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ABSTRACT 

 

The delivery of nanoparticulate medicines to the lungs via the pulmonary route 

presents many challenges. Nanoparticles tend to lack sufficient mass and are 

principally exhaled and not deposited in the lungs.  However, they also tend to form 

aggregates or agglomerates to reduce the free energy of the system due to the large 

surface.  Optimal deposition in the deep lungs tends to occur when inhaled particles 

have a 1-5 µm Mass Median Aerodynamic Diameter (MMAD). This project 

prepared agglomerated nanoparticles having modified drug release properties with 

an aerodynamic particle size suitable for delivery to the lungs. 

First, a water-soluble model drug was formulated as microencapsulated dry powders 

using aqueous spray drying with a fluid nozzle. The spray dried particles had an 

aerodynamic and geometric particle size distributions was in the 1-5 µm range. Drug 

release was evaluated using USP- II apparatus and showed all formulations had 

accelerated drug release with no significant differences between formulations. All 

the formulations showed almost 80% drug release within 10 min.  

Second, nanoparticles were prepared using Tolnaftate as a water-insoluble model 

drug. Nanoparticles where spray dried using a two-fluid nozzle to prepare 

agglomerated nanoparticles. Microencapsulated formulations were manufactured 
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with excipients along with the agglomerated nanoparticles with the help of three- 

fluid nozzled spray drier. Formulations had aerodynamic and geometric particle size 

distributions in the 1-5 µm range. Drug release from agglomerated nanoparticles was 

evaluated using a USP- II apparatus and confirmed burst drug release. All the 

formulations showed approximately 80% drug release within 10 min. However, 

agglomerated nanoparticles showed significant differences based on formulation 

properties. The difference in the release profile was achieved because of the 

increment of disintegrant and reduction of the pore-forming agent's amounts in the 

formulation.  

In conclusion, it can be said that agglomerated nanoparticles can be prepared that 

are suitable for pulmonary drug delivery as they release nanoparticles rapidly in the 

deep lung. 
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1. INTRODUCTION 

1.1  Nanoparticle Agglomeration and Aggregation  

Approximately 40% of the active pharmaceutical ingredients in the market are 

poorly water-soluble compounds. Formulating these compounds is challenging 

because of the water solubility issues. As a remedy of it, salts of these 

compounds can be used but it also possess some issues like lack of dose response 

proportionality, poor bioavailability, uncontrolled precipitation etc. [1-3]. 

Nanoparticulate drug delivery systems are of great interest in the pharmaceutical 

sciences to overcome many of the limitations of poorly water-soluble 

compounds. 

The properties of nanoparticles tend to differ from microparticles or bulk 

particles due to size differences. For example, powders prepared as nanoparticles 

have a very large surface area to volume ratio and result in a high free energy 

compared to bulk powders. Because of it, primary nanoparticles are much more 

chemically reactive compared to the particles larger in size and tend to form 

compounded particles to reduce the system’s surface area [4]. 

Nanoparticle form agglomerated particles usually due to weak Van der Walls 

forces or electrostatic interactions but also form chemical bonds [5]. These 

compound particles form when nanoparticles adhere to each other in either 
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reversible or irreversible mechanisms. Agglomeration is a reversible process and 

aggregation is generally regarded as an irreversible process [6]. 

Nanoparticle agglomerates are of particular interest due to the reversible nature 

of particle adhesion. This indicates that, the agglomerated nanoparticles can 

form primary nanoparticles again. The preparation of microparticle aggregates 

/agglomerates is one of potential interests in pulmonary drug delivery. This is 

because the particle size distribution of inhaled particles substantially affects 

drug deposition in the respiratory tract.   

 

1.2  Agglomerated Nanoparticles and Accelerated Release Studies in the 

Literature  

Some instances of agglomerated nanoparticles have been reported in the 

literature.  Edwards et al. formulated particles with sizeable geometrical diameter 

with a specific gravity less than 0.1 which own the aerodynamic diameter of 1-5 

µm range. Moreover, macrophages were unable to engulf the particles due to 

their large size which is almost 20 µm [7].   

Even though microparticles can be delivered efficiently avoiding the clearance 

but nanoparticles are still an area of interest because it helps to improve the 

solubility of the drug, target specific delivery and longer residence time in the 

region [8]. In the year 2002, Tsapis et al. published their work regarding Trojan 
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particles, i.e., hollow nanoparticle aggregates prepared by spray drying. They 

prepared hollow microparticles with the wall material of aggregated 

nanoparticles. They also claimed that the nanoparticles are re-dispersible. 

Although, the claim might not be appropriate as nanoparticles were re-dispersed 

in an ethanol-water (70:30 v/v) mixture which does not mimic the biological 

condition [9-10]. Later Kho et al. formulated re-dispersible nano-aggregates by 

spray drying and used mannitol as drying adjuvant. As per their study, re-

dispersible nature of the nano-aggregates depends on the types of excipient and 

their ratios used. For example, they showed mannitol hinders re-dispersibility as 

it has higher crystallization property that causes nano-particle coalescence [11]. 

Tomoda et al. in the year 2008, published their work regarding the preparation of 

nano-composites. They produced RFP/PLGA [Rifampicin /Poly(lactide-co-

glycolide)] nanoparticle-based Nanocomposite with trehalose as binder [12]. 

Nanocomposites are agglomerated nanoparticles, but they are not hollow as 

Trojan particles [10].  Tomoda et al. explored the weight ratios of the excipients 

and the optimal intel temperature for preparing the nanocomposites [12]. 

Lebhardt et al. PLGA nanoparticles made up of α-cyclodextrin showed better re-

dispersibility compared to nano-particles made of mannitol, lactose [13]. 

Nanoparticle agglomerates were also prepared by controlled flocculation using 

L-leucine as a flocculating agent [14]. 
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Sham et al. formulated Nano in microparticles, gelatin / poly-butyl-cyanoacrylate 

nanoparticles into lactose microparticles [15]. El-sherbiny et al. developed a 

swellable nano in micro-particle system. It consists of chitosan nanoparticles in 

a sodium alginate micro-particle [16]. Ely et al. used an effervescent compound 

in a nano in microsystem. Citric acid and anhydrous sodium carbonate were used 

for the formulation as an effervescent compound to improve the release of the 

nanoparticles [17]. 

Regarding pulmonary route, a water-soluble chemotherapeutic drug cisplatin 

incorporated into gelatin based nanoparticle formulations have shown sturdy 

antitumor activity against lung cancer cells compared to cisplatin solution. The 

droplets of the nebulized gelatin nanoparticles have shown deep lung deposition 

in a mouse model. This suggests that a gelatin-based drug delivery system has 

the potential for deep lung deposition and carrier is more effective than the pure 

drug form [18]. In contradiction to evade the macrophages, Al-Hallak et al. have 

shown that poly(isobutyl cyanoacrylate, BIPCA) based doxorubicin nanoparticle 

system can increase the cytotoxic effect of the drug because of alveolar 

macrophages act like Kupffer cells in exocytosing NP fragments [19]. Flutamide 

loaded in chitosan microparticles were prepared and the formulation showed 

extended drug release. Chitosan is a biodegradable polymer and it has muco-

adhesive properties [20]. Although controlled release of the drugs is ideal for lung 
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delivery, the macrophage uptake was not resolved by the experiments. In the year 

2014 Guo et al. prepared nanocomposite microparticles with lactose, leucine, and 

poloxamer 188 (5:1:0.028 w/w) via spray drying technique. The formulation was 

based on the mucoadhesive property of chitosan i.e. negatively charged chitosan 

and positively charged mucus. In the year 2015, RoSièRe et al. prepared 

temozolomide (TMZ)-loaded nano-micelles of folate-PEG-hydrophobically-

modified dextran (F-PEG-HMD). Mannitol and leucine were used to spray 

drying along with the formulation [21]. However, high temperature spray drying 

caused melting of F-PEG-HMD caused large aerodynamic diameter. In the year 

2016, Taki et al. Fabricated nanocomposite particles using a two-solution 

mixing-type spray nozzle. The drug used for the experiments. was curcumin 

entrapped in mannitol micro-particle [22]. In the year 2013, McBride et al. 

prepared magnetic micro in nanoparticle system for pulmonary drug delivery. 

They prepared Doxorubicin magnetic nanoparticles loaded in lactose for 

synergistic magnetic hyperthermia [23]. 

 

1.3  Factors Affecting Lung Deposition  

The lung deposition of drugs is heavily dependent on the particle size distribution 

of inhaled particles. The aerodynamic diameter of a particle differs from the 

geometric diameter of that particle based on the particle’s ability to move in an 
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airstream. The most common aerodynamic diameter is the Mass Median 

Aerodynamic Diameter (MMAD) and represents the diameter of an equivalent 

spherical shaped particle having the unit density (ρ = 1) and possess the equal 

terminal velocity with the subject particle [24]. The following equation describes 

how the MMAD is determined: 

𝑑𝑎𝑒 = 𝑑√
𝜌

𝜌0
 

Where dae is the aerodynamic diameter of the particle to be measured, d is the 

diameter of the equivalent sphere, ρ is the density of the spherical particle, and 

ρ0 is the unit density of the spherical particle.  

Inhaled particle deposition in the lungs occurs through mechanisms that include 

impaction, sedimentation, and diffusion [25–27]. The Lung has 23 branching, 

which is also known as lung generations [Figure 1] [Figure 3] [28],[48],[35]. The 

conducting zone like segmental bronchi, terminal bronchiole, covers 

approximately first 16 generations and respiratory region consists of 

approximately last 7 generations [28]. In the upper airways (approximately ten 

generations), the airflow is turbulent and flows with high velocity compared to 

the deep lung regions. Turbulent airflow tends to cause particle deposition near 

the branching of the respiratory tract because inhaled particles tend to maintain 

their trajectories and resist a change in direction due to turbulent airflow 
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throughout the airways. This phenomenon is known as impaction [29–31]. 

Particles also deposit in the lungs due to the gravitation. Particle sedimentation 

is most prevalent in the deep lungs (last five generations) where airflow is very 

slow [30]. In the deep lungs, particles also can deposit due to the diffusion based 

on the Brownian motion of the particles in the air [31-32]. Experimental reports 

suggest that particles with MMAD of more than 5 µm deposition in the upper 

airways whereas particles which have an MMAD of 1-5 µmm, tends to deposit 

in the smaller airways. Finally, particles with MMAD of approximately 0.5 µm, 

usually deposits in the near alveolar or alveolar region [31-32]. Nano-sized 

particles tend to be exhaled due to their low inertia and have low lung deposition 

[9],[33-34].  Practically, the ideal particle size (MMAD) for deep lung deposition 

is 1-5 µm. 
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Figure 1: Lung generations and lung deposition mechanisms in those generations 

[35] 

 

In addition to MMAD, Champion & Mitragotri showed that phagocytosis of 

inhaled particles happened very quickly (less than 6 min) when macrophages 

were attached to the primary axis to the elliptical disks whereas the cells 

connected to the minor axis, were unable to internalize even after 2 hours of time 

[36]. Another research from this research group showed that when it comes down 

to spherical and worm-shaped particles, macrophages engulf the spherically 

shaped particles quickly compared to the worm-like particles. This happens due 

to low curvature region of worm-like structure [37]. Experimental studies also 

showed that fibers with size more than 15-20 µm could not be engulfed by the 
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macrophages. This results in frustrated phagocytosis, i.e., adjacent cells try to 

inundate the particle together [38–40]. 

The surface charge of the particles can play a role in lung deposition. Proteins 

like albumin tend to get adsorbed to the surface of charged nanoparticles inside 

the body. Thus, increases the hydrodynamic size and it also alters the surface 

charge of the particles [41-42]. It has been reported that more the charge, more 

the chances of protein adsorption [43]. Hence, it can also reduce the translocation 

rate of the particles [38],[43-44].In the lungs, positively charged particles are 

taken up quickly compared to the negatively charged particles. This causes more 

retention of the positive particles by the lung cells which can cause toxicity [38] 

[43-44]. Despite controlling for particle size, shape, and surface charge, 

numerous physiologic barriers exist for inhaled particles to reach the deep lung. 

 

1.4  Physiology of the Respiratory System and Lung Defense Mechanisms 

The respiratory system consists of two main regions: conducting region and the 

respiratory region [Figure 2]. The conductive region facilitates the inspiration of 

air and the exhalation of gasses after oxygen and carbon dioxide exchange.  The 

structural components of the conductive region includes the nasal cavities, 

mouth, larynx, trachea, bronchi, and bronchioles. The nasal cavity consists of 

bone-like structures known as conchae, and the cavity is covered with epithelial 
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cells. The bone-like projections increase the turbulence in the nasal cavity. 

Turbulent airflow is also increased by hair like projections and the mucus lining 

which also helps to warm and filter the air. The oral cavity is preferred for 

pulmonary drug delivery because it lacks the mucus linings, hair-like structures 

present in the nasal cavity [45-46]. 

 

Figure 2: Respiratory system with the lungs [47] 
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Figure 3: Anatomy and surface area of respiratory system 

[48] 

The pharynx is the next part of the respiratory system connected with oral cavity 

and nasal cavity. The pharynx is covered with squamous epithelial cells. The inner 

layer or the mucosa of the pharynx also consist of lymphoid structures also known 
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as tonsils. Lymphocytes accumulate in these areas and interact with the foreign 

particles entering the body [49-50]. 

The trachea is a 10-12 cm long tube-like structure and has a diameter of 

approximately 2 cm. The trachea consists of 16 -20 “C” shaped cartilage rings that 

provide structural support for this main airway.  The trachea is then divided into 

the left and right main bronchus. The main bronchi divide into lower bronchi, 

bronchioles, and then terminal bronchioles.   

Airway epithelia [Figure 4], contain a multitude of cell types including goblet 

cells, basal cells, ciliated cells and Clara cells. Among these cells, goblet cells are 

mucus producing cells, and the Clara cells are surfactant-producing cells. Mucus 

production also happens due to the sero-mucus glands under the mucosal 

epithelium. In humans, the respiratory tract produces almost 2 liters of mucus each 

day [51].  Mucus contains 97% water and 3% components like mucin, lipids. 

Among them, mucin is made up of 50-90% carbohydrates, and it is highly anionic 

[33, 52-53]. Airway elithelia include ciliated columnar cells [54]. Cilia in the 

respiratory tract have unidirectional movement to move the mucus from deeper in 

the lung up to the mouth. When a foreign particle impacts on mucus-lines airways, 

it is trapped by the mucus and execrated by swallowing or coughing [33, 52-55].  

Apart from these cells, human airway elithelia also includes brush cells which 

help in drug metabolism, goblet cells, basal cells [56]. 
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Figure 4: Lung epithelium in different regions of respiratory tract 

[35] 

The respiratory region of the lungs occurs after the bronchioles which structurally 

facilitates gas exchange. The bronchioles in the conducting region lead to 

respiratory bronchioles and alveolar sacs.  The respiratory bronchioles are lined 

with alveoli and end in porous clusters of interconnected alveoli. 

The epithelia in the respiratory region are not mucous producing and do not 

contain cilia.  Instead, the alveolar epithelium is composed of two main cell types– 

Type I and Type II. Type I cells account for approximately 95% of the alveolar 

surface wall and are very thin, approximately 0.5 µm, to facilitate gas diffusion. 

Type II cells produce surfactant which helps to maintain the surface tension in the 

respiratory region [54]. Lung has a vast (100 m2) and very permeable surface area 
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which provides rapid absorption [57]. Lipid soluble compounds tends to get 

absorbed in the lungs quickly compared to water soluble compounds. The 

absorption half-life for lipid soluble compounds are approximately 2 mins where 

as it takes 65 min for water soluble compounds [58]. 

   Although lung cells do have metabolic activity, that activity is relatively low 

compared to hepatocytes. Inhaled drugs can be degraded by drug metabolizing 

enzymes, including several types of cytochrome P450 isoforms [53]. 

 

1.5  Advantages of Local Pulmonary route  

Drug delivery to the respiratory region can take advantage of lung physiology for 

both local and/or systemic action.  Specifically, inhaled drugs have the potential 

for rapid systemic absorption due to the large alveolar surface area, high 

permeability of epithelial cells, and substantial vascularity in the lungs [56]. Lung 

surfactants could also increase the rate of systemic absorption [25]. Pulmonary 

drug delivery bypasses first pass hepatic metabolism and can lead to increased 

drug bioavailability. Despite the potential for systemic drug exposure, inhaled 

drugs tend to have a lower risk of systemic side effects due to the low inhaled 

drug doses needed to achieve pharmacologic action.  For example, a 2-4 mg oral 

dose of salbutamol is equivalent to a pulmonary dose of 100-200 µg administered 

by metered dose inhaler (MDI) [59]. 
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1.6  Future Application of the project  

The project deals with the problems of the nanomedicine drug delivery into the 

deep lungs by the introduction of agglomerated nanoparticle technology. Particle 

size, especially aerodynamic diameter of the particles plays an important role in 

the deep lung deposition. Keeping all this in mind, the agglomerated nanoparticle 

model introduced in the project has the potential application to deliver 

chemotherapeutic drugs to the deep lungs to treat Lung cancer.   

Lung cancer is one of the leading cancer diseases in the world. According to the 

American Cancer Society, approximately 234,030 new cases of lung cancer 

(121,680 in men and 112,350 in women) has been estimated , and the death toll 

will arise up to 154,050 where the number of estimated deaths of male is 

approximately 83,550, and 70,500 amounts of female death are estimated [60]. 

About 14% of cancer patients are suffering from lung cancer [60]. 

 

Figure 5: Lung epithelium in different regions of respiratory tract 

[61–64]  
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     Lung cancer has lower five-year survival rate (17.7 percent) despite current 

treatment regimens than other cancers, including colon cancer (64.4 percent), 

breast cancer (89.7 percent), and prostate cancer (98.9 percent). More than 50 

percent of patients die within the first-year of diagnosis [Figure 5] [65-66]. 

     Based on the cell structure and their position in the lungs, cancer can be 

categorized into two types, Non-Small Cell Lung Cancer (NSCLC) and Small 

Cell Lung Cancer (SCLC). Among these, NSCLC accounts for almost 80 to 85% 

of lung cancer cases [67]. NSCLC can be further classified based on the cancer 

cells structure. Adenocarcinoma is a type of NSCLC which accounts for almost 

40% of lung cancer cases. Adenocarcinoma primarily happens in the outer region 

of the lungs. Approximately 25% to 30% lung cancer patients are squamous cell 

carcinoma. It has been mainly found in the bronchus region or near airways 

regions. People with smoking habit have a higher chance to have these type of 

cancer [67]. 10% to 15% patients with lung cancer, shows large cell carcinoma. 

The growth rate of the cancer cells is swift for that reason it is challenging to treat 

this kind of cancer [67]. 

    The current treatments of lung cancer are surgery, radiation therapy and 

chemotherapy. Although, the current treatments are vastly used, they have 

drawbacks. Moreover, most of the market chemotherapeutic drugs are 

administered via IV route which causes toxicity issues [68-69]. Hence, 
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introducing nanomedicine agglomerated technology via pulmonary route can 

open up newer possibilities with regards to drug delivery.  

 

1.7  Hypothesis of the project  

This goal of this project is to prepare agglomerated nanoparticles with rapid 

nanoparticle release for potential use in the lungs. It is hypothesized that 

incorporation of excipients, such as disintegrants and pore forming agents, will 

promote burst release of drug nanoparticles from agglomerates. This hypothesis 

will be tested through the following specific aims: 

1. Preparation and characterization of a microparticles using a water soluble 

model drug. Specific aim 1, works as a preliminary study where a water 

soluble drug has been microencapsulated along with the excipients. The 

release study has been performed to get an idea about the ideal excipient ratios 

in the experiment with agglomerated nanoparticles made of water insoluble 

model drug. 

2. Preparation and characterization of microencapsulated agglomerated 

nanoparticles using a water insoluble model drug. In specific aim 2, firstly 

nanoparticles and then nanoparticle agglomerates were prepared and finally 

the agglomerated nanoparticles were microencapsulated.  

The release study, aerodynamics study and the re-dispersibility of the 

agglomerated nanoparticles are the key experiments in the project because these 

three parameters will affect the deep lung deposition most.  
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CHAPTER 2: PREPARATION AND 

CHARACTERIZATION OF WATER-SOLUBLE MODEL 

DRUG FORMULATION 
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2.   INTRODUCTION 

Aim1 was accomplished using sodium fluorescein as a model water soluble drug.   

Preliminary studies were conducted to establish a baseline drug release profile 

with the excipients, including the disintegrant and pore-former.  Additionally, the 

microparticle preparation method was explored to find suitable spray drying 

parameters for the formulations.   

2.1 Sodium Fluorescein 

Sodium fluorescein [Figure 6], has a 376.27 g/mol molecular weight and is a salt 

which has a strong fluorescent profile with an excitation and emission 

wavelength maxima of 460 nm and 515 nm [Table 1] [70]. However, sodium 

fluorescein is susceptible to photo-bleaching so all experiments were conducted 

[71]. To overcome this issue, experiments were conducted in dark place and 

vessels used in these experiments were covered with aluminum foil. It is a water-

soluble compound with a 500 g/L aqueous solubility at 20ºC. It is also slightly 

soluble in ethanol [72].  
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               Figure 6: Chemical Structure of Sodium Fluorescein [70]  

 

Table 1: Physical Properties of Sodium Fluorescein 

 [70] 

 

Drug  Molecular 

Weight 

(g/mol) 

Melting 

Point (ºC) 

Solubility 

(g/L) 

Excitation- 

Emission 

Wavelength 

(nm) 

Sodium 

Fluorescein 

376.275  315- 395 500 at 25 

°C  

460-515 

 

2.2 Materials  

Sodium fluorescein was obtained from Fluka Analyticals (Munich). Gelatin B – 

225 g Bloom and α-Lactose Monohydrate were obtained from Sigma Life 

Science (St Louis). Sodium Starch Glycolate type A was obtained from Blanver 

Farmoquimica LTDA (Brazil). Deionized water was produced by Purelab Ultra 

water purification system (ELGA Lab water, Woodridge, IL). Isotemp magnetic 

stir plate manufactured by Fischer Scientific (PA) was used.  
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2.3   Methods  

2.3.1 Preparation of Microencapsulated Drug  

Microencapsulation is the technology by which solid, liquid or gaseous 

compounds are coated with a polymeric wall material [73]. The coating acts as a 

barrier between the environment and the core material and it dissolves under a 

specific environment (temperature, pressure, pH etc.) and releases the core 

material [74]. 

Capsules with size of more than 5000 µm size is called macrocapsules and 

capsules with 0.2 to 5000 µm size are known as microcapsule whereas Nano 

capsules have a size less than 0.2 µm [74]. Based on their structure, 

microcapsules can be characterized into two categories i.e. microcapsule and 

microsphere. In microcapsule has an inner core and an outer. In contrast, the 

formulation where core materials dispersed on a matrix are called microspheres. 

Core materials can be dissolved or suspended on the matrix [75]. 

Microencapsulation can be done by several techniques like spray drying, spray 

cooling, extrusion, coacervation, lyophilization and emulsification [76]. Among 

these techniques, spray drying has been used to prepare the micro particles. 
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2.3.2 Spray Drying  

Spray drying is a method to produce dry powders by evaporating the solvents by 

using heat. Spray Drying happens in three stages i.e. atomization, drying, particle 

formation and collection. The liquid feed containing solution/ suspension/ 

emulsion is atomized to fine droplets by using compressed Nitrogen gas. The 

atomization is controlled by a nozzle [Figure 7]. These nozzles can be a 2-fluid 

nozzle (2-N), ultrasonic nozzle or rotary disk atomizer [77]. The 2-fluid nozzle 

allows the spray drying of a single feed solutions and as a result of that materials 

and solvents compatible to each other, can be used through this nozzle. By using 

one two fluid nozzle, the formed microparticles are made up of a matrix of drug 

and polymer i.e. a microsphere [77]. 

After the atomization, the liquid gets into the drying chamber where the fine 

droplets is dried as it comes into contact of hot gas. The temperature of the drying 

chamber is known as inlet temperature and it can be controlled from outside. The 

inlet temperature is maintained based on the solvents, melting point of the 

ingredients. Finally, when the powders are formed and dispersed in the air, it gets 

separated from the air by the cyclone separator due to its centrifugal motion. The 

cyclone chamber helps to collect the powder by making the airflow to move 

spirally. The exhausted vapor will exit from the top of the cyclone chamber.  
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Figure 7: Spray Drying Process diagram  

[78] 

 

Majority of the particles can be collected in the cyclone chamber and collection 

flask, the residue are the fine particles which gets deposited into the filter. The 

vapor can be exhausted directly to the air (Open Cycle) if the solvents that are 

used are aqueous but if any organic solvents to be used, then the inert loop 

(Closed cycle) must be used where the solvent will be trapped.  

For the experiments, a 3 Fluid (3-N) nozzle has been used. Scientist had prepared 

microcapsules with an inner core and outer shell trough this nozzle [79-80]. By 

using the nozzle, a separate feed can be pumped through each of the two inner 

aligned nozzles and the inert gas (atomizer) works through outer nozzle [Figure 

8] [77].  
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Figure 8: Feed, atomization air flow through - 3 Fluid System (Left side), 2 

Fluid System (Right Side) [77] 

For preparing the microencapsulated drugs with Sodium Fluorescein, laboratory 

scale Buchi B-290 spray dryer manufactured in triplicates by Buchi Labortechnik 

AG (Flawil, Switzerland) in open cycle. The spray drying parameters and the 

compositions of the fluids are given below- 

Table 2: Spray drying parameters with 3 Fluid Nozzle 

Parameters Values 

Inlet Temperature  180 (ºC) 

Outlet Temperature  120 (ºC) 

Aspiration  37 (m3/hr) 

Feed Rate  4.4 (mL/min) 

Atomization Gas Rate  670 (L/hr) 
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Table 3: Types of formulations 

Formulations F 1 F 2 F 3 F 4 F 5 

Inner Fluid Model Drug 

Disintegrant 

Pore-former 

Model 

Drug 

Pore-

former 

Model 

Drug 

Model Drug Model Drug 

Disintegrant 

 

Outer Fluid Gelatin Gelatin Gelatin Gelatin 

Disintegrant 

Pore-former 

Gelatin 

 

 

Table 4: Drug & Excipient ratios in the experiment 

Formulations F 1 F 2 F 3 F 4 

Gelatin 50% w/w 50% w/w 90% w/w 50% w/w 

Disintegrant 5% w/w - - 5% w/w 

Lactose 

Monohydrate 

35% w/w 40% w/w - 35% w/w 

Drug 10% w/w 10% w/w 10% w/w 10% w/w 

 

           



27 

 

2.3.3 Particle Size Characterization 

Particle Size of the spray dried formulations was measured using Leica DM 2500 

optical microscope manufactured by Leica Microsystems Wetzlar GmbH 

(Germany). Five different fields were observed, and particles were randomly 

measured. The study was performed in triplicates and the average of the results 

was reported. In the results, the total count has been reported as 100% Frequency.  

Another sets of particle sizing have been performed by the Xavier University of 

Louisiana using Hitachi – S-4800 FESEM (Hitachi High-Technologies 

Corporation, Tokyo, Japan). The instrument possesses 0.5 KV to 30 KV 

accelerating voltage. 1 nm resolution at 15 KV and magnification of 30X to 

800,000X.  

 

2.3.4 Batch Yield 

Percentage of the spray dried power recovered divided by the total mass of the 

compounds used during spray drying process is known as the batch yield. In Ideal 

case, the batch yield should be 100% where there is no loss of the total mass of 

the starting compounds. Spray dryings shows low batch yield due to the drug and 

excipient accumulation on the drying chambers walls. Percentage of yield was 

calculated using the following equation –  
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𝑌𝑖𝑒𝑙𝑑 (%) = 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 𝑀𝑎𝑠𝑠/ 𝑇ℎ𝑒𝑜𝑟𝑖𝑡𝑖𝑐𝑎𝑙 𝑀𝑎𝑠𝑠 

 

The average of the triplicates was reported as the batch yield of that formulation. 

 

2.3.5 Thermal Gravimetric Analysis (TGA) 

TGA is an analytical technique to measure the weight change of a sample as a 

function of increase in temperature along with the time. Samples with the weight 

range of 1 mg to 150 mg can be measured through this Thermo Gravimetric 

Analyzer Instrument but mass more than 10 mg is preferred for the 

measurements. TGA helps to determine the purity of compounds, weight changes 

of decomposition reactions and it can be used to determine the residual solvents 

in the material [81].  

The experiments were conducted using Shimadzu TGA-50 thermogravimetric 

analyzer (Kyoto, Japan). Approximately 20-30 mg of the samples (n=3) were 

filled in an aluminum pan and heated up to 300 ºC at 10 ºC/min increment rate 

and under Nitrogen atmosphere at 20 mL/min flow rate.  

 

2.3.6 Differential Scanning Calorimetry (DSC)  

DSC is another thermal analysis technique to assess the melting point, heat of 

fusion, glass transition temperature and the crystalline phase transition 
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temperature etc. The DSC instrument has a sample and a reference pan that are 

like each other. When temperature increases, the instrument provides a 

thermogram based on the difference between sample and reference. For the 

experiments Shimadzu DSC-60 differential scanning calorimeter (Kyoto, Japan) 

has been used. Approximately 5 mg of the samples (n=3) were filled in an 

aluminum pan and it was heated with the help of the instrument to 300 ºC at 10 

ºC/min increment rate and under Nitrogen atmosphere at 20 mL/min flow rate.  

 

2.3.7 Moisture Content of Spray Dried Sodium Fluorescein Microparticles 

Moisture content analysis is the measurement of the water quantity present in a 

sample. Moisture content is an important parameter of the pharmaceutical 

formulations as it affects the shelf life, aerodynamics, flow properties of a 

product. In the experimental setup, the measurement has been made by the Infra-

Red Moisture determination Balance FD-720 (Kett Electric laboratory, Tokyo, 

Japan). Briefly, 500 mg of samples were placed on the pan using aluminum foil. 

The moisture balance will heat up to 120 ºC and the results of weight loss will be 

converted to percentage of moisture. Samples in triplicates were characterized 

and average moisture content of the formulations were reported. 
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2.3.8 Viscosity 

Viscosity is the measurement of fluids resistance during flow. Viscosity reports 

the fluids resistance to gradual deformation by shear stress. Viscosity is important 

parameter to analyze the liquids behavior. Measurement of the viscosity of the 

feeds are important for spray drying. Vicious fluids can clog the nozzles, hence 

viscosity should be taken into account.  For the experimental purpose, the 

viscosity of the feeds was measured by the Rheometer AR-G2 (TA Rheometer, 

West Sussex) with the cone and plate system under room temperature for each 

fluids (n=3). The cone used was 40 mm in diameter, cone angel (Deg: Min: Sec) 

2:0:18.  

 

2.3.9 Surface Tension  

Surface tension is a liquid property to resist external force which is caused by the 

cohesive forces of the liquid molecules. Molecules on the surface does not have 

the similar molecules on all sides. Hence, they cohere strongly other molecules 

in the near proximity. Surface tension in spray drying was measured as surface 

tension causes to form the droplets and more the surface tension the chances of 

getting smaller droplets are higher. Surface tension was measured for each fluids 

(n=3) using Force Tensiometer (KRÜSS K-100, KRÜSS GmbH, Germany).  
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2.3.10 Aerodynamic Particle Size 

Aerodynamic diameter is very crucial for pulmonary drug delivery. Aerodynamic 

diameter of an inhaled particle can be measured using Next Generation Impactor 

(NGI) [Figure 9] [Figure 10]. This impactor classifies particles cascade based on 

size [82]. NGI is prepared of seven stages and a Micro-orifice collector (MOC). 

Each stage has removable impaction cup where the particles gets deposited. 

Based on the flowrate seven stages except from MOC has cut-off aerodynamic 

diameter (d 0.5, Q). Apart from the stages, there is a 90 degree metal piece known 

as Universal Induction port [83]. At the end of the MOC, there is a filter holder 

which is attached with a pump. Filter has been used so that the no particles can 

get into the pump whereas the pump has been used to maintain the air flow in the 

system. The airflow rate can be ranged from 15 L/min to 100 L/min by which 

particle size ranging from .24 to 11.7 microns can be measured [82].  
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Figure 9: NGI with Pre-separator 

 [84] 

 

 

Figure 10: Components of NGI [85] 
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Figure 11: Pre-separator and its structure 

 [85] 

The pre-separator [Figure 11], has been used to retain large particles which are 

mainly found in dry powder inhalers. The separator has been designed in a way 

so that it can capture the large particles without affecting the size distribution 

[84]. 

D50 Values for stages at 15 L/min has been listed below – 
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Table 5: D50 values of stages of NGI at 15 L/min flow rate 

 [84] 

 

Stages D50 at 15 L/min (µm)  

1 14.1 

2 8.61 

3 5.39 

4 3.30 

5 2.08 

6 1.36 

7 0.98 

 

 

During the analysis, the sample can be placed into the head by using the 

inhalers/nebulizers. The air pump has been used for a limited time with a proper 

flow rate. After running the NGI, the samples can be collected using suitable 

solvents from the stages and then it can be analyzed.  

For the experiments, 20 mg of the sample was filled in gelatin capsule size 3 

(PCCA,TX). Then the capsule was loaded into Dry Powder Inhaler and attached 
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to the induction port of NGI with the help of silicon mouth adopter. The NGI was 

run for 16 seconds at 15 L/min flow rate. The particles were collected in 25 mL 

volumetric flask using 20%- Aq 80% Methanol solvent and then the samples 

fluorescence was measured using The BioTek SynergyTM H1 Hybrid Multi-Mode 

Microplate Reader (Winooski, VT 05404 United States) at 460 nm excitation at 

515 nm emission wavelength.  

 

 

 

Figure 12: Plot of cumulative percentage of Mass 

[86] 

The data has been used to calculate the percentage of final particles fractions (% 

FPF), geometric standard deviation (GSD) and the Mass Median Aerodynamic 

Diameter (MMAD). MMAD represents the diameter below and above are 50% 

of the particles. GSD can be determined by the following equation using 

cumulative mass percentage plot [Figure 12] –  
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𝐺𝑆𝐷 =  √(𝑆𝑖𝑧𝑒 𝑋/𝑆𝑖𝑧𝑒 𝑌) 

 

Whereas, FPF% can be calculated using the following equation –  

% 𝐹𝑃𝐹 =
𝑅

∑𝐴
 

 

In this equation, R represents the total mass of the sample deposited on the 

impactor with the cutoff diameter around 5 µm. ∑𝐴 Is the total mass that has been 

deposited to the impactor [86-87]. This study was performed in triplicates and 

the average result was reported. 

 

2.3.11 Drug Loading and Drug Release 

Spray dried formulations as well as the formulation controls were characterized 

for the model drug using USP type –II apparatus and simulated lung fluid at 37 

ºC and 50 RPM. The exterior of dissolution vessels was covered with aluminum 

foil to reduce the photo bleaching of the model drug. Samples were collected at 

time points 0, 5, 15, 20, 25, 30, 40, 50, 60, 90 minutes followed by the 

replacement of an equivalent volume of simulated lung fluid pH 7.4 at 37 ºC. The 

aqueous samples were analyzed using The BioTek SynergyTM H1 Hybrid Multi-
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Mode Microplate Reader (Winooski, VT 05404 United States) at 460 nm 

excitation at 515 nm emission wavelength.  

Drug loading in the micro particles has been detected using the The BioTek 

SynergyTM H1 Hybrid Multi-Mode Microplate Reader (Winooski, VT 05404 

United States) at 460 nm excitation at 515 nm emission wavelength. Briefly, 200 

mg of drug was dissolved in 1000 mL of Simulated Lung Fluid. Then the samples 

were diluted and measured by the plate reader. The average of the triplicates were 

reported. The drug release was normalized and reported as 100%.
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2.4 RESULTS AND DISCUSSION 

2.4.1 Particle Size  

The results of the particle size distribution using optical microscope are listed below 

–  

Table 6: Particle size distribution of the formulations 

Formulations Spray Dried particles (µm) 

F 1 3.936 

F 2 3.464 

F 3 3.909 

F 4 3.390 

 

 

Figure 13: Particle size distribution under optical microscope 
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According the particle size distribution, most of the particles are in the region of 1-

5 µm. This suggests that the particles can possess an aerodynamic size ideal for 

deep lung deposition. 

 

Figure 14: SEM image of spray dried microparticles containing gelatin, 

disintegrant, pore-former, and sodium fluorescein 
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Figure 15: SEM images of physical mixture containing gelatin, disintegrant, pore-

former and sodium fluorescein 

The scanning microscopic images suggest that the spray dried formulations are 

mostly spherical in shape compared to the physical mixtures where the crystals can 

be observed.  

 

2.4.2 Batch Yield  

Powder recovered divided by the total mass of the compounds used during spray 

drying process was reported as batch yield. The batch yield of the formulations is 

listed below –  

 

 

 



41 

 

Table 7: Batch yield of spray dried formulations with sodium fluorescein 

 

Formulations Yield 

F 1 42.33% 

F 2 51.70% 

F 3 47.90% 

F 4 44.02% 

 

The batch yield of the formulations is 51.7% to 42.33% which suggests almost half 

of the formulation compounds were wasted in the drying chamber or could not be 

collected in the collection vessels.  
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2.4.3 TGA  

 

 

Figure 16: Thermogravimetric analysis of spray dried sodium fluorescein 

formulations 

The thermogram shows that reductions in sample mass as temperatures were 

elevated >170°C are likely due to dehydration of lactose and the resulting 

polymorphic changes higher temperatures would induce in the formulation.  

Additionally, the incorporation of sodium starch glycolate did not significantly 

change water content or mass loss for spray dried formulations. 
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2.4.4 DSC 

 

Figure 17: DSC thermogram of spray dried sodium fluorescein formulations 

The thermogram shows the spray dried formulations and the raw lactose has showing 

some unusual plot as the lactose has a melting point around 202 ºC which has been 

shifted little bit and is not present in all formulations. Moreover, the sodium 

fluorescein and the F1 formulation suggests that there is a possibility of less sodium 

fluorescing in that formulation.  Finally, in the temperature near 150 ºC there is 

probably a melting peak which is constant in most of the cases.  
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2.4.5 Moisture content  

The moisture content determined by the IR Moisture balance at 120 ºC  

Table 8: Moisture content of spray dried sodium fluorescein formulations 

Formulations Moisture Content (%) 

F 1 12.80 

F 2 11.32 

F 3 13.56 

F 4 10.80 

 

The moisture content data shows that the particles have a high moisture content 

which can affect the flow ability and aerodynamics of the powder. The reason of 

high moisture content is probably because of the use of the hygroscopic agents such 

as gelatin, sodium starch glycolate. Future more, during spray drying process no 

dehumidifying system was used. 

 

2.4.6 Viscosity 

The viscosity of the formulations were measured using Ar-G2 rheometer in the 25 

ºC temperature and the data has been reported below. 
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Table 9: Viscosity of the feeds during Spray drying of Sodium Fluorescein 

formulations 

Viscosity 

(Pa.S) 

Fluids F 1 F 2 F 3 F 4 

Inner 0.03036 3585* 10E-3 9.984*10E-4 9.984*10E-4 

Outer 1.690*10E-3 1.690*10E-3 1.690*10E-3 0.04308 

 

The viscosity data shows that the inner fluid and outer fluid had different viscosity. 

For that reason, it was important to check the flow rate for each of the feeds 

individually so that there would not be any blockage in the system and both fluids 

flow at same rate. 

 

2.4.7 Surface Tension 

The surface tension of feeding suspensions was measured using tensiometer in the 

room temperature using a plate and the data has been reported below.  

 

Table 10: Viscosity of the feeds during Spray drying of Sodium Fluorescein 

formulations 

Surface 

Tension 

(mN)/m 

Fluids F 1 F 2 F 3 F 4 

Inner 65.104 60.809 62.362 62.362 

Outer 42.438 42.438 42.438 39.025 
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The surface tension data shows the inner fluids have a more surface tension 

compared to the outer fluid which suggests that the droplets from the inner fluid can 

be smaller compared to the outer fluid. 

 

2.4.8 Aerodynamic Diameter 

Based on the NGI data and the plot of % cumulative particle deposition verses the 

cutoff Diameter D 50, Q was drawn and MMAD and GSD were calculated as below-  

 

Table 11: Aerodynamic particle size distribution of Sodium Fluorescein 

formulations 

Formulations F1 F2 F3 F4 

MMAD (µmm) 4.18 3.17 4.65 4.66 

GSD 7.29 4.27 4.85 5.06 

FPF (%) 45.6 54.4 40.9 43.6 

 

 

Figure 18: Standard curve of sodium fluorescein in (Aq.: MeOH 20:80) mixture 
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The NGI studies were done using Aq.: Org mixture (Water: MeOH 20:80) to 

increase the sensitivity as sodium fluorescein is known to photobleaching and in 

aqueous environment the fluoresce values tends to quench.   

Although, 15 L/min flow rate is inappropriate for dry powder inhalers, the 

parameters probably represent the group who has problem in breathing and has 

abnormal breathing pattern. The data shows that the particles have aerodynamic 

diameter around 4.65 to 2.54 which is appropriate for deep lung delivery. Geometric 

standard Deviation of more than 7 for formulation containing disintegrant and pore-

former suggests very high poly dispersity of particle size. Moreover, free particle 

fraction is maximum of 54.4 for formulation 2 containing only pore -forming agent 

suggests that the formulated particles has a probability of getting into deep lung is 

approximately 54%. 

2.4.9 Drug Loading and Drug Release  

The drug loading and release profile has been reported below- 

Table 12: Drug loading of sodium fluorescence formulations 

Formulations Drug Loading (%) 

F 1 86.74 

F 2 87.82 

F 3 93.43 

F 4 86.88 
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Figure 19: Standard curve of sodium fluorescein in simulated lung fluid 
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Figure 20: Release study of sodium fluorescein formulations (± Disintegrant / - 

Pore-former) 

[F2 = F1- Disintegrant and F3 = F1 – Disintegrant and pore-former] 

 

 

Figure 21: Release study of sodium fluorescein formulations (± Disintegrant) 
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Figure 22: Release study of sodium fluorescein formulations (Disintegrant and 

performer outside vs inside) 

[F1 = Disintegrant and Pore-former inside, F2 = Disintegrant and pore-former 

outside] 

 

The results show that the drug loading of the particles is around 86.74% to 93.43%. 
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released within first 10 min. The statistical analysis was performed where p value 

was 0.05. The analysis showed that, even though, the burst release trend in 

encouraging, the release profile of the formulations was not significantly different.  
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2.4.10 Key Findings of Chapter 2 and Conclusion 

The key findings from the preliminary studies showed that the particles have been 

successfully formulated and they have a more than 80% drug loading. The TGA data 

showed that the water content of the formulations remains similar in presence of 

different type of excipients which suggest the mass loss over time in presence of 

heat is similar. It also shows the quality of the product that the water content is 

similar from batch to batch. The Aerodynamic data showed that the particles have a 

aerodynamic diameter within 1-5-µm range. The aerodynamic diameter less than 5 

micron is suitable for deep lung delivery [88]. The release study has shown no 

significant difference in release profile of the formulations. This refutes, the drug 

and excipient ratios were not appropriate for making a significant increase in burst 

release profile. There is also a possibility that the pore-former and disintegrant were 

not evenly distributed.  
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3. INTRODUCTION 

As most of the anti-cancer drugs are poorly water soluble, a poorly water insoluble 

compound was used as a model drug. This drug was used to prepare primary and 

agglomerated nanoparticles. With this model specific aim 2 was achieved. 

3.1 Tolnaftate  

Tolnaftate [Figure 23], is a synthetic antifungal drug and mainly used for skin 

infections. The drug mainly delivered as a cream, powder, spray, or liquid aerosol 

[89]. In the experiments, the drug has been selected as a water insoluble model. 

 

Figure 23: Tolnaftate chemical structure [89] 

 

The molecular weight of tolnaftate is 307.411 g/mol. It has a water solubility of less 

than 1 mg/mL at 22.2 ºC. It is slightly soluble in acetone but can be dissolved in 

methanol [Table 13] [89]. It is very soluble in chloroform [90]. 
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Table 13: Properties of Tolnaftate [89]  

Drug  Molecular 

Weight 

(g/mol) 

Melting 

Point (ºC) 

Solubility 

(g/L) 

Log P 

Tolnaftate 307.411 111 0.0000702 

at 25 °C 

5.1 

 

3.2 Materials  

Tolnaftate was obtained from Austin Chemical Company, INC (Illinois). Gelatin B 

– 225 g Bloom and α-Lactose Monohydrate were obtained from Sigma Life Science 

(St Louis). Sodium Starch Glycolate type A was obtained from Blanver 

Farmoquimica LTDA (Brazil). Deionized water was produced by Purelab Ultra 

water purification system (ELGA Lab water, Woodridge, IL). Isotemp magnetic stir 

plate manufactured by Fischer Scientific (PA) was used.  

3.3 Methods  

3.3.1 Preparation of Tolnaftate Nanoparticles (Primary Nanoparticles) 

Tolnaftate Nanoparticles were prepared by anti-solvent precipitation method. Anti-

solvent precipitation method is widely used to prepare nanoparticles made up of 

water-insoluble/poorly soluble drugs. Briefly, the poorly water-soluble drug is 

dissolved in an organic solvent that is miscible with water. After that, the solution 
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must inject slowly into the water dropwise in the presence of stirring or sonication. 

There are few important relationships to keep in mind before progressing with Anti-

solvent Precipitation Method. Drug concentration in the organic solvent and particle 

size are inversely proportional i.e. more concentration will lead to larger particle size 

but stirring speed or sonication speed is directly proportional to the particle size, i.e., 

more the stirring speed, the less particle size [91]. 

For the experiments, tolnaftate was dissolved in acetone-acetonitrile mixture (2:1) 

such as the concentration of drug in the organic solvent is 10 mg/mL. The drug 

solvent mixture was sonicated with the help of a bath sonicator at 40 ºC temperature 

to dissolve all the drug components. After that, the solution was added dropwise to 

the water (Organic Solvent: Water – 1:20 v/v) dropwise under probe sonication for 

2 min. After that, the colloidal dispersion was kept under the nitrogen evaporator to 

evaporate the organic solvents. Finally, the dispersion was filtered using 0.45-µm. 

filter to reduce poly-dispersibility, and few ml of the dispersion was kept aside for 

characterization and majority of the dispersion was used for the preparation of 

agglomerated nanoparticles. 
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3.3.2. Characterization of Primary Nanoparticles 

3.3.2.1 Hydrodynamic Particle Size and Zeta Potential 

The particle size and Zeta potential of the primary Nanoparticles were measured by 

dynamic light scattering using the Zeta Plus instrument (Brookhaven Instruments). 

Briefly Laser light from the source helps to illuminate the sample in the cell. Samples 

in the dispersion scatter the light, and the intensity of the scattering has been detected 

by the right angle (90 Degree) detector [92]. During the measurement, an adequate 

amount of samples were added to the filtered DI water (filtered with 0.22-µm. filter) 

and measured at 25 ºC temperature using a cuvette.  

The potential difference across the phase boundaries between solids and liquids is 

known as zeta potential [93]. Electrical charge within the region covered by the 

slipping plane is the reason of the zeta potential. Zeta potential is useful to predict 

the interactions between particles in the suspension or colloidal dispersion form. 

Dispersed particle’s movement caused by applied electric field is measured by light 

scattering. The studies were performed in triplicates. 

 

3.3.2.2 Preparation of Agglomerated Nanoparticles 

When Nanoparticles are tightly bound with each other, and they cannot be separated, 

then the particles are known as aggregated nanoparticles [94].  
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For the preparation of agglomerated nanoparticles spray drying technique has been 

reported in several articles. In these cases, people use two fluid nozzles instead of 

three fluid nozzles to prepare agglomerated nanoparticles [14],[95]. In the 

experimental setup, the primary nanoparticle dispersion was mixed with 0.5 % w/w 

of gelatin B under 37 ºC and 500 rpm magnetic stirring for 15 min, and then the 

mixture was used for spray drying. The spray drying parameters are given below 

[Table 14]. Finally, the powder was collected for characterizations. 

 

Table 14: Spray drying parameters with 2 fluid nozzle 

Parameter Value 

Inlet Temperature  120 (ºC) 

Outlet Temperature  70 (ºC) 

Aspiration  37 (m3/hr) 

Feed Rate  5 (mL/min) 

Atomization Gas Rate  670 (L/hr) 

 

 

 

3.3.2.3 Particle Size and Re-dsipersibilty of Agglomerated Nanoparticles  

Agglomerated Nanoparticles were characterized by a Leica DM 2500 optical 

microscope manufactured by Leica Microsystems Wetzlar GmbH (Germany). Five 
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different fields were observed, and particles were randomly measured. The total 

count has been reported as 100% volume. 

Apart from that, the particle size of the Agglomerated Nanoparticles was measured 

by dynamic light scattering using the Zeta Plus instrument (Brookhaven 

Instruments) with similar conditions mentioned above. The dispersed agglomerated 

nanoparticles were kept under bath sonication for 5 min, 10 min at 40 ºC and the 

particle sizes were measured. This measurement was performed to check the re-

dispersibility of the Agglomerated Nanoparticles. 

 

3.3.3 Preparation of Microencapsulated Drug  

Microencapsulation of the Agglomerated Nanoparticles were spray dried again 

using 3 Fluid nozzle system described previously where the agglomerated 

Nanoparticles were mixed with the disintegrant/ pore-former dispersed into an 80% 

Aqueous: 20% Ethyl Alcohol and was fed by the inner channel (Core Material), and 

the outer fluid (Shell Material) was Gelatin B with or without disintegrant/ pore-

former. 
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Table 15: Spray drying parameters with 3 fluid nozzle 

Parameter Value 

Inlet Temperature  120 (ºC) 

Outlet Temperature  70 (ºC) 

Aspiration  37 (m3/hr) 

Feed Rate  5 (mL/min) 

Atomization Gas Rate  670 (L/hr) 

 

Table 16: Drug & Excipient ratios in the experiment 

Formulations F(T) 1 F(T) 2 F(T)3 F(T) 4 

Gelatin 50% w/w 50% w/w 90% w/w 50% w/w 

Disintegrant 25% w/w - - 40% w/w 

Lactose 

Monohydrate 

15% w/w 40% w/w - - 

Drug 10% w/w 10% w/w 10% w/w 10% w/w 
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Table 17: Types of formulations 

Formulations F(T) 1 F(T) 2 F(T) 3 F(T) 4 

Inner Fluid Model Drug 

Disintegrant 

Pore-former 

Model Drug 

Pore-former 

Model Drug Model Drug 

Disintegrant 

 

Outer Fluid Gelatin Gelatin Gelatin Gelatin 

 

3.3.4 Batch Yield 

Percentage of the spray dried power recovered divided by the total mass of the 

compounds used during spray drying process is known as the batch yield. Percentage 

of yield was calculated using the following equation –  

 

𝑌𝑖𝑒𝑙𝑑 (%) = 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 𝑀𝑎𝑠𝑠/ 𝑇ℎ𝑒𝑜𝑟𝑖𝑡𝑖𝑐𝑎𝑙 𝑀𝑎𝑠𝑠 

 

3.3.5 Thermal Gravimetric Analysis (TGA) 

The experiments were conducted using Shimadzu TGA-50 thermogravimetric 

analyzer (Kyoto, Japan). Approximately 20-30 mg of the sample was filled in an 

aluminum pan and heated up to 300 ºC at 10 ºC/min increment rate and under 

Nitrogen atmosphere at 20 mL/min flow rate.  
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3.3.6 Differential Scanning Calorimetry (DSC)  

Shimadzu DSC-60 differential scanning calorimeter (Kyoto, Japan) has been used 

for the analysis. Approximately 5 mg of the sample was filled in an aluminum pan 

and it was heated with the help of the instrument to 300 ºC at 10 ºC/min increment 

rate and under nitrogen atmosphere at 20 mL/min flow rate.  

 

3.3.7 Moisture Content 

Infra-Red Moisture determination Balance FD-720 (Kett Electric laboratory, Tokyo, 

Japan) was used to measure the moisture content. Briefly, 500 mg of samples were 

placed on the pan using aluminum foil. The moisture balance will heat up to 120 ºC 

and the results of weight loss will be converted to percentage of moisture.  

 

3.3.8 Viscosity 

The viscosity of the feeds were measured by the Rheometer AR-G2 (TA Rheometer, 

West Sussex) with the cone and plate system under room temperature. The cone used 

was 40 mm in diameter, cone angel (Deg: Min: Sec) 2:0:18.  

 

3.3.9 Surface Tension  

Surface tension was measured using Force Tensiometer (KRÜSS K-100, KRÜSS 

GmbH, Germany).  
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3.3.10 Aerodynamic Particle Size 

During the experiments 20 mg of the sample was filled in gelatin capsule size 3 

(PCCA,TX). Then the capsule was loaded into Dry Powder Inhaler and attached to 

the induction port of NGI with the help of silicon mouth adopter. The NGI was run 

for 16 seconds at 15 L/min flow rate. The particles were collected in 25 mL 

volumetric flask using 20%- Aq 80% Methanol solvent and then the samples were 

measured using The Acquity Ultra Performance Liquid Chromatography instrument 

manufactured by Waters Corp (Milford, MA). The method parameters for the 

detection are listed below – 

 

Table 18:  UPLC parameters for Tolnaftate formulations 

Parameters  Value 

Mobile Phase 0.025 M phosphate buffer (pH 4.8): 

Methanol (22:78) 

Flow Rate 0.3 mL/min 

Detection Wavelength 258 nm 

Retention Time 1.54 min 

Run Time 2 min 
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The data has been used to calculate the percentage of final particles fractions (% 

FPF), geometric standard deviation (GSD) and the Mass Median Aerodynamic 

Diameter (MMAD). MMAD represents the diameter below and above are 50% of 

the particles. GSD can be determined by the following equation using cumulative 

mass percentage plot –  

𝐺𝑆𝐷 =  √(𝑆𝑖𝑧𝑒 𝑋/𝑆𝑖𝑧𝑒 𝑌) 

Whereas, FPF% can be calculated using the following equation –  

% 𝐹𝑃𝐹 =
𝑅

∑𝐴
 

 

3.3.11 Drug Loading and Drug Release 

Excess amount of Drug was dissolved into a 100 mL volumetric flask using 40 ºC 

heat through the water bath. The solvent used is Phosphate Buffered Saline added 

with 1% w/v Sodium lauryl Sulfate. The Mixture was kept for 24 hours under 40 ºC 

using a magnetic stirring plate. Temperature of the mixture was checked by 

thermometer during that time. After the 24 hr. time given for the equilibration, the 

sample was filtered by 0.22 µm. filter and diluted 3 folds to analyze the solubility of 

the drug in that system. This helped to determine how much drug and medium 

volume should be used to maintain the sink condition i.e. 10 times the solubility of 

the compound. Spray dried formulations as well as the formulation controls were 
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characterized for the model drug using USP type –II apparatus and Phosphate 

Buffered Saline and 1% w/v Sodium lauryl Sulfate added as a surfactant (pH of the 

dissolution medium 7.4)  at 37 ºC and 50 RPM. Samples were collected at time 

points 0, 5, 15, 20, 30, 40, 50, 60, 90 minutes followed by the replacement of an 

equivalent volume of phosphate buffered saline at 37 ºC. The samples were analyzed 

using The Acquity Ultra Performance Liquid Chromatography instrument 

manufactured by Waters Corp (Milford, MA) at 258 nm wavelength.  

Drug loading in the micro particles has been detected using the UPLC instrument 

and using 20% Aqueous and 80% Methanol solution. The samples were diluted three 

folds and the drug loading was measured. The percentage drug release along with 

time was reported and the drug release was adjusted to 100%. 

  



66 

 

3.4 RESULTS AND DISCUSSION 

3.4.1 Particle Size of Primary Nanoparticles  

The particle size of the primary Nanoparticles were measured immediately after 

sonication and the particle size found to be around 196.2± 25 nm [Figure 24]. The 

particle size is close to 200 nm. It has been reported that nanoparticles with less 

than 200 nm diameter cannot be easily removed thorough the blood stream [96-

97]. Hence, there will be a chance of high retention time of the drugs in the lungs. 

 

 

Figure 24: Particle size of the Tolnaftate nanoparticles 

 

3.4.2 Zeta Potential of Primary Nanoparticles 

The zeta potential of the particles were also measured during the particle size 

measurement time and the zeta potential was found to be -30 ± 6 mV [Figure 25], 

which indicates that the primary nanoparticles are stable. 
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Figure 25: Zeta potential of primary nanoparticles 

3.4.3 Particle Size of Agglomerated Nanoparticles 

The agglomerated nanoparticles were characterized using the Brookhaven Zeta plus 

analyzer. Particle size were measured at 5 min and 10 min time point – 

 

Figure 26: Particle size of Tolnaftate agglomerated nanoparticles at time 10 min 
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Figure 27: Particle size of Tolnaftate agglomerated nanoparticles at time 5 min 

 

Table 19: Particle size change of Tolnaftate agglomerated nanoparticles 

Time (min) Particle Size (nm) 

5 1436.3 - 7000 

10 179 – 1388 

 

The particle size of the agglomerates decreased from 5 min to 10 min which 

suggests that the primary nanoparticles were loosely adhered to each other. For that 

reason, the agglomerated nanoparticles formed primary nanoparticles when energy 

was applied to agglomerates.  
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Figure 28: SEM image of agglomerated Tolnaftate nanoparticles 

The electron microscopy image suggests that the nanoparticles are adhered to each 

other and nanoparticles have high polydispersity. 

 

3.4.4 Particle Size of Microparticles 

The results of the particle size distribution using optical microscope are listed below- 

 

Table 20: Particle size distribution of the formulations with Tolnaftate 

Formulations Spray dried particles (µm) 

F (T) 1 3.670 

F (T) 2 3.458 

F (T) 3 3.490 

F (T) 4 3.716 



70 

 

 

 

Figure 29: Particle size distribution of spray dried Tolnaftate formulations 

 

According the particle size distribution, most of the particles are in the region of 1-

5 µm which have the potential to have aerodynamic properties ideal for lung 

deposition. 
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Figure 30: SEM images of spray dried particles containing gelatin, disintegrant, 

agglomerated Tolnaftate nanoparticles, pore-former 

 

Figure 31: SEM image of physical mixture containing gelatin, disintegrant, 

Tolnaftate, pore-former 



72 

 

The electron microscopic images have indicated that the spray dried particles are 

spherical in shape. There are some spray dried particles which are irregular in shape 

and larger than 20 µm in size. The image with the physical mixture has the crystals 

of the excipients.  

 

3.4.5 Batch Yield  

Spray dried powders were collected from the cyclone chamber and collection flask 

the total power recovered divided by the total mass of the compounds used during 

spray drying process has   been reported. The batch yield of the formulations is listed 

below.  

Table 21: Batch yield of spray dried formulations with Tolnaftate 

Formulations Yield 

F (T) 1 61.41% 

F (T) 2 58.2% 

F (T) 3 55.24% 

F (T) 4 54.92% 

 

The batch yield of the formulations are within the range of 54.92% - 61.41%. The 

batch yield suggests almost half of the raw materials were wasted and the spray 

drying process needs to be optimized so that the batch yield can increase. 
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3.4.6 TGA  

 

 

 

Figure 32: Thermogravimetric analysis of spray dried Tolnaftate formulations 

 

The TGA thermogram showed that there is less moisture in the formulations and all 

the formulations are degrading at the similar rate. 
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3.4.7 DSC 

 

Figure 33: DSC thermogram of spray dried Tolnaftate formulations 

 

The DSC thermogram shows that the physical mixture and raw tolnaftate is showing 

melting point peak around 110 ºC whereas lactose melting peak is around 210 ºC. 

The gelatin glass transition temperature is not very clear through the thermogram. 
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3.4.8 Moisture content of Spray Dried Tolnaftate Microparticles 

The moisture content was measured using Infra-red Moisture balance and the results 

have been reported below. 

 

Table 22: Moisture Content of Spray dried tolnaftate formulations 

Formulations Moisture Content (%) 

F (T) 1 8.20 

F (T) 2 5.54 

F (T) 3 3.9 

F (T) 4 4.9 

 

The moisture content data shows that, formulation 1 with lactose and sodium starch 

glycolate has more moisture than other formulations whereas the formulation 3 has 

least moisture content which suggests the hygroscopic nature of sodium starch 

glycolate. 

 

3.4.9 Viscosity 

The viscosity of the fluids of spray drying was measured using a rheometer and the 

results were reported below –  
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Table 23: Viscosity of the feeds during Tolnaftate spray drying 

Viscosity 

(Pa.s) 

Fluids F (T) 1 F (T) 2 F (T) 3 F (T) 4 

Inner 0.035 0.02942 0.0147 9.325*10E-5 

Outer 1.690*10E-3 1.690*10E-3 1.690*10E-3 1.690*10E-3 

 

 

3.4.10 Surface Tension 

The surface tension of feeding suspensions was measured using tensiometer in the 

room temperature using a plate and the data has been reported below – 

Table 24: Surface Tension of the feeds during Tolnaftate spray drying 

Surface 

Tension 

(mN)/m 

Fluids F (T) 1 F (T) 2 F (T) 3 F (T) 4 

Inner 43.139 48.970 43.587 45.924 

Outer 42.438 42.438 42.438 39.025 

 

3.4.12 Aerodynamic Diameter 

Based on the NGI data and the plot of % cumulative particle deposition verses the 

cutoff Diameter D 50, Q was drawn and MMAD and GSD were calculated as 

below-  
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Table 25: Aerodynamic particle size distribution of Tolnaftate spray dried 

formulations 

Formulations F(T) 1 F(T) 2 F(T) 3 F(T) 4 

MMAD (µmm) 0.66 3.35 4.98 3.90 

GSD 3.95 4.21 4.40 4.17 

FPF (%) 83.5 50.0 37.2 46.7 

 

The aerodynamic profile showed that the particles have aerodynamic diameter of 1-

5 µmm which is suitable for deep lung deposition. The geometrical standard 

deviation is relatively high which suggests the particles have large polydispersity. 

The free particle fraction suggests that approximately 37.2% to 83.5% particles have 

a probability to deposit into the deep lung. 

 

3.4.12 Drug Loading and Drug Release  

The release study data and the drug loading in the microencapsulated formulations 

were measured by the Acquity UPLC. The standard curve and the drug loading data 

has been mentioned below – 

Table 26: Drug loading of Tolnaftate spray dried formulations 

Formulations Drug Loading (%) 

F(T) 1 36.44 

F (T) 2 56.21 

F(T) 3 55.50 

F(T) 4 37.47 
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Figure 34: Tolnaftate solubility curve in PBS + 1% w/v Sodium Lauryl Sulfate 

 

Figure 35: Tolnaftate standard curve (using 80% methanol:20% water mixture) 
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Figure 36: Release study of Tolnaftate (with pore-former and disintegrant / without 

pore-former and disintegrant) 

F(T)1 = F(T)3+ Pore-former and Disintegrant  
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: Figure 37: Release study of Tolnaftate (without pore-former /and disintegrant) 

[F (T) 4 = without por-former, F (T) 2 = without disintegrant] 
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Figure 38: Release study of Tolnaftate (without pore-former and disintegrant / with 

pore-former and disintegrant/ without pore-former) 

 

The solubility of the drug in PBS and surfactant mixture was found to be 17.704 

mcg/mL. Taking that into account the dissolution volume was adjusted so that the 

release study can be performed in a sink condition. The drug loading data showed 

that the maximum drug load is around 56%. The low drug load is probably because 

of the settling down of the agglomerated particles as well as faulty spray drying 

parameters. 
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The release study shows that the formulation without disintegrant has lowest drug 

release compared to other formulations whereas formulation 4 shows quickest 

release among other formulations.  

After performing the one way ANOVA, it has been observed that, Formulation F(T) 

2 and F(T) 4 has a significant difference in them when it comes to drug release. This 

also goes for F(T)1 and F(T) 4. Formulation F(T) 1 and F(T) 3 are also significantly 

different.  
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3.4.13 Key Findings of Chapter 3  

The main findings of the part are that the agglomerated Nano-particles were 

successfully prepared, and the particles were re-dispersible. The Agglomerated 

nanoparticles were successfully encapsulated using spray dryer. The moisture 

content is relatively lower compared to the formulations made up with Sodium 

Fluorescein. This was probably happened due to the use of dehumidifying chamber. 

The aerodynamic diameter shows the formulations can deliver drug to the deep lungs 

[88]. 

The release study shows the burst release of the drug but formulations without 

disintegrant shows relatively less quick release of the drug. In case of drug release 

formulations with disintegrant showed significant difference compared to 

formulations without disintegrant. The difference of release profile has been found 

probably because of almost 10 times increase in disintegrant and reducing the 

amount of lactose. The lactose is known for its adhesive properties with other 

excipients [98-99]. 

 

 

 

 

 



84 

 

 

 

 

 

 

 

 

 

CHAPTER 4: FUTURE STUDIES AND THESIS 

CONCLUSION 
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4.1 Conclusion  

In conclusion, it can be said that the agglomerated nanoparticles and the 

microencapsulated particles were successfully prepared. Agglomerated 

nanoparticles were re-dispersible in nature. For that reason, the formulated primary 

particles possess a chance to evade macrophage clearance [33],[16]. Moreover, the 

aerodynamic diameter for the both water soluble and water insoluble model were in 

the range of 1-5µm, which suggests that the particles can go to the deep lungs [88]. 

The formulations showed burst release in each case and water insoluble model shows 

the significant difference in release profile which directly proves the hypothesis of 

the project i.e. incorporation of pore forming agent and disintegrant will induce an 

accelerated release and form primary nanoparticles from agglomerates.  

The formulations with water soluble model drug did not show any significant 

difference in release profile because the use of the pore-forming agent provides less 

effect compared to the formulations without disintegrant. This happened probably 

because the particles tends to attach with the lactose whereas sodium starch glycolate 

swells heavily [98],[100]. Finally, in conclusion, the novel approach of adding 

disintegrant into a formulation for inhalation along the lines of agglomerated 

nanoparticle technology suggests disintegrant plays a significant role in burst 

release. 
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4.2 Future studies 

Agglomerated Nanoparticle technology can have a vast impact on the society. It can 

be delivered not only via the pulmonary route but also through oral or other route of 

administrations. In future, through this model an FDA approved drug for pulmonary 

route can be administered. Thereafter, the cell toxicity studies with A-549 cells or 

WI 26 VA4 cell lines should be performed. Natural disintegrant like gum agar, 

chitosan can be used to check their influence on release profile. Nanoparticle 

tracking analysis can be done to confirm the status of agglomeration. Finally, animal 

studies can be performed in the future. 

 

4.3 Global Impact  

The project has the potential to be a huge stepping stone in case of nanotechnology 

and drug delivery systems. Through this formulation design, nanoparticles can be 

delivered into any area of the lungs especially deep lungs which can help to treat, 

cure or detect any disease conditions like lung cancer, asthma, cystic fibrosis, 

chronic bronchitis etc. Most impotently, agglomerated nanoparticle technology can 

be used in other routes of drug administrations like oral, IV etc. 
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