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Abstract 

The purpose of the thesis was to prepare fluorescent micro particles by spray drying 

technique for the purpose of imaging in lungs. The four formulations were prepared using 

two polymers, hydroxy propyl cellulose and chitosan and two fluorescent dyes, 

Rhodamine B and Evans blue. The four formulations were prepared by spray drying 

polymer and dye solutions. Physicochemical characterization of the resulting powders 

was carried out and included particle yield, encapsulation efficiency, moisture content, 

particle size and fluorescent dye dissolution. Physico-chemical characterization studies 

like particle yield, encapsulation efficiency, moisture content and particle size showed 

that the particle were suitable for aerosolization into the lungs. However the dissolution 

study showed that showed that the powders showed an immediate release of the dyes that 

is within a period of 10-15 minutes and the two polymers fail to show a controlled release 

of the dyes that is typically reported to be over a period of several hours in the literature. 

Hence only a part of the objective was met that is to produce powders suitable for 

inhalation and the latter part of the objective was not met.  
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CHAPTER 1  

1. Introduction 

The objective of the thesis is to the create particles by spray drying that can control 

fluorescent dye release for eventual imaging in the lungs. The optimized particles will 

eventually be tested in vitro in the modified next generation impactor to study the 

deposition pattern of the inhaled particles. The optimized particles would then be tested 

in vivo in animal lungs to study the release pattern and the absorption of the dyes after 

they have been inhaled into the lungs. Fluorescent dyes like sodium fluorescein have 

extensively been reported in the literature to permit the imaging in the lungs using 

techniques such as confocal laser scanning electron microscopy to study the different 

morphological sections of the lung. It is a convenient technique to elucidate the principal 

features of the lungs. (27) The dyes used were Rhodamine B and Evans blue as model 

dyes for hydrophobic and hydrophilic compounds. These fluorescent dyes are a good tool 

to study the disposition pattern of the inhaled drug. 

                 The main three features of the lungs, a large absorptive surface area 

(approximately 100 m2 in an adult), high perfusion of blood through the lungs and a thin 

alveolar epithelium (0.1-0.2 µm) are favorable to attain maximal absorption of the 

delivered drug thus maximizing the bioavailability of the drug deposited in the lungs. 

Inhaled particles in the size range of 1-5 µm can reach the deeper regions of the lung like 

the alveoli. Substantial efforts are being made to improve the degree of deposition of the 

inhaled powder at the desired site of deposition in the lungs and maximize its bio-

availability. The particles made from controlled release polymers, these serve to extend 

the release of the dye with a zero order release rate over a period of time.  Two polymers 
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have extensively been reported in the literature including HPC and chitosan as muco-

adhesives that help in increasing the residence time of the drug at the site of action. The 

two polymers are also biocompatible and biodegradable in nature as they get metabolized 

slowly upon delivery to the tissues and do not accumulate over a period of time causing 

any toxicity. These particles would eventually be used for evaluation of inhaled particle 

delivery, dye release, absorption, and pulmonary clearance mechanisms.  

                The Buchi Mini spray dryer was used to prepare the micro particles. Spray 

drying is a suitable technique to prepare micro particles for inhalation as particle size can 

be easily manipulated using this technique of preparation. A brief review of lung 

physiology, particle deposition in the lungs, spray drying, pulmonary biocompatible 

controlled release mechanisms, and fluorescence will then inform the hypothesis and 

specific aims of this thesis.  (1, 2, 13,  23,  24)  

1.1 Physiology of the lung 

The lung is typically divided into two zones: a conducting zone and a respiratory zone. 

The conducting zone is principally designed for large volume air movement into and out 

of the lungs and is composed of the nasal cavity, pharynx, larynx, trachea, and bronchi.  

The conducting zone is a major site of inhaled particle clearance mechanisms.  The 

respiratory zone is designed for small scale air movement and for the promotion of gas 

diffusion for respiration and is composed of bronchioles, terminal bronchioles, and the 

alveoli. Pulmonary drug delivery normally requires inhaled particles to pass through the 

conducting zone without encountering innate clearance mechanisms to the reach the 

respiratory zone for ultimate particle deposition and possibly absorption for ultimate 
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pharmacologic action.  Inhaled drug formulations are often designed and engineered to 

target the delivery of the aerosolized drug to the respiratory zone while minimizing 

deposition in the conducting airways or exhalation to the external environment. (3)   

1.2 Factors affecting the deposition in the lung  

There are many factors that affect particle deposition in the lungs. These include 

physiological factors, formulation factors, patient and disease factors, and inhaler or 

device factors.  In addition to these factors, there are limitations associated with 

pulmonary delivery because of the innate particle filtration and clearance mechanisms 

present in the lung. These mechanisms include ciliated epithelia of the upper airways that 

sweep the particles from the airways to the mouth and alveolar macrophages present in 

the deep lungs that are natural barriers for delivery of drug particles to the favorable 

absorptive surfaces in the lungs. As the alveoli are highly perfused, it is the desired site of 

deposition for rapid absorption into the lungs and hence increases the bio-availability. 

Particles in a size range of 1-5 µm can reach the alveolar site of deposition. Hence the 

current formulation strategies involve designing inhalable particles in the size range of 1-

5 µm.  

1.2.1 Physiological factor 

The inner structure of the human lungs is highly branched. This branched structure 

prevents the flow of inhaled air in a single direction. The airway epithelium also affects 

particle deposition. The upper airway epithelium is composed of basal cells, goblet cells 

and ciliated epithelial cells. Mucus produced by goblet cells covers the entire epithelium 

of the upper airways and has a rate of production of approximately 10-20 mL/day in 



4 
 

healthy individuals. This mucus layer helps protects the epithelium against foreign 

substances. Under the mucus layer, ciliated cells have cilia that beat in a continuous 

movement that propels mucus, and any entrapped or deposited particles, towards the 

pharynx where it is finally swallowed or expectorated.  A large proportion of inhaled 

particles are expelled due to this muco-ciliary clearance mechanism. Alveolar 

macrophages are also present in the alveoli and phagocytize and digest particles that 

deposit in the alveoli. (5, 6) A layer of fluid covers the airway mucosa that has a thickness 

of approximately 5-10 micron in the conducting airways and decreases along the lower 

regions of the lung until the alveolar region where the thickness is around 0.01-0.08 

micron. The total volume of liquid available for dissolution in the human lung is 

approximately 10-30 mL. The composition of the fluid is water, salts, phospholipids, 

proteins and mucin. This layer of fluid humidifies the inhaled air and helps to trap the 

inhaled foreign particles. There is also a layer of surfactant present on the alveolar 

epithelium that is approximately 15 nm thick. The surfactant layer lowers the surface 

tension at the air-liquid interface of the alveoli. It also stabilizes the alveoli against 

collapse. The surfactant is composed of phospholipids, neutral lipids, and cholesterol and 

surfactant specific proteins. The surfactant layer is critical for maintenance of normal 

lung function. The surfactant layer on the lung epithelium affects the absorption of the 

drugs in the lung. (7) 

1.2.2 Formulation Factors 

The deposition of the inhaled particles occurs mainly by three mechanisms in the lungs: 

Brownian diffusion, inertial impaction and   gravitational settling. Brownian diffusion 

mainly occurs with particles less than 1 µm in diameter.  Particle deposition by Brownian 
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motion occurs due to the random motion of air particles. Very smaller inhaled particles 

collide with air molecules in a random manner to settle or come in contact with in the 

airways. (6)  Inertial impaction is the main deposition mechanism in the extra-thoracic 

and central airways. Inertia is defined as the tendency of a particle to resist a change in 

speed and direction. It causes a particle to continue in its original direction rather than 

change the path along with a change in airflow direction. Inertial impaction results then 

when the inhaled particle continues to flow in its own direction owing to the particle 

inertia despite a direction in airflow changes to cause impaction of the particle against the 

airway wall. The impact rate and the deposition of the inhaled particles are directly 

proportional to the flow rate of the inspired air and the direction of the air stream. (6)  

Finally, gravitational settling occurs in the lung whereby inhaled particles settle down 

under the force of gravity. These three deposition processes are related to particle 

diameter and density. (6)  Particle size and density affects the aerodynamic diameter of 

inhaled drug particles.  This aerodynamic diameter might not have direct correlation to 

physical particle size due to the aerodynamic behavior of the aerosolized particles.  

Aerodynamic diameter is defined as the diameter of a sphere of density 1 g/cm3 with the 

same settling velocity as the particle in question. The mass median aerodynamic diameter 

(MMAD) is the aerodynamic diameter at which 50 % of the mass of the particles in the 

aerosol are above and 50 % are below this size. The geometric standard deviation (GSD) 

is the variance of the average aerosol particle size from the median. Aerosol particles 

with an MMAD > 100 µm tend to deposit in the naso/oropharynx while >10 µm tend to 

settle in the upper respiratory tract and are mostly eliminated by muco-ciliary clearance. 

Particles with an MMAD with a size range 5-10 µm get deposited in the large ciliated 
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airways and the particles with a size range in 1-5 µm reach alveolar space. The ideal 

MMAD range of particle size for deposition in the lung periphery and alveolar region is 

2-3 µm for optimum deposition in the respiratory zone of lungs. (8) 

Inhaled formulations can also be affected by pulmonary humidity and hygroscopic 

particle growth.  The relative moisture level of the lungs is about 99.5 % at 37 °C beyond 

the first ten generations of the lung. Thus the aerosol particles after inhalation into the 

lungs experience high humidity and undergo agglomeration. This can affect the site of 

deposition of the inhaled particle in the lung. (9) 

1.2.3 Patient and disease related factors 

In addition to the formulation factors, the inhalation rate of the patient affects the site of 

deposition and the residence time of the drug in the lungs. A fast inhalation rate leads to a 

high rate of impaction of the nebulized aerosols against the airway walls leading to a high 

rate of deposition in the upper airways. A slow inhalation rate would lead to a high 

alveolar deposition. Thus a slow inhalation rate accompanied by the particle size of the 

formulation would lead to a maximum deposition in the alveoli. In addition to these two 

factors, holding the breath for a period of 3-5 seconds can lead a higher rate of deposition 

in the airways due to the more time available for diffusion and sedimentation of the 

inhaled particles. This would in turn allow the release of the drug for a long period of 

time and improve the absorption rate of the inhaled drug in the lungs. (10) 

Lung diseases like cystic fibrosis and chronic bronchitis have an accumulation of mucus 

in the airways thus causing obstruction of the airways. This airway obstruction causes 

diversion of the inhaled air thus preventing it from reaching the desired regions of the 
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lung. Due to this the inhaled particles are deposited more in the upper regions of the lung 

due to inertial impaction rather than reach the deeper regions of the lung. Additionally, 

some disease processes alter pulmonary secretions or alter the rate of ventilation in 

patients leading to deposition only in the upper airways of the lung. (9) 

There are three main categories used to deliver the drug to the lungs: pressurized metered 

dose inhalers (pMDIs), dry powder inhalers (DPIs), and nebulizers. These devices 

generate a respirable cloud containing the drug either in a solid state or in a liquid state 

and are commonly used for the delivery of aerosols.  (11) This project is focused on dry 

powder formulations and DPI factors will be explained further. 

Dry powder inhaler 

A dry powder inhaler is a small portable device that aerosolizes the drug in a powdered 

form. They do not contain a propellant and are breath-actuated devices. The inhaler has a 

dosing system, a powder dispersion mechanism and a mouthpiece. Drug mixture is often 

blended in with large carrier particles like lactose to improve the flow properties of the 

mixture. The powder is held in a capsule that is placed inside the inhaler. The mouthpiece 

of the inhaler is placed into the mouth of the operator and the device is loaded or 

actuated. The operator takes a deep inhalation and the breath is held for 5-10 seconds. 

The inspiratory flow rate and the volume of the inhaled air are the main factors that 

determine the level of separation of the drug particles from the carrier in order to deliver 

the drug to the desired site of action in the airways. The powder container contains doses 

in either single doses or in multiple doses. The efficacy of the device depends to a large 

extent on the patient inspiratory flow rate to draw the drug from the device. This device 

has been used widely for the delivery of inhaled corticosteroids. (11) 



8 
 

1.3 Engineering of particles 

A key method for generation of engineered pharmaceutical powders is the process of 

spray drying. This system can impart properties to the particle system like narrow size 

distribution, improved powder dispersibility, improved drug stability, improved bio-

availability, sustained drug release and site-specific drug delivery. (13) 

1.3.1. Spray Drying 

Spray drying is a widely used technique in the industry to prepare dry milk powders, 

detergents and dyes from both aqueous and organic solutions and emulsions. Spray 

drying involves the conversion of a liquid feed into a dry powder form. It is a one-step 

continuous process that is convenient to scale up. Spray drying can produce amorphous 

form of the drug under certain circumstances. The dry powder form would also improve 

the stability of the drug formulation.  

                      The dried powder is attained with the use of a two-fluid nozzle. The liquid 

feed is pumped via a peristaltic pump into the drying chamber of the spray dryer. The 

feed solution passes via the two fluid nozzle. As it passes through the nozzle, the liquid 

feed gets dispersed into small droplets because of the pressure of the flowing nitrogen air 

through the system. The formation of droplets increases the surface area of the droplet 

exposed to heated air. The liquid feed can be a solution, suspension or an emulsion. The 

droplets are mixed with heated air leading to evaporation of the solvent and results in a 

dry powder form. The temperature of the heated air should be above the vaporization 

temperature of the solvent. Schematically a droplet film is formed at the surface of the 

drop to create moisture and a mass transfer gradient. The temperature of the heated air 
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would evaporate the solvent from the film. Thus the dry powders are formed and 

separated into a product collection vessel.  

                 

 

Figure 1: Process of spray drying Ref: 13 

The following are the parameters that would determine the physic-chemical properties of 

the spray dried particles that are formed like the particle size, particle yield, and moisture 

content. The aspirator rate is the amount of drying air passing through the device. As the 

aspirator rate is increased, the degree of separation increases in the drying chamber and 

thus increases the yield of the particles. In addition to this, the residual moisture in the 

final product decreases as the aspirator rate is increased. The inlet temperature is the 

temperature of the drying air that is used to evaporate the solvent from the feed solution 

to form the dry powder. As the inlet temperature is increased, the rate of evaporation of 

the solvent from the droplet of the particle increases thus resulting in a dryer product. It is 

usually kept 10 °C higher than the boiling point of the solvent that is used. An increase in 
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the inlet temperature also leads to a proportional increase in the outlet temperature. It 

leads to a drier product that is less sticky and hence increases the yield. The outlet 

temperature is the temperature of the final product that is formed and collected in the 

product collection vessel. The outlet temperature indicates the final moisture content of 

the particles formed. The pump rate is the speed with which the feed solution is pumped 

through a peristaltic pump into the drying chamber. As the pump rate is increased, more 

solution needs to be sprayed and hence bigger droplets are formed. Hence the particle 

size increases proportionately. The spray gas flow rate is the speed with which the feed 

solution is atomized and forms droplets. Higher the spray gas flow rate, more the 

dispersion of the feed solution into smaller droplets and hence smaller the particle size. 

The solid concentration of the feed solution is the concentration of the solids present in 

the feed solution. Higher the solids concentration in the feed solution formed, bigger the 

droplet size and hence bigger the particle size. 

             The principal advantage associated with spray drying with respect to lung 

delivery are an ability to manipulate particle size and size distribution, particle shape and 

density and other bulk properties like bulk density, flow ability and dispersibility. (13, 14)  

1.4 Controlled release for pulmonary delivery 

                Controlled release is defined as the release of a drug or an active agent in a 

predetermined pattern over a fixed period of time. Normal drug dosing follows a “saw 

tooth” kinetic profile in which the plasma drug concentration can go beyond and below 

the therapeutic plasma concentration resulting in adverse side effects. The dye release is 

maintained constant over a prolonged period of time and this steady state release would 
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enable the fluorescent imaging studies. The steady release of the dyes in the lungs for a 

prolonged period of time can be used to study the deposition and the release pattern of the 

controlled release drug formulations designed for lung delivery. 

                Controlled release can be obtained by use of controlled release polymers like 

chitosan and HPC. (15). The model dye is encapsulated in the polymer and the release of 

the dye is controlled by the rate of erosion of the polymer in vivo. The major advantage 

of using natural polymers is low cost and the possibility of encapsulating a wide range of 

drugs with minimal use of organic solvents. They are stable and exhibit bio-adhesive 

properties, are safe and are approved for human use by the US FDA. (15)     

                Chitosan and HPC are natural materials that can attach to biologic surface and 

be retained there for an extended period of time. They are hydrophilic in nature. They 

exhibit superior contact, improved adhesion, prolonged residence time and hence 

enhanced absorption at the application site. The level of polymer hydration would 

modulate the degree of bio adhesion. There is a transfer of electrons between the mucin 

and the glyco-proteins present at the tissue substrate. The movement of electrons induces 

an electrostatic attraction between the two surfaces. The presence of Vander Waals forces 

and Hydrogen bonding leads to a stronger adsorption between polymer and tissue 

substrate. It can also be used due to concentration gradient driven passive diffusion of 

both polymer and mucin molecules into each other until a physical entanglement 

develops. Polymers can delay drug dissolution by slowing the rate at which drug is 

exposed to aqueous environment. This can be achieved by a polymeric encapsulating 

membrane or a matrix system that dissolves at a slower rate than the drug. The drug 

diffuses through the tortuous pathways to exit the device. (15, 16) 
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         Chitosan is a biodegradable natural cationic linear polysaccharide produced by 

partial de-acetylation of chitin. Chitin is derived from crustacean shells. It is a main 

component of the cuticles of crustaceans such as crabs, shrimps, prawns, lobsters and cell 

walls of some fungi such as aspergillus and mucor. Chitosan is composed of copolymers 

of glucosamine and N-acetyl glucosamine. It has good permeation enhancing property 

and a safe toxicity profile. It is soluble in acidic media. The glucosamine groups are 

protonated to a soluble form NH3+. It precipitates at alkaline pH. It develops an electro-

static interaction between the positively charged amine groups on chitosan and the 

negatively charged mucosal surface.  It swells and forms a gel like layer in aqueous 

environment. The positive charge on chitosan polymer gives rise to strong electro-static 

interaction with mucus or negatively charged sialic acid residues on the mucosal surface. 

                      It has been used widely to control drug release for the pulmonary route. It is 

used to reduce muco-ciliary clearance. It has been used as a permeation enhancer across 

nasal epithelium. Chitosan possesses excellent properties such as bio-degradability, non-

toxicity and absorption properties. Commercially used chitosan has a de-acetylation 

degree of 70-95 % and is insoluble in water at neutral pH. The molecular weight and the 

degree of de-acetylation are important properties for muco-adhesion. (17, 18, 19, 20).  

              Hydroxy propyl cellulose is ether of cellulose in which the hydroxyl propyl 

groups are attached to the hydroxyl present in the anhydroglucose rings of cellulose by 

ether linkage. It is a water-soluble muco-adhesive polymer. It has been used for sustained 

release of Beclomethasone propionate for the treatment of allergic rhinitis. This 

prolonged the retention time up to 6 hrs. by decreasing the muco-ciliary clearance rate in 

nasal activity. (17) 
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The following are the examples quoted from the literature that have used chitosan and 

hydroxy propyl cellulose for the purpose of controlled release in the lungs, 

              In a study by Sivadas et al, the group prepared chitosan and hydroxy propyl 

cellulose microparticles by spray drying. The chitosan solution was prepared by 

dissolving chitosan and fluorescein isothiocyanate (FITC) in 0.1 % acetic acid. The 

hydroxy propyl cellulose solution was prepared by dissolving the polymer and the dye in 

deionized water. The polymer to marker ratio was kept at 100:1.The spray drying 

parameters were optimized to produce particles in a submicron size range. The 

parameters optimized in the Buchi Mini Spray dryer were inlet temperature between 45 

and 140 °C and a feed flow rate of 4-5 mL/min. The particle size range of 5.49 ± 0.32 

µm. An in vitro release study was carried out on the particles using a Franz diffusion cell. 

The receptor compartment had pH 7 phosphate buffer maintained at a temperature of 37 

°C. The study was carried out for a period of 3 hrs. with the time points at 30, 60, 90, 

120, 150 and 180 minutes. A complete release was seen for hydroxy propyl cellulose 

after 3 hrs.  
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Figure 2: Dissolution profile of the dyes from the four polymers. Ref: 1 

                  A controlled release was observed for hydroxy propyl cellulose for the dye 

used. However a complete release was not observed for chitosan. A release of only 40 % 

was seen for chitosan. However it did show controlled release of the dye over the period 

of 180 minutes. In case of hydroxy propyl cellulose, the diffusion of the media across the 

polymer followed by a slow erosion of the polymer resulted in a near complete release of 

the dye from the particles as well as a controlled release profile from this polymer. 

Chitosan is best suited to give controlled release however the release was not controlled 

over a period of time. These polymers are classified as mucoadhesives as they are 

observed to delay the muco-ciliary clearance and also avoid alveolar macrophage uptake. 

Hence these polymers would be retained at the site of action for an extended period of 

time. Hence based on the above study by Sivadas, a conclusion can be made that the two 

controlled release polymers chitosan and hydroxy propyl cellulose can be used to prepare 
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microparticles in the sub-micron size range and can show controlled release of the 

entrapped drug.  

           In a study carried out by J.A. Ko et al, chitosan microparticles were prepared using 

a cross-linking agent like tripolyphosphate. The polymer was dissolved in 1% acetic acid 

and Tween 80 was added to the solution as a surfactant. The drug was dissolved in the oil 

phase dichloromethane and the polymer was dissolved in water to form the chitosan 

solution. The particles are prepared by homogenizing at 5000 rpm for 20 min. The ratio 

of oil and the aqueous phases was 1:10. The emulsion was then spray dried. The 

microparticles were washed with distilled water and then vacuum dried for 12 hrs. The 

particle size was found to be between 500-700 µm ranges. An in vitro release study was 

suspended in 500 mL of phosphate buffered saline and maintained at 37 °C and the rate 

of rotation was 50 rpm. Tween 80 was used as an emulsifier. 1 mL of the sample was 

taken at periodic intervals and replaced with the same amount of volume of the buffer. 

The drug content was analyzed using UV Vis spectrophotometer. 

 

Figure 3: Dissolution study of the chitosan microparticles. 
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 The drug was released over a period of 30-35 hours for different levels of crosslinking 

times for the polymer. Thus chitosan has been used as a controlled release polymer for 

extending the release of the drug over a long period of time.  

            In a study carried out by Sakagami et al, microparticles were prepared using 

Hydroxy propyl cellulose. Fluorescein was used as a dye. The polymer and the dye were 

dissolved in ethanol. The spray drying parameters were optimized to obtain fine powders 

in submicron range suitable for inhalation. The particles had an average diameter of less 

than 5 µm. The aerodynamic diameter of the particles determined by the Anderson 

cascade impactor was in the range of 1-3 µm. The study regarding the deposition and 

absorption pattern of the drug was done in animal lungs. The powder aerosols were 

administered into guinea pig lungs. At 0, 60 and 180 min after termination of aerosol 

administration, the guinea pigs were sacrificed by withdrawing blood and excising their 

lung tissues. Plasma samples were obtained by centrifuging the blood at 3000 rpm for 10 

min. The results showed the presence of the dye at the end of 180 min. Thus the polymer 

was able to retard the release of the dye for a period of 180 minutes. Thus the 

mucoadhesiveness of the polymer was able to extend the release of the dyes from the 

polymers.  

Thus from the above literature it was anticipated that the use of these two polymers 

would cause a controlled release of the dyes from the polymeric spray dried particles. 

Some of the advantages associated with CR  

 Controlled release is more effective for drugs that are rapidly metabolized and 

eliminated from the body. A controlled release formulation helps to increase the 
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residence time of the drug at the desired site of action. As the device would release the 

drug at a zero order release and maintain a certain steady state concentration in plasma, it 

would avoid any fluctuation in the plasma drug concentration. This would further avoid 

any side effects associated with fluctuating plasma drug levels. As the drug concentration 

is maintained within the therapeutic range for a long period of time, there are fewer drug 

doses required to be administered to maintain that level. This improves patient 

compliance and there is an optimal use of the drug thus reducing the total amount of the 

drug to be consumed. (19) 

1.5 Fluorescence and its application in lung imaging  

Fluorescence is a low cost, rapid and a sensitive technique to study the pulmonary 

absorption and disposition pattern of drugs. It serves to identify the relevant regions of 

interest to locate the drug after administration over a period of time in the lung.  It is a 

photo-luminescent phenomenon in which light is emitted from a molecule after it has 

been irradiated with a light source. A fluorophore absorbs photons of light at a particular 

wavelength called excitation wavelength and emits light at a longer wavelength called the 

emission wavelength. The light emitted is of a longer wavelength due to a loss of energy 

due to internal conversion, intersystem crossing and collision with solvent molecules. (22) 

It is a three stage process that occurs in molecules called fluorophores that can be 

explained with the aid of the Jablonski diagram: 
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Figure 4: Jablonski diagram to explain the principle of fluorescence: S0- Ground 
state, S1-First state excited singlet state, S2-Second state excited state and T1-
Triplet state (22) 

 

The above diagram shows the fluorophore that exists in three different states – the singlet 

ground state, the first and the second electronic states shown as S0, S1 and the S2 electronic 

states. The fluorophores further exist in different vibrational energy levels 0, 1, 2 etc. at 

each of the individual excited states. After absorption of energy, the fluorophore is 

excited to a higher vibrational level of the excited singlet state. The fluorophore rapidly 

release energy to transfer from the excited singlet state to the lowest vibrational level of 

S1. This process is called internal conversion. This process is shown by the dotted line 

written as internal conversion process. The green line shows the emission of photons of 

light from the excited singlet state to the ground state by a process of fluorescence. The 

electrons in the excited singlet state are opposite in spin to electrons in the ground state. 

There is a transition from S1 to T1 by inter-system crossing. Emission from the T1 state 

is called phosphorescence and occurs at a longer wavelength. The red line depicts 

phosphorescence that is the conversion from triplet state to the ground state. These 



19 
 

fluorophore molecules can be used as probes to observe the sharper details of the cell 

against a dark background compared to the presence of a similarly stained specimen 

against ordinary light. Fluorophores with a large Stokes shift are preferred for the high 

sensitivity detection since the interference in the desired signal due to scattered light and 

auto-fluorescence can be eliminated. (22)  

1.6. Fluorescence and use of fluorescent markers for lung imaging 

Fluorescence has been used as an effective tool to study the deposition pattern of the drug 

in the lungs. Development of techniques like electron microscopy, confocal laser 

scanning microscopy utilizes certain fluorescent markers in order to study the 

characteristics of pulmonary lung deposition. The markers fluoresce on deposition in the 

lungs and the various optical techniques can be used for imaging purposes. The use of 

such markers helps to study the morphology of the different regions of the lung in detail. 

Such techniques help in providing real time kinetic information about the absorption and 

disposition pattern of the drug following inhalation of the drug in the lungs. (22) 

The two fluorescent markers that have been used as models for hydrophilic and 

hydrophobic dyes for making the micro particles are: Evans blue as a model of 

hydrophilic drugs and Rhodamine B as a model of hydrophobic drugs.  

1. Hydrophilic dye: Evans Blue is water-soluble (960 g/L). The excitation 

wavelength of Evans blue is 530 nm and the emission wavelength is 660 nm. The 

dye has been widely used for imaging use in the lungs due to its fluorescent 

properties. It fluoresces blue. The molecular weight is 960.81 g/mole. This dye 

has been used widely reported in the literature to study the permeability of 
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macromolecules in the lungs. In a study reported by Chang et al, the dye was 

administered as a solution in water at a concentration of 2g/100 mL. It was used 

to study the transfer of proteins across the alveolar-capillary barrier in isolated 

perfused lungs. Evans blue being an inexpensive diazo dye it binds tightly to lung 

protein and has been proposed as a useful marker for albumin transfer in cultured 

cell lines as well as isolated perfused lungs.  (22, 23)  

 

Figure 5: Structure of Evans blue Ref: 23 

2. Hydrophobic dye: Rhodamine B is water-soluble (479 g/L) and is used as a model 

for hydrophobic compounds. The excitation wavelength is 555 nm and the 

emission wavelength is 580 nm. The melting point of Rhodamine B is 210-211 

deg. C. It fluoresces red when irradiated with light. The molecular weight of 

Rhodamine B is 479.01 g/mole. It is a lipophilic compound and it proves to be a 

useful means of highlighting the airspace and epithelial interfaces as well as the 

regions of interest (ROI) as capillaries, Type 2 alveolar epithelial cells and 
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macrophages. Fluorescent emissions from the dyes help to show the different 

structural elements of the lung. Rhodamine B is an amphoteric dye that carries no 

net charge at physiological pH. It has a high partition co-efficient and hence can 

readily partition into the lipophilic regions as the lamellar bodies of Type 2 cells 

and the lipid bilayers of the cell membranes. It is nontoxic to the cells. In a study 

carried out by Roderike Pohl, the dye was administered in a concentration of 10 

mcg/mL in modified Ringers solution by intra-tracheal instillation. They were 

successful in obtaining confocal images that helped to define the regions of 

interest in the lungs. The fluorescence would enhance the structural elements and 

help in displaying the sharp margins of the region of interest. Confocal imaging 

helps in characterizing the structural features of the alveolar ducts in lung tissue 

correlate the pulmonary disposition and absorption pathways of aerosolized 

fluorescent microparticles. (22, 27 )  

 

 

Figure 6: Structure of Rhodamine B. Ref:  22 
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Hypothesis  

Controlled release polymeric micro particles prepared by spray drying for delivery to the 
lungs composed of chitosan and hydroxyl propyl cellulose for lungs can control the 
release of the fluorescent dye in vitro over an extended period of time.  

 

In order to test the hypothesis, three specific aims were developed. They are: 

1. Development of the fluorescent dye by a detection method: A detection method 
was developed in the plate reader for the quantification of the dyes in the spray 
dried particles. 

2. Preparation and characterization of the spray dried micro particles: The 
optimization of the spray drying parameters to develop particles followed by the 
physic-chemical characterization of the spray dried powders to evaluate the 
suitability of the powders for lung delivery.   

3. Comparison of the in vitro release properties by dissolution technique of the two 
different polymeric particles, hydroxyl propyl cellulose and chitosan by 
dissolution study  
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CHAPTER 2  

Materials and methods  

2.1.  Materials:  

Rhodamine B, Evans blue, Methanol, Distilled water, Acetic acid, Buffer tabs, Gelatin 

capsules, Hydroxy propyl cellulose and Chitosan were purchased from Sigma Aldrich 

and the 96 black well plates were purchased from Corning Inc.  

 2.2. Method of detection in the plate reader: 

Detection of the dye was carried out in a Synergy H1 Hybrid Multimode Micro plate 

reader (Bio-Tek Instruments Inc. Winooski, VT.) and analysis of the data was carried out 

using the Gen5 Data Analysis Software (Biotek Instruments Inc., Winooski, VT). 96-well 

UV plates obtained from Corning Inc. were used for the purpose of detection. (Corning, 

NY).  

 The plate reader has a Gen5 Data Analysis Software that has a protocol section 

that was used to set the parameters of the detection method. The fluorescence excitation 

and emission wavelengths were set to 555 nm and 580 nm respectively for Rhodamine B 

and 530 nm and 660 nm respectively for Evans blue. The sensitivity was optimized to 55 

for Rhodamine B and 120 for Evans blue. A standard curve was obtained in the 

concentration range in 100 mcg/mL to 0.01 mcg/mL. 10 mg of the dye was weighed in a 

100 mL volumetric flask and the volume was made up with 10:90 water: methanol. The 

solution was labeled as “Stock” solution. A series of 1/10 dilutions were made of the 

stock solution with 10:90 water: methanol up to a concentration of 0.01 mcg/mL. 200 µL 

of the dilutions and a blank of 10:90 water: methanol was pipetted into the 96 well plates 

in triplicate. The fluorescence of the dilutions and the blank was measured at the above 
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excitation and emission wavelengths and the set sensitivity. A graph of relative 

fluorescence units vs. the concentrations in mcg/mL was plotted using MS excel. The 

slope, intercept and the co-efficient of variation value was calculated from it. A number 

of standard curves were plotted for the two dyes and the slope and the intercept was 

calculated from each of the curves. The two values, slope and the intercept were used to 

calculate the encapsulation efficiency of the dyes in the powders. (22, 23)  

2.3. Preparation of Spray dried powders: 

A feed solution was prepared by dissolving 3 g of polymer and 0.03 g of marker in de-

ionized water and the solution was spray dried using a standard two fluid nozzle in a 

laboratory scale mini spray dryer B-290 (BÜCHI Labortechnik AG, Flawil, Switzerland).  

The spray drying parameters were optimized to obtain micro particles in a range of 1-5 

µm with minimum moisture content and with a good yield value.  

2.4. Determination of particle yield: 

The particle yield is the ratio of the total weight of the recovered spray dried particles to 

the total mass of the polymer and marker weighed into the feed solution prepared for 

spray drying. The typical yield values reported in the literature range between 40-60 % 

for a typical spray drying run at a laboratory scale. (1) 

2.5. Determination of moisture content: 

Karl Fischer titrimetry (Mettler DL18 Karl Fischer titrator, NJ, USA) was used to 

determine the moisture content of the particles. The moisture content of the particles was 

reported in percentage. The experiment was carried out in triplicate. The instrument was 

calibrated to read 0 % moisture content before adding the sample to it, then 50 mg of the 
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spray dried powder was added to the reagent, the titration was carried out for 5 minutes 

and the final moisture content was read as %. 

2.6. Determination of Encapsulation efficiency: 

The amount of dye encapsulated in the spray dried micro particles was measured. A 

powder weighing 1 mg was dissolved in 1 mL of 10:90 water: methanol system and the 

dye content was determined using the fluorescence method in the plate reader at an 

excitation wavelength of 555 nm and an emission wavelength of 580 nm for Rhodamine 

B and 530 nm and 660 nm for Evans blue. The amount of dye present in the particles is 

calculated from the standard curve prepared in the plate reader. This measured value was 

divided by the theoretical weight of the dye added to the formulation. All the 

measurements were done in triplicate. (1)  

2.7. Thermal analysis: 

An analysis of the effect of heat on the micro particle was carried out in a Differential 

Scanning Calorimeter (Shimadzu DSC-60, Kyoto, Japan). A sample weighing 3-5 mg 

was purged in an atmosphere of nitrogen in a crimped aluminum pan. The samples were 

heated from room temperature to 300 °C at a rate of 10°C/min.  

A TGA analysis was carried out in a TGA-50 (Shimadzu TGA-50, Kyoto, Japan) on both 

the marker and the spray dried micro particle by heating the samples weighing 5-10 mg 

in an aluminum pan from room temperature to 300 °C at a rate of 10 °C/min under 

nitrogen purge. The TGA shows a weight loss of less than 5 % when heated to a 

temperature of 300 °C. The weight loss depicted by the TGA corresponded to the 

solvent/moisture loss present in the micro particles. 
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2.8. Determination of particle size analysis: 

The Malvern Mastersizer generates a particle size distribution of a sample based on a 

laser diffraction principle. The parameters to be optimized in the Scirocco dry unit are the 

air pressure and the vibrating rate of the sample plate or the feed rate. The air pressure 

was optimized to 2.5 bar and the feed rate was kept to 90 %. The sample is placed on the 

feed plate of the dry unit and the instrument is run till it generates the particle size 

distribution. The obscuration limit was above 2. The unit generates particle size by 

comparing the particle to a sphere having the same volume. It is the diameter of a sphere 

with the same volume as the sample particle. There are three main parameters generated 

by the Mastersizer that are used to describe the particle size distribution of the micro 

particles. The D10, D50, D90, D4, 3. The D10 and the D90 depict the range of the particle size 

distribution of the particles. The D10 is the particle size at which 10 % of the particles are 

below this size and 90 % of the particles are above this size. The D90 is the particle size at 

which 90 % of the particles are below this size and 10 % of the particles are above this 

size. The D50 or the volume median diameter is the particle size at which half the total 

particle size distribution is above and half is below that size. The D4, 3 is the volume mean 

diameter is the average particle size based on unit volume of the particle at which half the 

particle population is below and half is above that size.  

2.9. Dissolution study: 

A dissolution study was carried out on the spray dried micro particles and on a physical 

mixture of the lactose and the marker as a control for the study. Theophylline was used as 

an internal standard. The study was carried out in USP Apparatus 2 or the paddle 

assembly using phosphate buffered saline as the media at a pH of 7.4 at a temperature of 
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37 °C at an agitation rate of 100 rpm. An n of 6 was carried out for the samples. For the 

control, a physical mixture of the lactose and the marker was blended in geometric 

dilution in a ratio of 1:100 and theophylline in a ratio of Theo: marker 20:1 filled in a 

capsule. An empty capsule was weighed, filled with a sample of 100 mg and again the 

capsule was weighed again to determine the exact amount of the particle fill. These filled 

capsules were placed in a paddle assembly, two capsules per vessel that were immersed 

with the help of a sinker and the assembly was run for a period of 1 hr.  

3.0 Determination of particle morphology: 

Morphological assessment was carried out of the fluorescent spray dried particles was 

carried out using the scanning electron microscope using the S4800 at 5KV accelerating 

voltage and working distance of 6.6mm.  All samples were sputter coated with gold.  

3.1    Determination of X ray diffraction pattern of the spray dried particle: 

The sample was filled in a copper holder and exposed to Cu Ka radiation (40 kV × 40 

mA) in a wide angle powder x-ray diffractometer (Bruker D8 Advance, WI, USA). The 

instrument was operated in a step-scan mode, in 0.05° 2θ increments, and counts   were 

accumulated for 1.0 s at each step over the 2θ angular range of 5–40°. 

 

 

 

 

 

 



28 
 

CHAPTER 3 

Results 

3.1. Method of detection in the plate reader: 

A linear standard curve was obtained between a concentration range of 100 mcg/mL and 

0.01 mcg/mL. The limit of detection is calculated as three times baseline noise and the 

limit of quantitation is calculated as ten times baseline noise.  

The limit of detection for Rhodamine B was 354 and for Evans blue was 111. The limit 

of quantitation for Rhodamine B was 1180 and for Evans blue was 370.  

The following is an example of a standard curve obtained for Rhodamine B and Evans 

blue in the plate reader.  

 

Figure 7: Standard curve of Rhodamine B 
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Figure 8: Standard curve of Evans blue 

For both Rhodamine B and Evans blue, a good correlation co-efficient of one at the 

respective excitation and emission wavelengths at the optimized sensitivity in the plate 

reader. The slope and the intercept were calculated from the standard curve equation 

using the MS Excel software. A series of standard curve were prepared to quantify the 

amount of the dyes present in the spray dried particles.  

3.2. Spray drying parameters: 

The various parameters of the spray dryer were optimized to obtain particles with desired 

physic-chemical properties, particle size, encapsulation efficiency and yield. The four 

main parameters to be optimized are the inlet temperature, pump rate, spray gas flow rate 

and the aspirator rate.  The following are the optimized values for the four parameters.  
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Spray drying parameter Optimized  values 

Inlet temperature 170 °C 

Pump rate 10 %  ⃰ 

Spray gas flow rate 50 mm 

Aspirator rate 100 % ⃰⃰⃰ ⃰ 

Table 1: Optimized parameters in the spray dryer for the preparation of 

micro particles 

1.  

 

3.3. Determination of particle yield:  

3.3. Particle yield: 

The following are the yield values along with the standard deviations obtained after the 

spray drying run for three batches for the four formulations. The yield values are in a 

range of 50-70 % that is in the range reported by Sivadas et al for the average yields 

obtained for the two polymers hydroxyl propyl cellulose and chitosan in the spray dryer. 

This also implies that the spray drying parameters are optimal to give good yield values. 

(1) 

 

 

 

⃰ 3 mL/min  

⃰   ⃰ 35 m3/hr.  
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Table 2: Average yields obtained for the micro particles in the spray dryer  

3.3. Determination of moisture content:  

The following are the moisture content values obtained after the spray drying run for 

three batches for the four formulations. The moisture content in the spray dried powder 

was found to be less than 5 % that implies that the powder has minimal moisture content 

and it can be used for the purpose of inhalation. 

Name of the formulation Moisture content  

(%) 

1. HR 1.5 ± 0.1 

2. HE 4.3 ± 0.9 

3. CR 4.4 ± 0.5 

4. CE 4. 1 ± 0.4 

 

Table 3: Average moisture content for the micro particles obtained after spray 

drying  

Name of the formulation Average Particle yield 

1. HR 52.8± 0.1 

2. HE 56.1± 0.1 

3. CR 56.1± 0.1 

4. CE 67.1± 0.1 
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3.4. Determination of encapsulation efficiency:  

The following are the encapsulation efficiency values obtained after the spray drying run 

for three batches for the four formulations. For hydroxyl propyl cellulose, the average 

encapsulation efficiency in the literature was found to be in the range of 80-90 % and for 

chitosan; it is in the range of 50-60 %. The encapsulation efficiency obtained for the two 

polymers, hydroxyl propyl cellulose and chitosan was close to the literature values. (1)  

Name of the formulation Encapsulation efficiency 

(%) 

1. HR 102.2 ± 0.5 

2. HE 70.1 ± 0.5 

3. CR 54.7 ± 0.5 

4. CE 46.6 ± 0.5 

 

Table 4: Average encapsulation efficiency values for the four formulations.  

3.5. DSC analysis:  

The following are the DSC and the TGA endotherms for the four formulations along with 

the respective controls. The DSC profile of the micro particle as shown in figures e, f, g 

and h does not show any sharp melting peak. This implies the absence of any crystalline 

material. The DSC of the marker alone as shown in figures c and d shows an endothermic 

melting peak implying its crystalline nature. This peak disappears in the DSC (e, f, g and 

h) of the micro particle showing that the marker is dispersed in the polymer and loses its 

crystalline structure and changes from an organized structure to a dis-organized form or 
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amorphous form. The TGA endotherms show minimal weight loss indicating minimal 

presence of solvent or loss due to degradation of the polymer or marker.  

 

a.  b.  

DSC endotherm of Chitosan DSC endotherm of Hydroxyl propyl 

cellulose 

c.  d.  

DSC endotherm of Rhodamine B DSC endotherm of Evans blue 
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e.  f.  

DSC endotherm of HR DSC endotherm of HE 

g.  h.  

DSC endotherm of CR DSC endotherm of CE 

 

Figure 9: DSC endotherms of the four formulations 
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Name of the figure  DSC endotherms  

A DSC endotherm of Chitosan  

B DSC endotherm of HPC 

C DSC endotherm of Rhodamine B 

E DSC endotherm of HR 

F DSC endotherm of HE 

G DSC endotherm of CR 

H DSC endotherm of CE 

3.6. TGA analysis 

a.  b.  

TGA endotherm of HE formulation             TGA endotherm of HR formulation  

c.  d.  

          TGA endotherm of CE formulation                                 TGA endotherm of CR formulation 
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Figure 10: TGA endotherms of the four formulations 

 

3.7. Particle size analysis: 

The following are the particle size values obtained after the spray drying run for three 

batches for the four formulations. The D10 value of all the formulations is found to be less 

than 5 µm. The D50 value is in the range of 5 µm. The increase in the spray gas flow rate 

results in the particle size being in the range of 5 µm. Agglomerates are formed between 

the partially dried particles as solid  bridges are formed between the particles and thus 

increase the D4,3 and the D90 value of the particle size distribution. A D50 and a D4,3 values 

in the range of 5 µm is desirable for the purpose of aerosolisation of the particles into the 

lungs. The D10 and the D90 values give the range of the particle size distribution of the 

Name of the figure  Name of the endotherm 

A TGA endotherm of HE formulation 

B TGA endotherm of HR formulation 

C TGA endotherm of CE formulation                                 

D TGA endotherm of CR formulation 

TGA Analysis % Weight loss 

HR 0.2 % 

HE 2.4 % 

CR 1.9 % 

CE 2.0 % 
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spray dried powder. The standard deviations of all the values are less than 0.5 that means 

the results are consistent between all the formulations and different batches of all the 

formulations.  

Formulation D10 

(µm) 

D50 

(µm) 

D90 

(µm) 

D4,3 

(µm) 

HR 2.6 ± 0.1 5.4 ± 0.1 10.9 ± 0.1 6.4 ± 0.1 

HE 2.4 ± 0.1 5.2 ± 0.1 11.3 ± 0.2 6.3 ± 0.1 

CR 2.0 ± 0.3 5.7 ± 0.3 16.9 ± 0.1 7.9 ± 0.1 

CE 1.6 ± 0.2 2.9 ± 0.1 5.4 ± 0.2 3.3 ± 0.1 

 

Table 5: Average particle size analysis of the formulation  

 3.8. Dissolution study: 

A release study was carried out to study the effect of the polymer on the release of the 

dye. The following are the dissolution rate obtained after the spray drying run for three 

batches for the four formulations.  
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a. Dissolution study of the Evans blue formulations 
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b. Dissolution study of the Rhodamine B formulations 
 

Figure 11: Dissolution profile of the four formulations and the respective 
controls.  
 

              There was a rapid release of the two dyes reaching almost 100 % within a period 

of 10 minutes immediately after the capsules were added to the dissolution media.  

However after a certain amount of the dye is released, the release rate has been 

maintained constant for the remaining period. At the end of 60 min. there was a near 

complete release of the dye from the polymer particles. This type of a release profile has 

been reported widely for the two polymers in the published literature. (1, 14) 

3.9. Determination of morphology of the particle:  
 

The SEM images of the spray dried chitosan micro particles are spherical in shape and 

have a corrugated surface whereas those of HPC are crumpled and irregular in shape. 
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They are all in the range of 3-5 µm in size. The surface has parallel folds and bulges on it. 

The manner in which the particles would behave after aerosolization, the level of 

deaggregation and it settling to the desired site of deposition depends on the surface 

properties of the particles: size, surface roughness and shape. Irregular particles with 

rough surface tend to aggregate more and form large lumps of particles and cannot reach 

the deeper regions of the lung.  

a.  b.  

Chitosan Evans blue spray dried powder Chitosan Rhodamine B spray dried powder 

  

HPC Evans blue spray dried powder  HPC Rhodamine B spray dried powder 

 

Figure 12: SEM images of the four formulations 
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4.0.   Determination of X ray diffraction pattern of the spray dried particles: 
 
 

a.  
 

b.  

XRD pattern of Rhodamine B 
Blue line: Rhodamine B 

Green line: HPC RB 
Red line: Chitosan RB 

 

XRD pattern of Evans blue 
Blue line: Evans blue 

Green line: HPC Evans blue 
Red line: Chitosan Evans blue 

 
 

Figure 13: XRD pattern of the formulation 

The XRD pattern shows that the dyes are crystalline in nature as they have distinct peaks 

in their pattern. However the peaks that are distinctly observed in the XRD patterns of the 

dye are diffused in the patterns observed for the spray dried particles. This means that 

there is a change in the form of the dyes from crystalline to partly amorphous. However 

there is some crystalline material present in the spray dried particles as there are certain 

peaks seen in the patterns of the particles. This is observed more distinctly in case of 

Rhodamine B rather than Evans blue. The dyes are dispersed in amorphous form in the 

polymer in the spray dried particles that would in turn improve the release properties of 

the dye from the polymeric particle.  
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CHAPTER 4 

Discussion  

A fluorescence standard curve was prepared for the two dyes Rhodamine B and 

Evans blue, at the excitation and an emission wavelengths obtained from the literature, 

555 nm and 580 nm respectively for Rhodamine B and 530 nm and 660 nm respectively 

for Evans blue. Set the sensitivity to 55 for Rhodamine B and 120 for Evans blue. The 

sensitivity was optimized to obtain the fluorescence counts proportional to the 

concentration of the dyes used in the samples. The limit of detection for Rhodamine B 

was 354 and for Evans blue was 111. The limit of quantitation for Rhodamine B was 

1180 and for Evans blue was 370.  

A linear standard curve was obtained between a concentration range of 100 

mcg/mL and 0.01 mcg/mL. A number of standard curves were formed and the slope and 

the intercept were calculated from each of them to measure the amount of dye in the 

spray dried powders. A correlation co-efficient of one was obtained indicating a goodness 

of fit of the fluorescence counts obtained to the concentration of the dyes. The slope and 

the intercept were calculated from the standard curve equation using the MS Excel 

software. The concentration of the dye in the micro particles was evaluated using the 

standard curve of the dyes obtained in the plate reader. The method was useful and 

consistent in quantifying the unknown concentration of the dyes in the samples. (22, 23) 

The optimized inlet temperature of 170 °C was suited to obtain micro particles 

with minimal moisture content. It also enabled the outlet temperature to be between 60-

65 °C. The aspirator rate is the drying energy supplied to the system. It results in a higher 



43 
 

degree of separation in the cyclone and also results in a smaller amount of residual 

moisture in the product. It also increases the yield of the final product. It was optimized 

to 100 % that corresponds to 35 L/hr. The spray gas flow rate determines the degree to 

which the feed solution is atomized to form small droplets and this in turn affects the 

final particle size of the product. The spray gas flow rate was adjusted to 50 mm to obtain 

the particle size in the range of 1-5 µ. It is the speed at which the peristaltic pump is 

operated. A higher pump rate increases the droplet size and thus the particle size. The 

pump rate was set to 10 % that corresponds to a flow rate of 3-5 mL/min. The third 

important factor affecting particle size is the concentration of solids in the feed solution. 

The concentration of the polymer was kept to be 1 % and the ratio of the polymer: marker 

was kept to be 100:1. As the concentration of the solids in the feed solution increased the 

particle size of the spray dried micro particle increased proportionately. The spray dried 

powders were collected and stored in a desiccator at room temperature for further 

characterization studies.   

The yield of the particles obtained after spray drying of hydroxyl propyl cellulose 

and chitosan was reported to be in the range of 50-60 % in the literature. This value 

correlates to the yield obtained reported in a study by Sivadas et al for the spray dried 

fluorescent micro particles. (1) 

The moisture content of less than 5% implies that the spray drying process is 

efficient in evaporating the solvent from the feed solution to an optimum level. Thus the 

heat provided by inlet temperature evaporates the solvent thus yielding the dry powder 

for inhalation. The residual moisture in the particles can cause aggregation of the 

particles; this leads to large particle aggregates that are difficult to break down thus 
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affecting its flowability resulting in inefficient aerosolization of the formulation and 

affects the site of deposition of the particles. Thus determination of moisture content is 

essential to prove the utility of the powders for the purpose of aerosolisation.  

The literature value for the encapsulation efficiency calculated was in the range 

up to 89 % for hydroxyl propyl cellulose and 59 % for chitosan for the dyes used. The 

values obtained for the micro particles were in the same range for the two polymers for 

the dyes. (1) 

The DSC profile of the fluorescent micro particle does not show any distinct 

melting peak. This implies the absence of any crystalline material as the presence of 

crystalline material in the particle results in a melting peak in the DSC endotherm. The 

DSC of the marker alone shows an endothermic peak implying its crystalline nature. This 

peak disappears in the DSC of the micro particle showing that the marker is dispersed in 

the polymer and loses its crystalline structure and changes from an organized structure to 

a dis-organized form that is amorphous form. The TGA analysis showed minimal weight 

loss indicating minimal presence of solvent or loss due to degradation of the polymer or 

marker.  

            The particle size distribution of the spray dried powders gives an indication of the 

suitability of the powders for the purpose of lung delivery. The two main parameters in 

this particle size analysis are the D50 and the D4, 3 that indicate whether the powders 

would be efficiently aerosolized. The D50 and the D4, 3 should be in the range of 5 µm for 

efficient aerosolization. The D50 value is in the range of 5 µm. The increase in the spray 

gas flow rate results in the particle size being in the range of 5 µm. The friction between 
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the air flowing through the nozzle and the feed liquid results in a greater atomization of 

the feed into smaller droplets thus resulting in a smaller particle size. The concentration 

of solids in the feed solution also affects the particle size. It was kept at a constant of 1 % 

to obtain an optimum particle size. A higher solid concentration would produce a large 

sized particle and a lower solid concentration would produce a smaller sized particle. The 

D10 and the D90 values give the range of the particle size of the spray dried powders. D10 

value of all the formulations is found to be less than 5 µm. All the formulations had a 

particle size range less than 10 µm. Agglomerates are formed between the partially dried 

particles as solid  bridges are formed between the particles and thus increase the D4,3 and 

the D90 value of the particle size distribution. However the values of these parameters are 

consistent for all formulations that indicate the results are consistent and reproducible for 

all the formulations. 

                A release study was carried out to study the effect of the controlled release 

polymer on the release of the dye. There was almost a complete release of the dye from 

the particles within a period of 10 minutes and the concentration was maintained for 60 

minutes. Both hydroxyl propyl cellulose and chitosan showed a similar release profile. 

The below graphs from the literature is an example of a dissolution study using chitosan 

and  hydroxy propyl cellulose as a controlled release polymer indicating an immediate 

release of almost all drug within 10 minutes and the concentration is maintained for the 

rest of 60 minutes. (1, 14). Polymer hydration by the dissolution media followed by its 

slow erosion leads to a high release rate of the dye from the polymer. They are muco-

adhesive in nature and this property helps to sustain the device at the site of action for a 

long period of time by reducing the particle clearance by ciliary movement. Controlled 
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release implies the steady release rate of the drug from the device is maintained for a long 

period of time. There are different types of polymers available that provide this type of 

release. In the study carried out in the spray dried formulations, there was an immediate 

release of the dyes in 10 minutes and hence there was no controlled release observed for 

any of the dyes.  

The following graph is a dissolution study carried out by Ping He et al on chitosan 

microparticles. 

 

                  Figure 14: An example of controlled release dissolution profile of drug 
from chitosan. Ref: 14, 25  

A solution of model drug cimetidine and the polymer chitosan was prepared in 1 % acetic 

acid. The solution was then spray dried in a SD-04 spray dryer. The spray drying 

parameters were optimized to 160 °C inlet temperature and a flow rate of 6-10 l/min. A 
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crosslinking agent like 1 % formaldehyde or glutaraldehyde was added to the feed 

solution. The particle size of the spray dried powders was carried out in the Malvern 

Mastersizer. The particle size was in a range of 4-5 µm. An in vitro release study was 

carried out in a USP type 2 dissolution paddle assembly. Phosphate buffered saline was 

used as a medium. The volume of media used was 300 mL, pH 7.4 at 37 °C at an 

agitation rate of 50 rpm. A sample of 30-50 mg of the powders was suspended in the 

paddle assembly. The UV Vis spectrophotometer was used to determine the drug content. 

However the drug release seen from these particles was immediate. The release profile 

showed a biphasic release profile with a burst release with most of the drug released in a 

period of few minutes followed by a slow release of the drug in the rest of the time period 

of the study. Thus in this study the chitosan used for the preparation of the microparticles 

was not able to extend the release of the dye from the particles similar to the results in my 

thesis project. The drug gets molecularly dispersed in the polymer particles during the 

process of spray drying and also the drug is hydrophilic in nature thus resulting in rapid 

release of the drug from the particle.  

 The following graph is a dissolution study carried out by Nadia Saffoon et al on HPC 

microparticles. 
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Figure 15: An example of controlled release dissolution profile of drug from HPC 
particles. Ref: 26 

 

A solid dispersion was prepared of the drug ibuprofen using hydroxy propyl cellulose as 

the controlled release polymer. The drug was heated in a clear glass vial in a water bath 

till it forms a clear solution, after this the polymer was added to the clear solution of the 

drug until it forms a homogenous mixture. The solution was continuously stirred to avoid 

the separation of the contents from the mixture. The vial of solution is then removed to 

solidify the mixture in the vial.  The solid mixture was then removed and then crushed in 

a mortar and pestle and the particles were passed through a 150 micron sieve. A 

dissolution study was carried out on these particles in a type 2 paddle apparatus. The 

conditions maintained were 37 °C, a phosphate buffer 900 mL was added to each vessel 
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and the agitation rate was 100 rpm. 50 mg of the sample was placed in each vessel and 

the duration of the experiment was 60 minutes. The samples were collected at 5, 10, 15, 

30, 45 and 60 minutes. 10 mL of the dissolution sample was replaced by an equal volume 

of buffer. The drug present was quantified using a UV spectrophotometer. There was a 

comparison between different formulations prepared between HPC and the drug that is 

HPC: drug ratio of 1:1, 2:1, 4:1. It was observed that the formulation with a 4:1 ratio had 

a burst release of almost 100 % within 15 minutes, whereas the ratios 2:1 and 1:1 took 30 

and 45 minutes respectively to release the drug from the particles. Thus HPC can be used 

as a controlled release polymer only if it is in the ratio 1:1 with the drug used. There is an 

immediate release of the drug from the polymer particles with the polymer: drug ratio 4:1 

that is similar to the drug release profile that is observed for the particles used in the 

study carried out in my project.  

                    The dissolution study was carried out is not reported in the USP for studying 

the release profiles of the drug from the particles that may be expected in the pulmonary 

spaces. Currently no pharmacopeial methods are reported to study the diffusion of drug 

from powders designed for sustained release to the respiratory tract.  In a study carried 

out by Cook et al, they researchers have made a custom built diffusion cell to determine 

the release of drug from the micro particles into the media. It is difficult to design a 

dissolution study meant to test the powders for inhalation because of the volume of fluid 

present in the lungs that is 10-30 mL. This volume should be mimicked in the conditions 

used in in vitro dissolution test. Other than these conditions even the amount of fluid 

present differs in the different regions of the lung along with the surface area and the lung 

lining thickness and the amount of surfactant present in the different regions of interest in 
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the lungs. All these parameters make it difficult to design a dissolution test custom made 

for testing the powders for inhalation. For inhalable powders firstly it is important to 

determine the amount of powders reaching the desired target site as particles in the range 

of 1-5 µm can reach the deeper regions of the lung. Hence the first step would be to 

classify the powders based on the particle size followed by the dissolution study of the 

sorted powders. In using the conventional techniques of dissolution there are certain 

limitations involved in suspending the powders in the vessel. As these powders would 

float on the surface of the vessel, they can accumulate in the samples that are collected 

from the media at the time intervals of the study. Hence several custom built dissolution 

apparatus are being investigated for the purpose of testing the inhalable powders.  One 

technique is the use of a custom made membrane holder that can be incorporated into the 

next generation impactor for better dose collection. This membrane holder would help to 

study the dissolution profiles of the aerodynamically separated drug particles. The 

membrane holder consists of an NGI dissolution cup, removable impaction set, a securing 

ring, two sealing O rings and a PC membrane to function as a highly porous diffusional 

powder retaining layer. 
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A schematic diagram of the dissolution apparatus: A: Dissolution station, B: 

Membrane holder assembly, a) NGI dissolution cup, b) membrane holder assembly 

and c) securing ring. 

First the aerodynamic particle size distribution was obtained using the next generation 

impactor. Air classified particles from each dose collection plate of the NGI were 

reconstituted with the mobile phase for quantification of the drug using the detection 

method developed in the detector. The dissolution cup with the impaction insert was 

placed in the NGI. The drug was first aerosolised into the impactor. Following the 

actuation, the impaction insert was removed from the NGIdissolution cup for the 

dissolution test. The membrane holder was placed at the bottom of each vessel, release-

surface side up, with the distance between the bottom edge of the paddle and the 

surfaceof the membrane holder maintained at 20 ± 2 mm (Figure 1A). The distance 

between the paddle and the surface of the membrane holder can be adjusted within a 

range that allows the paddle to effectively remove released drug from the exposed 

membrane surface.  
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The amount of volume present in the vessel ranges from 500-1000 mL.  The dissolution 

of the drug occurs by the diffusion of the media through the pores of the membrane 

surface. However, the dissolution system may be optimally less to approximate the 

dissolution behavior of formulations in the lung, since the volume of lung fluid is 

extremely small, approximately 10–20 mL/100 m2 of surface. However this dissolution 

method may be used for quality control studies for various dry-powder inhalers. The in 

vitro dissolution profiles of a drug may provide an estimate of its dispersion 

characteristics that directly relate to the device or aerosol performance. (28) 

               The SEM images reveal the effect of the spray drying process on the size, shape 

and surface properties of the particles. The SEM images of the chitosan spray dried micro 

particles are spherical in shape and have a corrugated surface and of HPC are crumpled 

with irregular shape. They are all in the range of 3-5 µm in size. The surface has parallel 

folds and bulges on it. The behavior of particles during aerosolization is influenced by 

factors like size, shape, surface roughness etc. These properties affect the extent of 

aggregation of the particles or the degree to which the particles would de-aggregate on 

inhalation to reach the desired site of deposition in the lungs.  

               The XRD pattern of a drug detects the crystalline properties of a drug. The XRD 

pattern of the two dyes shows that the dyes are dispersed into the polymer in amorphous 

form in the spray dried particles as there are no distinct peaks of the dyes. There are 

diffused peaks indicating the presence of crystalline material in small amount or partly 

amorphous material. This affects the release properties of the dye from the spray dried 

particle and there is faster dissolution of the dye in its amorphous form resulting in the 
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initial burst effect. There is also a better drug dispersion in the polymer and increased 

polymer-drug interaction.  
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CHAPTER 5 

Conclusion  

The purpose of the thesis was to formulate fluorescent spray dried micro particles 

suitable for fluorescent imaging in the lungs. The particles are expected to retain the 

release of the dye for an extended period of time. Thus two controlled release polymers 

are used to serve the purpose of extended release. The two polymers were hydroxyl 

propyl cellulose and chitosan; these are muco-adhesive in nature. These polymers have 

ionic groups that can form electro-static interaction with the mucin present at the tissue 

surface and extend the residence time. The fluorescent dyes used were extensively 

reported to be used as tools to study the deposition pattern of the drug after it has been 

released in the lungs. They are effective screening tools, convenient and cost effective. 

These micro particles were prepared by the process of spray drying. These particles 

should be in a size range suitable for deposition in the deeper regions of the lung. The 

particles with an average particle size less than 5 µm can reach the alveolar region in the 

lungs. This is the desired site of deposition in the lungs as the alveoli are highly perfused 

and can maximize the bio-availability of the drug. In addition to this, only particles in this 

size range can bypass the clearance mechanisms of the lung and alveolar macrophage 

uptake. The process parameters were optimized to produce particles in the size range of 5 

µm with good encapsulation of the dyes and the spray dried powders thus formed had 

suitable moisture level less than 5% for good flowablity. The dyes are molecularly 

dispersed in the spray dried powders as indicated by the DSC and the TGA scans. The 

dye being dispersed in the polymer can improve the release properties of the dye when in 

contact with the media.  The spray drying process produced powders with a smaller 
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particle size in the range of 5 µm than the bulk powder as determined by particle size 

analysis. The encapsulation efficiency of the dyes was optimum in the range as reported 

in the literature. The release of the dyes from the spray dried particles however was 

immediate that means a controlled release was not obtained from the polymers used for 

spray drying. Thus only a part of the purpose of the thesis was met in producing micron 

sized fluorescent particles by spray drying that can be delivered to the lungs.  

               In addition to the present studies, the further studies would include to design 

particles that would extend the release of the dyes from the powders at a steady state. 

This would include covalent linkage of the dyes to the polymer or the use of cross-linkers 

for crosslinking the dyes to the polymer. The spray dried powders can be tested in the 

next generation impactor to determine the suitability of the powders for lung delivery. 

This instrument mimics the conditions present in the lung and is a particle size simulator 

that is it would classify the particles based on its behavior after inhalation, about the site 

of deposition and the extent of deposition in the lungs. The aerodynamic diameter and the 

fine particle fraction can be calculated and the aerosolization properties of the powders 

can be established. The in vivo safety, efficacy and permeability of the particles can be 

tested by impacting these particles using lung cell culture cell lines Calu-3 or A-549. 

Confocal imaging can be done of these cell lines to visualize the distribution of the 

particles in the cells and to confirm the fluorescence properties of the dyes in-vivo. Thus 

the formulation can be tested and approved for use for fluorescence imaging in the animal 

lungs.  
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