of aerosolization and deposition 

on drug efficacy. As a result, the in vitro studies of formulation efficacy rarely correlate with 

data obtained from ex vivo or in vivo inhalation studies. Therefore, the development of in vitro 

aerosolization methods that incorporate particle deposition and measure efficacy will improve 

the understanding and evaluation methodologies of drug and formulation effects in inhaled drug 

delivery systems.   

This may be achieved by incorporation of bacterial cultures in the collection cups of the NGI. As 

mentioned previously in section 1.5, it is necessary to maintain the critical impaction distance i.e. 

the distance between the surface of the nozzle and the surface of the collection cup. 

Incorporation of a bacterial culture plate in a regular collection cup would significantly affect 

this critical impaction distance, causing a change in the airflow inside the collection cup, in turn 

affecting the deposition characteristics and aerodynamic parameters of the formulation. This 

problem can be overcome by the use of specially made deep collection cups, which would allow 

for the insertion of a bacterial culture in the collection cup without affecting the critical 

impaction distance.  

Stage 4 of the NGI was chosen as the prototype for modification, as the drug deposition at stage 

4 represents deposition at the lower bronchioles and the alveoli for both the dry powder 

formulations and solutions for nebulization, as seen in Table 2.1. Also, preliminary studies had 

shown that significant quantities of formulation deposited at stage 4; thus, any changes in the 
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deposition caused by the modification would be easily perceptible. For further reference, the 

unmodified NGI will be referred to as the unmodified NGI. 

Stage 
D

50,Q
 (µm) at 60 L/min 

flow rate 
(a) 

D
50,Q

 (µm) at 15 L/min 

flow rate 
(b) 

1 8.06 14.1 

2 4.46 8.61 

3 2.82 5.39 

4 1.66 3.3 

5 0.94 2.08 

6 0.55 1.36 

7 0.34 0.98 

MOC < 0.34 < 0.98 

       

        Table 2.1: Median aerodynamic diameters for a) Dry powders, b) Solutions 

2.3.1 Materials and Methods 

Deep collection cups were obtained custom made machined from block aluminum for the 

experiments from Benson Machine Works Inc (Omaha, NE) (Appendix A). Sterile Muller 

Hinton Agar culture plates (60mm in diameter) were obtained from Teknova (Hollister, CA). 

SYLGARD® 184 Silicone Elastomer Curing Agent was obtained from Dow Corning 

Corporation (Midland, MI). Hard gelatin capsules for aerosolization of dry powder were 

obtained from PCCA (TX). Aerolizer Dry Powder Inhaler (DPI) device was used to aerosolize 

the dry powder. Mueller Hinton Broth (MHB) was obtained from Fisher Scientific (Pittsburg, 

PA, USA). 
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2.3.1.1 Incorporation of bacterial agar plates 

 

            Figure 2.4: a) Normal Collection Cup, b) Modified Deep Collection Cup 

Theophylline solutions were prepared as described in section 2.2.1.1. The sterile MHA plates 

were placed inside the deep collection cup, and the critical impaction distance (the distance 

between the surface of the agar and the lip of the collection cup) was adjusted using a stack of 

plastic discs as shown in the Figure 2.4. A thin sheet of aluminum foil of negligible height was 

placed on the surface of the agar to act as a solid collection surface to prevent the nebulized 

solution from distributing into the agar and hampering total drug recovery. This modified deep 

collection cup was then places in the stage 4 of the NGI. The NGI was assembled as described in 

section 2.2.1.2 and theophylline solution was nebulized as previously described. Drug was 

recovered and analyzed as previously described. These studies were carried out in triplicate to 

allow for statistical analysis of drug deposition and aerosol parameters. Similar studies were 

carried out with the modified deep collection cup in stages 2 and 3 individually.  

The percentage of drug recovered from the modified NGI was calculated as described in the 

section 2.2.1.4. 

a b
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Deposition patterns of theophylline solutions in the modified NGI were compared to those in the 

unmodified NGI to study the effect of the modification on the drug deposition. Also, 

aerodynamic parameters such as MMAD, GSD and FPF were calculated as described previously 

and compared with those obtained from nebulizing theophylline solutions in unmodified NGI. 

Calculating the percentage of theophylline deposited at each stage gave the in vitro deposition 

efficiency.  

2.3.1.2 Incorporation of bacterial agar plates without dead spaces 

 

           Figure 2.5: a) Modified Deep Collection Cup, b) Modified Deep Collection Cup without 

dead space 

The modification described in section 2.3.1.1 left some dead space at the narrow end of the 

collection cup. To study effect of dead space on the deposition pattern and aerodynamic 

parameters of the formulation in the modified NGI, plastic sheets were cut in the shape of the 

whole collection cup to eliminate the dead space. Space was cut out for the insertion of bacterial 

agar plates in the plastic sheets, so that the agar surface would be on the same height as the 

surface of the uppermost plastic sheet. The bacterial agar plate was then placed in this space, 

with the agar surface covered with aluminum foil as described previously. The NGI was 

a b 
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assembled and theophylline solution was nebulized as previously described. Drug was recovered 

and analyzed as previously described. The data obtained was used to calculate the deposition 

pattern as well as the MMAD, GSD and FPF of the formulation. These values were then 

compared with the baseline values obtained from similar NGI runs in unmodified NGI. 

2.3.1.3 Incorporation of a polymer base as collection surface 

  

                                   Figure 2.6: Modified Deep Collection Cup using  

     Polymer Base as collection surface 

Both the modifications described in sections 2.3.1.1 and 2.3.1.2 involved multiple layers of 

plastic dics or sheets underneath the bacterial agar plate for maintaining the critical impaction 

distance. This incorporation of multiple components and surfaces for drug retention was 

responsible for entrapping a greater amount of drug in the modified stage 4, thus affecting the 

deposition pattern in the modified NGI.  

To study how a single component used in the modification of stage 4 would fare against multiple 

components used in the previous modifications, a polymer base was chosen as a potential 

collection surface in the deep collection cup of the NGI. A poured polymer collection cup 

simulated a poured agar solid surface for growth of bacterial cultures but did not allow microbial 
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growth in these preliminary characterization studies. The polymer base was prepared using 

SYLGARD® 184 Silicone Elastomer Curing Agent and poured in the deep collection cup of the 

NGI till the height of the polymer surface was sufficient to maintain the critical impaction 

distance. The base was allowed to dry overnight. After drying, a layer of aluminum foil of 

negligible height was spread over the polymer base to prevent the potential distribution of the 

drug into the polymer and hamper total drug recovery. The NGI was assembled and theophylline 

solution was nebulized as previously described.  Drug was recovered and analyzed as previously 

described. The data obtained was used to calculate the deposition pattern as well as the MMAD, 

GSD and FPF of the formulation. These values were then compared with the baseline values 

obtained from similar NGI runs in unmodified NGI. 

2.3.1.4 Incorporation of a liquid as a collection surface 

 

                                    Figure 2.7: Modified Deep Collection Cup using  

       liquid as collection surface 

Till now, all modifications carried out in the deep collection cup involved introducing a solid 

collection surface in the cup. It was also possible to maintain the critical impaction distance in 

the deep collection cup by incorporation of a liquid media, including bacterial cultures in the 
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deep plate to act as a collection surface. Not only would the liquid eliminate all the dead spaces 

in the deep collection cup, it would also make the drug recovery and quantification easier. The 

liquid media could also contain different bacterial densities to simulate varied pneumonia 

inoculums. DI water was chosen as the liquid of choice for the preliminary evaluation of the 

deposition pattern of nebulized theophylline solution in the modified NGI. It was found out that 

42 mL of liquid was necessary to maintain the critical impaction distance in the deep collection 

cup.  

Forty two mL of water was added to a deep collection cup, the NGI was assembled and 

theophylline solution was nebulized as described previously. Drug was recovered and analyzed 

as previously described. The data obtained was used to calculate the deposition pattern as well as 

the MMAD, GSD and FPF of the formulation. These values were then compared with the 

baseline values obtained from similar NGI runs in unmodified NGI. 

Nebulizers tend to exhibit a change in performance over a time period due to reasons like wear 

and tear, clogging of holes, mishandling etc. Such a change may affect the % deposition and 

aerodynamic parameters of a nebulized solution. The studies carried out on the unmodified NGI, 

whose results had been used as the baseline values for comparisons with those obtained in the 

modified NGI, were carried out a sufficiently long time before studies on the above modification 

were started. It was possible that the nebulizer had undergone a change in performance during 

this time period, resulting in variations in results obtained. To negate these differences due to 

nebulizer performance, new studies were carried out on the unmodified NGI. These studies were 

carried out in triplicates according to method described in section 2.2. The results obtained from 

these studies were then used as baseline values for comparing with those obtained in the 

modified NGI. 
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All experiments till now involved nebulization of a liquid formulation in the regular and 

modified NGI. The encouraging results obtained from the study described in section 2.3.1.4, in 

which no statistically significant difference was observed in the deposition and aerodynamic 

parameters between the theophylline solution nebulization in the regular and modified NGI, 

facilitated the need to test the application of the modified NGI for dry powder formulations. This 

was performed as a preliminary proof-of-concept for future studies. 

Twenty mg of theophylline was geometrically mixed using a mortar and pestle with 189.6 mg of 

lactose to form a uniform mixture. 191.6 mg of this powder was then filled in each hard gelatin 

capsule (2.12 mg theophylline per capsule). The NGI was assembled as previously described and 

calibrated for airflow of 60 L/min. A custom made mouthpiece adapter was prepared using 

Sylgard® 184 silicone elastomer kit (Dow Corning, MI, USA) to maintain an airtight connection 

between the Dry Powder Inhaler (DPI) and the induction port. The capsule was kept in the DPI, 

punctured and the NGI was operated for 4 seconds. Drug was recovered and analyzed as 

previously described. The data obtained was used to calculate the deposition pattern as well as 

the MMAD, GSD and FPF of the formulation. A similar study was repeated using the modified 

NGI, in which the stage 4 of the unmodified NGI was substituted using the modified deep 

collection cup. These values obtained were compared with the baseline values obtained from 

similar NGI runs in unmodified NGI. 

2.3.1.5 Evaluation of the effect of airflow on the height of the liquid  

Alterations to the liquid impaction surface height are possible due to evaporative loss under an 

airstream. It was possible that exposing the liquid in the deep collection cup to airflow of 15 

L/min for 10 minutes would decrease the height of the liquid in the collection cup, thus affecting 

the critical impaction distance. It was, thus, necessary to evaluate the effect of airflow on the 
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liquid in the deep collection cup, and its effect on the deposition pattern of the formulation in the 

modified NGI. 

For this study, two deep collection cups were each filled with 42 mL of water. One cup was kept 

on the desktop as the ‘control’, while the other was kept in the stage 4 of the NGI as the ‘test’. 

The NGI was assembled and operated as previously described and the height of the water in both 

the cups was measured at specific time intervals of 1, 2, 3, 4, 5, 10, 15, 20 and 30 minutes using 

Vernier calipers. No formulation was aerosolized in the NGI for this study.  

A similar study was carried out using Mueller Hinton Broth (MHB), which would be eventually 

used to suspend bacterial cultures in the modified NGI. This was done to study how the presence 

of MHB in water would affect its evaporation. One liter of water was heated and 22 gm of 

Mueller Hinton Broth (MHB) was added to the boiling water. The water was allowed to boil, so 

as to completely dissolve the MHB. The product was then used for studies. 

The evaluation of evaporative height loss was carried out in triplicate. 
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2.3.2 Results and Discussion 

2.3.2.1 Incorporation of bacterial agar plates  

 

          Figure 2.8: Comparison of deposition in unmodified NGI and NGI with 

stage 4 modified after theophylline solution nebulization                      

                * = statistically significant (p<0.05) 

The above graph compares the percentage of theophylline getting deposited in each of the eight 

stages of the regular and modified NGI. The orange columns indicate the deposition in 

unmodified NGI while the blue columns indicate the deposition in the NGI modified using 

bacterial agar plates. Stage 4 is highlighted to indicate it as the modified stage. 

Though the percent deposition varied for all stages, the difference was statistically significant for 

stages 4, 5 and 7. Also, it was observed that while the deposition in stages prior to the modified 

stage was not significantly affected, deposition at the modified stage as well as at the stages after 

the modified stage was affected.  
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The following aerodynamic parameters were obtained for the theophylline solution in the 

modified NGI –  

Aerodynamic 
Parameters 

Unmodified NGI 
n=4 

Modified NGI 
n=3 

MMAD (µm) 3.53 ± 0.36 3.61 ± 0.38 

% FPF 62 ± 0.04 61 ± 0.02 

GSD 5.19 ± 1.16 4.75 ± 0.56 

         Table 2.2: Average aerodynamic parameters in the unmodified NGI 

(n=4) and modified NGI (n=3). MMAD: Mass Median 

Aerodynamic Diameter, % FPF: Fine Particle Fraction, 

GSD: Geometric Standard Deviation. 

                  No statistical significance observed. 

The three aerodynamic parameters of MMAD, GSD and % FPF did not show any statistically 

significant difference (p<0.05) between the regular and modified NGI.  

The difference in % deposition between regular and modified NGI displayed a particular pattern. 

The stages prior to the modified stage did not show any significant difference in deposition. 

However, the modified stage showed a significant increase in deposition as compared to the 

unmodified NGI and the stages after the modified stage showed a significant decrease in 

deposition. This indicated that the modification at stage 4 was causing excess amount of 

theophylline to get entrapped at that stage, reducing the amount available for deposition at the 

lower stages. This could be because the modification composed of multiple components. The 

modification at stage 4 included a bacterial agar plate, which was kept on a stack of plastic discs. 

This stack was not a single body, and consisted of multiple plastic discs one above the other. It 

was possible that these multiple discs provided an increased surface area for theophylline to 

deposit, leading to the increased deposition at the modified stage. Another possibility was the 
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dead space present at the narrow end of the deep collection cup. This dead space may have 

altered the air flow in the modified NGI, resulting in a change in the deposition pattern. The third 

possibility was the location of the modification in the NGI. It was necessary to ascertain that the 

stage chosen for the modification was not responsible for causing any changes in the deposition 

in the modified NGI. To verify this, theophylline solution was nebulized in NGI with stages 2 

and 3 modified individually. 

In this study, the same modification was carried out in stage 3 of the NGI. The studies were 

carried out in triplicate. 

 

Figure 2.9: Comparison of deposition in unmodified NGI and NGI with 

modified stage 3 after theophylline solution nebulization                      

                          * = statistically significant (p<0.05) 

The above graph compares the percentage of theophylline getting deposited in each of the eight 

stages of the regular and modified NGI. The orange columns indicate the deposition in 
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unmodified NGI while the blue columns indicate the deposition in the NGI modified using 

bacterial agar plates. Stage 3 is highlighted to indicate it as the modified stage. 

The pattern of change in deposition in the modified NGI as compared to the unmodified NGI 

remained consistent with the pattern mentioned in the previous study. The stages prior to the 

modified stage 3 did not show any significant deposition change. The modified stage 3 showed a 

significant increase in theophylline deposition, while stages 4 and 5 showed a significant 

reduction in the theophylline deposition. 

The following aerodynamic parameters were obtained for the theophylline solution in the 

modified NGI –  

Aerodynamic 
Parameters 

Unmodified NGI 
n=4 

Modified NGI 
n=3 

MMAD (µm) 3.53 ± 0.36 4.55 ± 0.66* 

% FPF 62 ± 0.04 57 ± 0.04 

GSD 5.19 ± 1.16 3.74 ± 0.85 

Table 2.3: Average aerodynamic parameters in the unmodified NGI 

(n=4) and modified NGI (n=3). MMAD: Mass Median 

Aerodynamic Diameter, % FPF: Fine Particle Fraction, 

GSD: Geometric Standard Deviation. 

                       * = statistically significant (p<0.05) 

The MMAD for the modified NGI was significantly different from that of the unmodified NGI. 

However, the other two parameters did not show any significant difference.  

The change in the deposition pattern between the regular and the modified NGI followed the 

same pattern as that described in the previous study. It can be inferred that the location of 
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modification is not affecting the % deposition pattern in the modified NGI. Also, the 

significantly different MMAD in the current modification renders this modification invalid. 

In this study, the same modification was carried out in stage 2 of the NGI. The studies were 

carried out in triplicate. 

 

             Figure 2.10: Comparison of deposition in unmodified NGI and NGI 

with modified stage 2 after theophylline solution 

nebulization                      

                                * = statistically significant (p<0.05) 

The above graph compares the percentage of theophylline getting deposited in each of the eight 

stages of the regular and modified NGI. The orange columns indicate the deposition in 

unmodified NGI while the blue columns indicate the deposition in the NGI modified using 

bacterial agar plates. Stage 2 is highlighted to indicate it as the modified stage. 
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The modified stage 2 showed a significantly high deposition as compared to that in the 

unmodified NGI. Stages 3 and 4 showed a significant decrease in the deposition as compared to 

those in the unmodified NGI.  

The following aerodynamic parameters were obtained for the theophylline solution in the 

modified NGI –  

The aerodynamic parameters of MMAD and % FPF differed significantly between the modified 

NGI and unmodified NGI.  

The results obtained from this study, and also those described in the previous two studies 

indicated that the location of the modification was not influencing the deposition in the NGI. 

These parameters were possibly getting influenced by the incorporation of multiple components 

in the modified stage or the dead space at the narrow end of the collection cup. It was necessary 

to evaluate both these factors individually, so as to pinpoint the cause of this deviation from the 

parameters obtained from the unmodified NGI. 

 

Aerodynamic 
Parameters 

Unmodified NGI 
n=4 

Modified NGI 
n=3 

MMAD (µm) 3.53 ± 0.36 4.40 ± 0.64* 

% FPF 62 ± 0.04 50 ± 0.03* 

GSD 5.19 ± 1.16 3.87 ± 0.97 

Table 2.4: Average aerodynamic parameters in the unmodified NGI (n=4) and 

modified NGI (n=3). MMAD: Mass Median Aerodynamic 

Diameter, % FPF: Fine Particle Fraction, GSD: Geometric 

Standard Deviation. 

                               * = statistically significant (p<0.05) 
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2.3.2.2 Incorporation of bacterial agar plate without dead spaces 

The observations described in section 2.3.1.1 made it clear that the location of the modification 

did not change the deposition and aerodynamic parameters in the modified NGI.  

The current study was carried out to evaluate the effect of the dead space at the narrow end of the 

deep collection cup on the deposition and aerodynamic parameters in the modified NGI. Stage 4 

was chosen for modification. 

 

           Figure 2.11: Comparison of deposition in unmodified NGI and modified 

NGI after theophylline solution nebulization                      

The above graph compares the percentage of theophylline getting deposited in each of the eight 

stages of the regular and modified NGI. The orange columns indicate the deposition in 

unmodified NGI while the green columns indicate the deposition in the NGI modified using 

bacterial agar plates with no dead spaces. Stage 4 is highlighted to indicate it as the modified 

stage. 
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The difference in deposition observed at the stages prior to the modified stage 4 is very small. 

However, the modified stage shows greater deposition as compared to the stage 4 in the 

unmodified NGI. Also, the stages after the modified stage 4 show lesser deposition as compared 

to the deposition observed in the unmodified NGI.  

The following aerodynamic parameters were obtained for the theophylline solution in the 

modified NGI –  

Aerodynamic 
Parameters 

Unmodified NGI 
n=4 

Modified NGI 
n=1 

MMAD (µm) 3.53 ± 0.36 4.682 

% FPF 62 ± 0.04 57 

GSD 5.19 ± 1.16 3.365 

 Table 2.5: Average aerodynamic parameters in the unmodified NGI (n=4) 

and modified NGI (n=1). MMAD: Mass Median Aerodynamic 

Diameter, % FPF: Fine Particle Fraction, GSD: Geometric 

Standard Deviation. 

The MMAD, GSD and % FPF values obtained from the modified NGI differed from those 

obtained from the unmodified NGI. 

It was clear from the results of this study that elimination of dead space from the deep collection 

cup was not sufficient to improve the deposition and aerodynamic parameters. This necessitated 

the need to verify the effect of multiple components in the modified NGI on the deposition 

pattern and aerodynamic parameters. 
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2.3.2.3 Incorporation of a polymer base as collection surface  

The modification involving incorporation of bacterial agar plates without dead spaces did not 

improve the deposition and aerodynamic parameters in the modified NGI as compared to the 

unmodified NGI.  

The new modification proposed involved incorporation of a polymer base in the deep collection 

cup, while maintaining the critical impaction distance. The polymer base was a single uniform 

component spread throughout the cup. This allowed for both elimination of the dead space as 

well as the multiple components in the cup. Stage 4 was the stage chosen for modification. 

 

           Figure 2.12: Comparison of deposition in unmodified NGI and modified 

NGI after theophylline solution nebulization                      

The above graph compares the percentage of theophylline getting deposited in each of the eight 

stages of the regular and modified NGI. The orange columns indicate the deposition in 

unmodified NGI while the purple columns indicate the deposition in the NGI modified using a 

polymer base. Stage 4 is highlighted to indicate it as the modified stage. 

0%

5%

10%

15%

20%

25%

30%

MOC +
Filter

7 6 5 4 3 2 1

%
 D

ep
os

it
io

n

Stages

unmodified NGI

modification using
polymer base



48 
 

The difference in theophylline deposition at stage 4 between the modified and unmodified NGI is 

less as compared to that observed in the previous modifications. However, the other stages show 

differences of various magnitudes in deposition.  

The following aerodynamic parameters were obtained for the theophylline solution in the 

modified NGI –  

Aerodynamic 
Parameters 

Unmodified NGI 
n=4 

Modified NGI 
n=1 

MMAD (µm) 3.53 ± 0.36 4.71 

% FPF 62 ± 0.04 51 

GSD 5.19 ± 1.16 3.96 

            Table 2.6: Average aerodynamic parameters in the unmodified NGI (n=4) 

and modified NGI (n=1). MMAD: Mass Median Aerodynamic 

Diameter, % FPF: Fine Particle Fraction, GSD: Geometric 

Standard Deviation. 

Even though the deposition pattern observed for this modification was better as compared to the 

previous modifications, the aerodynamic parameters did not show much improvement. 

 This study showed that replacing the multiple components and elimination of the dead space in 

the deep cup by a single component improved the deposition in the cup. However, the 

aerodynamic parameters remained different from those obtained in the unmodified NGI. 

2.3.2.4 Incorporation of a liquid as collection surface 

The failure of the previous modifications in the NGI to produce deposition and aerodynamic 

parameters similar to those obtained in the unmodified NGI gave rise to the need for a new 

collection surface. All the modifications previously performed consisted of a solid collection 

surface. However, the possible application of a liquid collection surface had not been studied. 
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The success of this modification would allow for direct incorporation of a liquid culture broth 

containing suitable bacteria in the stage to be modified and nebulization of the drug formulation 

on this medium. Water was chosen as the test liquid for the preliminary studies. This was mainly 

because the nebulized theophylline was water soluble, making its recovery for analysis after 

nebulization easy. Stage 4 was chosen to carry out the modification. Results obtained were 

compared with those obtained from nebulization of theophylline solutions in the unmodified 

NGI. Both studies were carried out on the same day to negate effect of varying nebulizer 

performance.  

 

              Figure 2.13: Comparison of deposition in unmodified NGI and 

modified NGI  after theophylline solution nebulization                      

                  No statistically significant difference observed. 

 The above graph compares the percentage of theophylline getting deposited in each of the eight 

stages of the regular and modified NGI. The orange columns indicate the deposition in 

unmodified NGI while the red columns indicate the deposition in the NGI modified using a 

liquid collection surface. Stage 4 is highlighted to indicate it as the modified stage. 
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The theophylline deposition in the unmodified NGI and modified NGI were statistically 

equivalent for all NGI stages. 

The following aerodynamic parameters were obtained for the theophylline solution in the regular 

and modified NGI –  

Aerodynamic 
Parameters 

Unmodified NGI 
n=3 

Modified NGI 
n=3 

MMAD (µm) 5.22 ± 1.06 4.81 ± 0.57 

% FPF 48 ± 0.06 51 ± 0.02 

GSD 3.69 ± 1.15 3.75 ± 0.61 

             Table 2.7: Average aerodynamic parameters in the unmodified NGI (n=3) 

and modified NGI (n=3). MMAD: Mass Median Aerodynamic 

Diameter, % FPF: Fine Particle Fraction, GSD: Geometric 

Standard Deviation. 

          No statistically significant difference observed. 

The aerodynamic parameters of MMAD, % FPF and GSD of the nebulized theophylline solution 

for the modified NGI also did not show any statistically significant difference from those 

obtained for the unmodified NGI.  

Incorporation of a liquid collection surface in the deep collection cup of the modified NGI was 

not significantly affecting the deposition as well as the aerodynamic parameters of the nebulized 

theophylline solution. All dead spaces were eliminated in this modification. The modification 

was very convenient to carry out as it involved pouring a certain volume (42 mL) of the liquid in 

the deep collection cup. Also, the recovery procedure of theophylline from the modified NGI 

was easy for quantitative evaluation at the modified stage. Since the nebulizations in the regular 

and modified NGI were carried out on the same day, there was little possibility of variations 
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occurring in the nebulizer, which may have improved the deposition parameters in the modified 

NGI.  

The next study evaluated the application of this modification for aerosolized dry powders. Dry 

powder containing theophylline and lactose was aerosolized in the regular and modified NGI 

using the Aerolizer DPI device as described in section 2.3.1.4. Both studies were performed on 

the same day.  

 

             Figure 2.14: Comparison of deposition in unmodified NGI and modified 

NGI after theophylline dry powder aerosolization 

The above graph compares the percentage of theophylline getting deposited in each of the eight 

stages of the regular and modified NGI. The orange columns indicate the deposition in 

unmodified NGI while the red columns indicate the deposition in the NGI modified using a 

liquid collection surface. Stage 4 is highlighted to indicate it as the modified stage. 

Preliminary data indicated that little difference in deposition of aerosolized theophylline powder 

between the regular and modified NGI. Though the deposition pattern observed is not desirable 
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for an aerosolized formulation, the purpose of this study was to examine the effectiveness of the 

modification and not the evaluation of the formulation. 

The following aerodynamic parameters were obtained for the theophylline powder in the 

modified NGI –  

Aerodynamic 
Parameters 

Unmodified NGI 
n=1 

Modified NGI 
n=1 

MMAD (µm) 9.71 9.88 

% FPF 30 29 

GSD 1.46 2.01 

           Table 2.8: Average aerodynamic parameters in the unmodified NGI (n=1) 

and modified NGI (n=1). MMAD: Mass Median Aerodynamic 

Diameter, % FPF: Fine Particle Fraction, GSD: Geometric 

Standard Deviation. 

There was little difference in the aerodynamic parameters of MMAD, GSD and % FPF of the 

theophylline powder when compared between the regular and the modified NGI. 

The results of this study could be correlated with the results of nebulization of theophylline 

solution in the regular and modified NGI using liquid collection surface. This preliminary study 

showed that the modification using a liquid collection surface could be applied to both dry 

powders and liquid formulations. However, further studies need to be done for of dry powder 

aerosolization in the modified NGI to get statistical validity for the results. 
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2.3.2.5 Evaluation of the effect of airflow on the height of the liquid 

This study had been performed to study the effect of airflow at 15 L/min for 10 minutes in the 

NGI on the water in the deep collection cup. 

  Control Sample 
Time Height % height Height  % height 

(mins) loss (mm) loss loss (mm) loss 
0 0.000  0% 0.000  0% 
5 0.092 0.75% 0.314 2.55% 
10 0.119 0.96% 0.508 4.12% 
20 0.172 1.40% 0.880 7.14% 
30 0.240 1.94% 1.228 9.96% 

Table 2.9: Change of height of water after exposure to airflow in the NGI. 

Control: Deep collection cup containing water placed on desktop, 

Sample: Deep collection cup containing water placed in the NGI. 

After 10 minutes, which was the standard NGI run time in the studies, the ‘control’ plate had a 

height loss of 0.119 mm while the ‘sample’ plate had a height loss of 0.508 mm. The USP 

specifies that any difference in the critical impaction distance should not be more than 0.1 mm.14  

The height loss observed in this modification was greater than the USP specification, thus 

affecting the critical impaction distance. However, the USP specifications are for collection cups 

having a solid collection surface. The current modification had a liquid collection surface. It was 

seen in the studies described in section 2.3.2.4 that this height change did not significantly affect 

the deposition and the aerodynamic parameters of the nebulized solution in the modified NGI.  

To study whether MHB would behave similar to water in the NGI when exposed to airflow of 15 

L/min for 10 minutes, the water at stage 4 was replaced with an equal amount of MHB and the 

study was carried out as described in section 2.3.1.5.  
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When water was replaced with MHB in the deep collection cup, the height loss in the ‘control’ 

cup was 0.045 mm while that in the ‘sample’ cup was 0.223 mm. Though the height loss in the 

sample cup was more than the specified limit in the USP, it was lesser than that observed with 

water. This indicated that replacing water in the modified NGI with MHB would result in lesser 

height loss in the modified stage, thus causing fewer changes in the critical impaction distance. 

One possible reason for this behavior of MHB could be the elevation in the evaporation 

temperature of the water caused by the addition of MHB powder to the water. This property is 

called colligative property, which means that it depends on the amount of solute added to the 

solvent and not its identity.  

It was inferred that there is a change in the critical impaction distance in the modified stage 

containing a liquid collection surface in the deep collection cup. However, this change did not 

affect the deposition and aerodynamic parameters in the modified NGI as compared to those in 

the unmodified NGI. 

 

  Control Sample 
Time Height % height Height  % height 

(mins) loss (mm) loss loss (mm) loss 
0  0.000  0% 0.000 0% 
5 0.031 0.25% 0.141 1.14% 
10 0.045 0.37% 0.233 1.89% 
20 0.080 0.65% 0.414 3.35% 
30 0.104 0.85% 0.581 4.70% 

Table 2.10: Change in height of MHB after exposure to airflow in the NGI.  

Control: Deep collection cup containing MHB placed on desktop, 

Sample: Deep collection cup containing MHB placed in the NGI. 
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2.3.3 Conclusion 

Studies on the modification using liquid as a collection surface at stage 4 of the NGI provided 

data that modification of the collection surface did not significantly affect the deposition and 

aerodynamic parameters of the aerosolized formulation. The slight change in the critical 

impaction distance during 10 minutes of nebulization did not affect the performance of the 

modification. The modified NGI was ready for further tests incorporating bacterial cultures in the 

NGI for evaluating antibiotic formulation efficacy.  
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3 Evaluation of aerosol parameters and antibacterial efficacy in the modified NGI 

The modification incorporating a liquid as collection surface in the NGI was finalized as the 

suitable modification for further studies involving efficacy testing of antibiotics in the modified 

NGI, based on the results described in Chapter 2. Briefly, the modification involved pouring 42 

mL of suitable bacterial culture in the deep collection cup of the NGI and aerosolizing the test 

formulation. Though the airflow in the NGI caused a change in the critical impaction distance in 

the modified deep cup by means of liquid evaporation, this did not affect the deposition 

efficiency in the modified NGI when compared to that in the unmodified NGI. The modification 

was also easy to perform and did not involve inserting multiple components in the deep 

collection cup.  

This chapter will describe the preliminary studies carried out in the modified NGI to ascertain 

the suitability of the modification to allow for bacterial culture incorporation, followed by the 

nebulization studies of an antibiotic formulation in the modified NGI containing bacterial 

cultures. In continuation with the previous studies, stage 4 of the NGI was chosen for 

modification to maintain consistency of results and allow for correlation of results between 

studies. 

3.1 Evaluation of environmental contamination in the modified NGI 

Incorporation of bacterial cultures in the NGI would involve adding a bacterial suspension to the 

deep collection cup of the NGI. During the nebulization of antibiotic solution in the modified 

NGI, there was a possibility of MHB contamination by environmental microbes, which would 

adversely affect the results of the study. One way to overcome this problem was to perform the 

study in a laminar air flow hood, which would provide a sterile environment for these studies. 

However, it was essential to test the robustness of the modification, so that future studies could 
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be carried out using the modified NGI even in those laboratories which did not have a sterile 

hood. For this, it was essential to see whether performing studies on the modified NGI on an 

open desktop would introduce microbial contamination to the MHB in the NGI or not. 

3.1.1 Materials and Methods 

Mueller Hinton Broth (MHB) and Mueller Hinton Agar (MHA) were obtained from Fischer 

Scientific (Pittsburg, PA, USA). Sterile bacterial petri plates were obtained from Baxter 

Healthcare Corporation (Illinois, USA). Next Generation Impactor was obtained from MSP 

Corporation (Shoreview, MN, USA). Calibration of air flow in the NGI was carried out using 

TSI 4000 series airflow meter (TSI, MN, USA). Deep collection cups for incorporating the liquid 

medium were custom made from Benson Machine Works Inc (Omaha, NE). 

Mueller Hinton Broth was prepared in a conical flask by adding the MHB powder to boiling DI 

water to get a final concentration of 22 gram/L. This was then sterilized by autoclaving. Mueller 

Hinton Agar plates were prepared by adding the MHA powder to boiling DI water to get a final 

concentration of 38 gram/L. This was sterilized by autoclaving. Approximately 9 mL of this 

MHA was added to each sterile bacterial plate and allowed to solidify. The plates were then 

refrigerated till further use. All the regular and deep collection cups were sterilized using the 

autoclave at 121°C for 20 minutes. Other non-autoclavable parts were sterilized by wiping them 

with 70 % ethanol. Stage 4 was chosen as the stage to be modified. The NGI was assembled and 

calibrated as described in section 2.2.1.2. Forty-two mL of MHB was added to deep collection 

cup in stage 4 and the NGI was operated for 10 minutes. No formulation was aerosolized in the 

NGI. After 10 minutes, 500 µL and 1 mL of sample were collected from the modified stage 4 

and plated on MHA plates using the spread plate method. As a control for bacterial growth, equal 
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volumes of sterile MHB were plated on MHA plates. These plates were incubated for 24 hours at 

37°C. 

3.1.2 Results and Discussion 

After 24 hours of incubation, no bacterial growth was observed for both the control and the 

sample plate.  

 

Figure 3.3: MHB plate with no bacterial growth 

The environment did not cause any MHB contamination in the NGI under the described 

experimental conditions. The steps taken to maintain sterility in the modified NGI had ensured 

no measurable bacterial or fungal contamination in the NGI. Autoclaving the collection cups and 

use of 70 % ethanol on non-autoclavable parts prevented potential contaminants from 

contaminating the MHB in the NGI.  

3.1.3 Conclusion 

The environment in which studies were carried out on the modified NGI did not introduce any 

bacterial contamination in the NGI. Measures taken to maintain sterility in the modified NGI 

proved successful in preventing environmental contamination. 
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3.2 Evaluation of bacterial cell viability in the modified NGI 

Nebulization of drug solution in the modified NGI was carried out at an airflow rate of 15 L/min 

for 10 minutes. Bacterial cultures would be exposed to this airflow rate for the entire time of 

aerosolization and could potentially be affected by experimental conditions. Possible reduction 

of cell viability due to airflow in the NGI could affect the results when introducing drug to this 

system. Therefore, it was necessary to determine possible experimental induction or impairment 

of bacterial growth in the NGI separate from the antibiotic action.  

Escherichia coli K12 MG 1655 strain was chosen as the bacterial strain of choice. This strain is a 

wild type laboratory strain and susceptible to all antibiotics. Therefore, the antibiotic efficacy 

would not be affected and allow unbiased evaluation of the modified NGI model. E. coli are also 

found in some pulmonary infections like pneumonia.40 

 3.2.1 Materials and Methods 

MHB and MHA were obtained from  Fischer Scientific (Pittsburg, PA, USA). Sterile bacterial 

petri plates were obtained from Baxter Healthcare Corporation (Illinois, USA). Escherichia coli 

K12 MG 1655 strain was provided by Dr. Nancy Hanson. Next Generation Impactor was 

obtained from MSP Corporation (Shoreview, MN, USA). Calibration of air flow in the NGI was 

carried out using TSI 4000 series airflow meter (TSI, MN, USA). Deep collection cups for 

incorporating the liquid medium were custom made from Benson Machine Works Inc (Omaha, 

NE). 

Saline tubes were prepared by adding sodium chloride to DI water to obtain a final concentration 

of 9 gm sodium chloride in 1 liter of saline solution. Ten mL of this 0.9 % saline solution was 
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then transferred to each glass tube. The tubes were closed using polypropylene and were 

autoclaved.   

MHB was prepared and autoclaved as described in section 3.1.1. It was transferred to a conical 

flask with a side arm. Frozen stock of E. coli K12 MG 1655 was plated on a blood agar plate 

using the streak plate method and incubated for 24 hours. E. coli colonies from the blood agar 

plate were then added to the MHB in the sidearm flask until the optical density of the suspension 

was 0.132. 

MHA was prepared as described in section 3.1.1 and 12 mL was transferred to each glass tube. 

The glass tubes were closed using polypropylene closures and autoclaved.  

The modified NGI was assembled and calibrated as previously described in section 2.2.1.2. 

Forty-two mL of bacterial suspension was added to the deep collection cup at stage 4 and the 

NGI was operated for 10 minutes. No formulation was aerosolized in the NGI. After 10 minutes, 

1 mL of MHB sample was withdrawn from stage 4 and added to a saline tube, marking the 

concentration of MHB in the saline tube 10-1, which represents a 1:10 dilution. Further serial 

dilutions were performed till a dilution of 10-9 was obtained. E. coli suspension which was not 

exposed to the NGI was used as ‘control’. Similar dilutions of the ‘control’ were prepared using 

the normal saline tubes. Two plates of each dilution were prepared using the pour plate method. 

The plates were allowed to dry and incubated for 24 hours. The colonies on the plates were then 

visually counted using a colony counter. 

3.2.2 Results and Discussion 

Plate counting was started from the greatest dilution (10-9) till the lowest dilution (10-1). Plates 

having less than 30 colonies were considered ‘too few to count’ (TFTC) and rejected. Plates 
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having more than 300 colonies were considered ‘too numerous to count’ (TNTC) and rejected. 

Plates giving a colony count between 30 and 300 colonies were selected for evaluation. 

Only the dilution of 10-6 gave colony counts in the range of 30 to 300 colonies for both the 

control and sample plates, as described in the table below. The colony counts in all dilutions 

lower than 10-6 were TNTC while all dilutions greater than 10-6 were TFTC. 

Dilutions 
Control Plate 

CFU / mL 
Sample Plate 

CFU / mL 

10
-5

 TNTC TNTC 

10
-6

 2.42 × 108 2.92 × 108 

10
-7

 TFTC TFTC 

Table 3.11: Average colony forming units per mL (CFU/mL) for the control     

plate and sample plate 

The control plate had an average colony count of 242 while the sample plate gave an average 

colony count of 292. This gave the control plate 2.42 × 108 CFU/mL of viable bacteria and the 

sample plate 2.92 × 108 CFU/mL of viable bacteria. Since this difference was less than 1 log 

difference, it was concluded that there was no difference in the bacterial count of the control and 

test samples.  

The airflow did not adversely affect the count of viable bacteria in the modified NGI. Therefore, 

a difference in bacterial counts between treated and untreated bacterial samples should be due to 

the aerosolized antibiotic formulation. These preliminary studies will allow for accurate 

determination of antibiotic formulation efficacy in future studies. 
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3.2.3 Conclusion 

Airflow in the modified NGI did not cause any reduction in the viable bacterial count in the 

modified stage of the NGI. 

3.3 Nebulization of ceftazidime solution in regular and modified NGI 

 

                           Figure 3.4: Chemical structure of ceftazidime 

Ceftazidime is a third generation cephalosporin belonging to the β-lactam class of antibiotics. 

This antibiotic has extended-spectrum activity against both Gram-negative bacilli and Gram-

positive pathogens. Although used against a variety of Gram-negative organisms including E. 

coli, ceftazidime is considered an anti-pseudomonal drug and is used in the treatment of 

respiratory infections caused by Pseudomonas aeruginosa.   

Ceftazidime was chosen as the drug of choice because of its extended spectrum of activity and 

concurrent studies being performed elsewhere on aerosolization of ceftazidime for treating 

pulmonary disorders. Prophylactically aerosolized ceftazidime is associated with a reduction in 

the frequency of Ventilator-associated Pneumonia (VAP) in patients.41,42 In addition to its effects 

as an antibiotic, ceftazidime also has a distinct UV absorbance of 256 nm, making it easy to 

detect and quantify. 
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All the studies performed on the modified NGI previously involved the use of theophylline as the 

marker drug. It was necessary to study whether nebulized ceftazidime would show consistent 

aerodynamic behavior in the regular and modified NGI. In addition, this study would determine 

the quantification of ceftazidime deposited at the modified stage 4 containing bacterial cultures, 

thus allowing the correlation of the amount deposited in the modified NGI model with the 

antibacterial efficacy of the antibiotic. 

3.3.1 Materials and Methods 

Next Generation Impactor was obtained from MSP Corporation (Shoreview, MN, USA). 

Calibration of air flow in the NGI was carried out using TSI 4000 series airflow meter (TSI, MN, 

USA). Sigmacote (silicone in heptane) was obtained from Sigma Aldrich (St. Louis, MO).  Deep 

collection cups for incorporating the liquid medium were custom made from Benson Machine 

Works Inc (Omaha, NE). Aeroneb Pro nebulizer (Aerogen Ltd, Galway, Ireland) was used for 

aerosolizing the formulation. Ceftazidime for Injection, equivalent to 1 gram Ceftazidime, was 

obtained from Sandoz Inc (Princeton, NJ, USA). Detection of ceftazidime was carried out using 

the Synergy H1 Hybrid Multi-mode Microplate Reader (Biotek Instruments Inc., Winooski, VT). 

Data was analyzed using the Gen5 Data Analysis Software (Biotek Instruments Inc., Winooski, 

VT). 96-well UV plates were obtained from Corning Inc. (Corning, NY).  

Collection cups of NGI were coated with Sigmacote® as described in section 2.2.1.2. The NGI 

was assembled and calibrated as previously described. Ceftazidime stock solution was prepared 

by adding 10 mL of sterile water for injection to a vial of Ceftazidime for injection. Standard 

curve solution was prepared by pipetting 250 µL of the stock solution into a 50 mL volumetric 

flask and making up the volume to 50 mL using normal saline, getting a final concentration of 

500 µg/mL. Dilutions of this solution from 500 µg/mL to 0.08 µg/mL were prepared in a 1:2 
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ratio using normal saline. Sample solution was prepared by pipetting 5 mL of the stock solution 

into a 50 mL volumetric flask and making up the volume using normal saline, with a final 

concentration of 10 mg/mL. Five mL of the sample solution was nebulized in the regular and 

modified NGI using the Aeroneb Pro nebulizer as described in section 2.2.1.3. Drug solution and 

deposited aerosol droplets were collected from each component of the nebulizer and NGI 

following complete nebulization.  Each component was washed at least three times using normal 

saline. The washes for each component were collected in separate 100 mL volumetric flasks, and 

the volume was made up to 100 mL using normal saline. Each nebulization was carried out in 

triplicate. The samples were analyzed as described in section 2.1.1. The percent fine particle 

fraction (% FPF), mass median aerodynamic diameter (MMAD) and the geometric standard 

deviation (GSD) were calculated as described in the USP.14 

3.3.2 Results and Discussion 

The following deposition pattern was obtained after nebulization of ceftazidime solutions in 

regular and modified NGI.  

The graph in Figure 3.5 compares the percentage of ceftazidime deposited in each of the eight 

stages of the regular and modified NGI. The orange columns indicate the deposition in 

unmodified NGI while the red columns indicate the deposition in the NGI modified using a 

liquid collection surface. Stage 4 is highlighted to indicate it as the modified stage. 

The ceftazidime deposition in the modified NGI did not show any statistically significant 

difference from that in the unmodified NGI for all the NGI stages. 

 

 



66 
 

 

            Figure 3.5: Comparison of deposition in unmodified NGI (n=3) and 

modified NGI (n=3) after ceftazidime solution nebulization 

                               No statistically significant difference observed. 

The following aerodynamic parameters were obtained for the ceftazidime solution in the regular 

and modified NGI –  
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Table 3.12: Average aerodynamic parameters in the unmodified NGI (n=3) 

and modified NGI (n=3). MMAD: Mass Median Aerodynamic 

Diameter, % FPF: Fine Particle Fraction, GSD: Geometric 

Standard Deviation. 

                        No statistically significant difference observed. 

Aerodynamic 
Parameters 

Unmodified NGI 
n=3 

Modified NGI 
n=3 

MMAD (µm) 5.55 ± 0.14 5.84 ± 0.24 

% FPF 51 ± 0.02 49 ± 0.01 

GSD 2.35 ± 0.14 2.14 ± 0.16 
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The aerodynamic parameters of MMAD, % FPF and GSD of the nebulized ceftazidime solution 

did not show any statistically significant difference between the modified NGI and unmodified 

NGI.  

This study quantified the amount of ceftazidime getting deposited at each stage for both the 

regular and modified NGI. It was now possible to correlate the amount of ceftazidime at the 

modified stage 4 with the antibacterial efficacy of the aerosolized ceftazidime solution when 

bacterial cultures would be incorporated in the modified NGI. Additionally, the absence of any 

statistically significant difference in the deposition of nebulized ceftazidime between regular and 

modified NGI indicated that the modification had no influence on deposition of ceftazidime. The 

MMAD was found to be higher than the desirable MMAD of 1 to 5 µm for aerosolized 

formulations. However, since this study was aimed towards testing the NGI and not the 

formulation, the consistency in the MMAD value between the regular and modified NGI was the 

significant parameter to consider. 

3.3.3 Conclusion 

No significant differences were observed for the deposition and aerodynamic parameters of 

ceftazidime solution between the regular and modified NGI. 

3.4 Establishing a negative control for nebulization of ceftazidime solution in the modified NGI 

with bacterial culture 

Scientific control studies are performed to help understand the effect of each independent 

variable in an experiment on the outcome of the experiment. These studies are divided into 

positive control studies and negative control studies.  
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Positive control studies are designed to evaluate an expected effect. These studies allow the 

researcher to prove the effectiveness of the experimental design in reaching the desired objective. 

For example, in a study involving the quantification of a drug molecule in a formulation, 

performing a standard curve for the drug of choice allows for the establishment of the fact that 

the designed experiment can effectively identify and quantify the drug molecule in the 

formulation. A failed positive control study indicates that the method developed is faulty, and 

modifications may be necessary to create a method which can help the researcher in reaching the 

main objective of the experiment. 

Negative control studies are designed to identify those variables in the experiment, which may 

lead to erroneous outcomes. These studies use those variables of the experiment which are not 

expected to affect the outcome of the experiment. These studies investigate whether such 

variables will adversely affect the outcome of the experiment or not. For example, in studies 

involving testing the efficacy of an antibiotic formulation in vitro, negative control studies would 

involve exposing the bacteria to the formulation without the antibiotic and ensuring that the 

excepients do not inhibit bacterial growth. A failed negative control study would indicate the 

interference of these excepients in the evaluation of the antibacterial efficacy of the antibiotic, 

thus necessitating a change in the formulation or the experimental design.43 

Before carrying out nebulization of the ceftazidime solution in the modified NGI containing 

bacterial cultures, it was necessary to perform a negative control study to ensure that the two 

excepients of the formulation, sterile water for injection (SWFI) and normal saline (NS), were 

not causing inhibition of bacterial growth in the NGI.  
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3.4.1 Materials and Methods 

Sterile water for injection was obtained from Hospira Inc. (Illinois, USA). MHB and MHA were 

obtained from  Fischer Scientific (Pittsburg, PA, USA). Sterile bacterial petri plates were 

obtained from Baxter Healthcare Corporation (Illinois, USA). Escherichia coli K12 MG 1655 

strain was provided by Dr. Nancy Hanson. Next Generation Impactor was obtained from MSP 

Corporation (Shoreview, MN, USA). Calibration of air flow in the NGI was carried out using 

TSI 4000 series airflow meter (TSI, MN, USA). Deep collection cups for incorporating the liquid 

bacterial culture were custom made from Benson Machine Works Inc (Omaha, NE). 

MHA, saline tubes and E. coli cultures in MHB were prepared as described in section 3.2.1. 

Sample solution was prepared by adding 5 mL of SWFI in a 50 mL volumetric flask and making 

up the volume with sterile NS.  

The modified NGI was assembled and calibrated as previously described. Forty-two mL of MHB 

containing bacterial culture was added to the deep collection cup at stage 4. Five mL of the 

sample solution was nebulized in the modified NGI for 10 minutes. After 10 minutes, 1 mL of 

MHB sample was withdrawn from stage 4 and added to a saline tube, marking the concentration 

of inoculum in the saline tube as 10-1, indicating a 1:10 dilution. Further serial dilutions were 

performed till dilution of 10-7 was obtained. E coli not exposed to the NGI was used as ‘control’. 

Similar dilutions of the ‘control’ were prepared using the normal saline tubes. Two plates of each 

dilution were prepared using the pour plate method. The plates were allowed to dry and 

incubated for 24 hours. The colonies on the plates were then visually counted using a colony 

counter. 
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3.4.2 Results and Discussions 

Plate counting was started from the highest dilution (10-7) till the lowest dilution (10-1). Plates 

having less than 30 colonies were considered ‘too few to count’ (TFTC) and rejected. Plates 

having more than 300 colonies were considered ‘too numerous to count’ (TNTC) and rejected. 

Plates giving a colony count between 30 and 300 colonies were chosen for counting. 

Only the dilution of 10-6 gave colony counts in the range of 30 to 300 colonies for both the 

control and sample plates, as described in the table below. 

Dilutions 
Control Plate 

CFU / mL 
(n=3) 

Sample Plate 
CFU / mL 

(n=3) 

10
-5

 TNTC TNTC 

10
-6

 1.11 × 108 1.12 × 108 

10
-7

 TFTC TFTC 

Table 3.13: Average colony forming units per mL (CFU/mL) for the 

control plate and sample plate 

The sample plate did not show any reduction in bacterial colony count as compared to the control 

plate after exposure to a solution of SWFI and NS for 10 minutes. This indicated that the SWFI 

and NS in the formulation were not inhibiting bacterial growth in the modified NGI, and any 

inhibition observed in studies involving antibiotics would be caused by the antibiotic alone.  

3.4.3 Conclusion 

Sterile water for injection and normal saline, the two excepients in the ceftazidime formulation, 

did not inhibit bacterial growth in the modified NGI. Thus, SWFI and NS would not adversely 

affect the bacterial counts during experiments involving nebulization of ceftazidime solution in 

the modified NGI containing bacterial cultures.  
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3.5 Nebulization of ceftazidime solution in modified NGI containing bacterial culture 

Studies carried out previously on the various modifications of the NGI involved the use of 

theophylline as the marker compound for the respective studies. The modification using a liquid 

as the collection surface was found to be most effective in measuring the efficacy of an 

aerosolized formulation in the NGI without changing the aerodynamic properties of the 

formulation. Operating the modified NGI outside a laminar air flow hood did not introduce 

microbial contamination in the NGI. The bacterial growth in the modified NGI remained 

unaffected by the airflow in the NGI. Negative control studies carried out by nebulizing a 

mixture of sterile water for injection (SWFI) and normal saline (NS) successfully proved that the 

excepients in the antibiotic formulation did inhibit bacterial growth in the modified NGI. 

It was necessary to nebulize an antibiotic formulation in the modified NGI model containing 

bacterial cultures to verify the validity of the modified NGI as an improved in vitro aerosol 

testing device. This was done by adding bacterial suspension in the modified stage 4 of the NGI, 

nebulizing the ceftazidime solution in the NGI and measuring the inhibition of bacterial growth. 

3.5.1 Materials and Methods 

Ceftazidime for Injection, equivalent to 1 gram Ceftazidime, was obtained from Sandoz Inc 

(Princeton, NJ, USA). Sterile water for injection was obtained from Hospira Inc. (Illinois, USA). 

MHB and MHA were obtained from Fischer Scientific (Pittsburg, PA, USA). Sterile bacterial 

petri plates were obtained from Baxter Healthcare Corporation (Illinois, USA). Escherichia coli 

K12 MG 1655 strain was provided by Dr. Nancy Hanson. Next Generation Impactor was 

obtained from MSP Corporation (Shoreview, MN, USA). Calibration of air flow in the NGI was 

carried out using TSI 4000 series airflow meter (TSI, MN, USA). Deep collection cups for 
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incorporating the liquid bacterial culture were custom made from Benson Machine Works Inc 

(Omaha, NE). 

MHA, saline tubes and E. coli cultures in MHB were prepared as described in section 3.2.1. 

Ceftazidime stock solution was prepared by adding 10 mL of sterile water for injection to a vial 

of Ceftazidime for injection. Sample solution was prepared by pipetting out 5 mL of the stock 

solution in a 50 mL volumetric flask and making up the volume using normal saline, getting a 

final concentration of 10 mg/mL. NGI was assembled and calibrated as previously described. 

Modification at stage 4 was carried out by adding 42 mL of the bacterial suspension to the deep 

collection cup. Five mL of the sample solution was nebulized in the modified NGI using the 

Aeroneb Pro nebulizer as previously described.  

Samples were collected, diluted, plated and analyzed as described in section 3.4.1. 

3.5.2 Results and Discussion 

No bacterial colonies were observed on the MHA plates plated from the 10-1 dilution. However, 

for the subsequent dilutions, E. coli colonies were observed in the agar plates. This was because 

the concentration of ceftazidime in the plate corresponding to the 10-1 dilution was 0.85 µg/mL, 

which was more than the minimum inhibitory concentration (MIC) of ceftazidime for E. coli, 

which is 0.125 to 0.5 µg/mL. However, for the plates corresponding to the subsequent dilutions, 

since the concentration of ceftazidime was also diluted to less than 0.085 µg/mL, which was less 

than the MIC required to kill E. coli. Therefore, colonies were observed on these agar plates.   

The minimum inhibitory concentration (MIC) of an antibiotic is defined as the lowest 

concentration of an antibiotic required to inhibit bacterial growth. MIC values are useful for 

determining the susceptibility of microbes to antibiotics. The antibacterial action of β-lactam 
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antibiotics does not depend only on the concentration of the antibiotic at the site of infection, but 

more importantly on the time of antibiotic exposure at the site of action. The percentage of time 

for which the drug levels at the site of infection exceed the MIC is important for the successful 

activity of these antibiotics.44 Studies have shown that ceftazidime concentrations above the MIC 

require between 4 to 6 hours to initiate reduction in bacterial colony count after its IV 

administration.45  

In the studies described in section 3.5.1, the bacterial culture in the NGI was exposed to the 

antibiotic for 10 minutes, following which 1 mL of bacterial MHB from the stage 4 was pipetted 

out and serially diluted. This resulted in the dilution of ceftazidime concentrations along with the 

bacterial count, thus bringing the concentration of ceftazidime in all the dilutions, except the 10-1 

dilution, below the MIC range of 0.125 to 0.5 µg/mL. This reduction in antibiotic concentrations 

may have resulted in the complete inhibition of bacterial growth in the plates corresponding to 

10-1 dilution, while showing no bacterial growth inhibition in the subsequent dilutions. However, 

on observing the inhibition of bacterial growth for the 10-1 dilution, it was clear that the modified 

NGI was facilitating the deposition of sufficient amounts of ceftazidime at the modified stage 4, 

which if allowed to remain in contact with the bacteria for a longer time, would cause complete 

bacterial death. 

3.5.3 Conclusion 

There was complete inhibition of bacterial colonies in the modified stage 4 when the bacteria 

were exposed to concentrations of ceftazidime above the MIC for a sufficient period of time. A 

proof of concept was thus established, indicating that the modified NGI could be used as an 

improved model for measuring the in vitro efficacy of antibiotics as compared to the current in 

vitro methodologies. 
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4 Summary and Future Studies 

4.1 Summary 

The increasing prominence of the pulmonary route of drug administration for treating lung and 

systemic disorders demands more efficient in vitro aerosol testing models for pharmacokinetic 

and pharmacodynamic evaluations of the formulation. These enhanced models should be able to 

closely simulate the aerosolization of the formulation in the lungs and evaluate two or more 

parameters of the formulation simultaneously. For example, an in vitro lung model which can 

evaluate both the deposition parameters and the corresponding pharmacodynamic activity of an 

aerosolized formulation can be a more accurate model of aerosol testing. The creation and 

validation of one such enhanced in vitro lung model is discussed in this Master’s Thesis.  

An enhanced model for in vitro aerosol testing was successfully created using the Next 

Generation Impactor (NGI). The modification involved the use of liquid as the collection surface 

in the collection cups of the NGI. The regular collection cups of the NGI were replaced by 

collection cups of a greater depth, allowing for the incorporation of bacterial suspension in these 

cups. Stage 4 of the NGI was chosen as the prototype stage for performing this modification. 

Preliminary studies on this modification proved that the modification in the NGI did not affect 

the deposition and aerodynamic properties of the aerosolized formulation. Proper measures to 

maintain sterility were sufficient to prevent environmental contamination in the modified NGI. 

Complete inhibition of bacterial growth was achieved after nebulization of ceftazidime solution 

in the modified NGI containing bacterial suspension. The concentration of ceftazidime and the 

time of exposure played an important role in the bacterial growth inhibition.   

Other modifications involving bacterial agar plates and solid polymer base were also tested, but 

did not give conducive results. The airflow in the NGI and the excepients in the formulation did 
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not affect the bacterial growth in the modified NGI. Quantification of ceftazidime in the 

modified NGI allowed for correlation of amount of ceftazidime at the modified stage 4 with the 

antibacterial efficacy.  

4.2 Future Studies 

The experiments described in this thesis were performed in the NGI with only the stage 4 

modified. It is necessary to expand this modification to all the stages in the NGI, both 

individually and collectively, so as to ensure that the modification retains its consistency when 

applied to the whole NGI. More studies should be performed for dry powder aerosolization in the 

modified NGI to study the versatility of this modification for dry powder and liquid 

formulations. Studies should be carried out using bacteria commonly found in lungs such as 

Pseudomonas aeruginosa and Klebsiella pneumoniae, and the results should be compared with 

those obtained from the current in vitro evaluation methods for aerosolized antibiotic 

formulations. These types of studies will provide a better understanding of the effectiveness of 

the modified NGI in measuring the efficacy of an antibiotic formulation. Bacterial suspensions 

containing more than one type of bacteria should be incorporated in the modified NGI to more 

closely simulate current respiratory infections, which are caused by multiple pathogens. This 

would also allow for the determination of the spectrum of activity of an antibiotic. Time-kill 

studies can also be carried out to verify whether an increased exposure time of the bacteria to the 

antibiotic can result in complete bacterial death or not.  

The validity of this modified model to study the absorption kinetics of a formulation in lung cell 

lines should be evaluated. Lung cell lines like A549 and Calu-3 should be incorporated in the 

modified model to carry out permeability studies of the formulation. Lung cells contaminated 

with bacteria such as Salmonella can also be incorporated in the modified model to correlate the 
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permeability of the antibiotic in the cells to its efficacy. These cell lines can also be used to 

examine the toxic effects of the antibiotic on lung cells. 
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Appendix A: Schematic Diagram of Modified Collection Cup for the Next Generation Impactor 
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