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ABSTRACT 

The aim of this master thesis is to provide an indication of the suitability, or otherwise usage, of 

spray-drying for production of powder aimed for inhalation formulation and comparing the 

characteristics of the product, with and without lipids. Lipids have a proven effect of delaying 

release of active drug substances in the cardiovascular system and pulmonary systemic delivery 

has a number of advantages, chiefly among them being bypassing the first pass metabolism. 

Incorporating lipids in an inhalation formulation would therefore be advantageous. Spray-drying 

is one of the proposed methods for production of such powder. 

There are numerous measurements needed to ascertain whether the product is suitable for a 

given formulation or not. This project will focus on the fine particle fraction and the particle size 

distribution, as well as miscellaneous measurements (for example, water activity and general 

particle shape).  

Two ingredients were essential in the formulation: The active pharmaceutical ingredient (API) 

and the lipid excipient. Lysozyme from egg white substituted for an API. Two lipids were tested, 

labeled “mixed lipid” and “pure lipid” respectively. The project was divided into three 

production trials and two analysis phases to gain information of how variations of different 

factors affect the properties. 

Obtained results show that the production system is robust and addition of lipids does not affect 

the properties adversely. Spray-drying produces spherical particles with low water content, if a 

high drying temperature and low feed rate is chosen. The fine particle fraction of the produced 

batches does not exceed 30 % and the size distribution shows the produced powder has no 

uniform particle size. The majority of the particle population have a large diameter with 

declining amount in lower diameters. 

Analysis of the results indicate an inhomogeneity in the final product, due to several 

irregularities and a large spread with the measured data. While no definite data was measured, 

possibilities of the discrepancies could be due to the preparation of the encapsulated substance 

rather than due to production via spray-drying. 
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SUMMARY (ENGLISH) 

Formulating drugs require numerous issues to be tackled in order to optimize the effectivity. All 

forms of formulations have their own challenges that scientists and companies try to work 

around. For example, metabolism of the drug by the liver, called the first-pass effect, greatly 

reduces the drug concentration and, in worst cases, even alter it to toxic forms. This could be a 

great concern. Pulmonary drug delivery bypasses this by transporting the drug, in powder form, 

from the respiratory tract to the blood, using the alveoli as a gateway. The minimum 

requirement to transport to the lungs is a particle size of less than 5 µm in diameter. 

 

Many techniques exist to produce powder and a particular popular one is spray-drying. In spray-

drying, a pharmaceutical solution, containing all substances to be incorporated in the powder, 

is divided into a spray of millions of droplets. Each droplet is dried with the heat provided by a 

warm gas and forms a single particle. And so, in one single operation, powder is produced. The 

question is then how to optimize the production process for maximum amount of fine particles 

in the powder.  

 

The master thesis presents the data of production trials of spray-dried powder and evaluation 

of how the fine particle fraction is affected by variations in the production process. The 

formulation consisted of lysozyme, lactose, and lipids. Analyzing powder properties based on 

size is common when formulating inhalable drugs. For this, cascade impactors are a convenient 

tool, specifically made for that purpose. Larger particles are caught early in the plates in 

impactor and smaller particles continue further down in the impactor. The dynamics involved 

when a patient uses dry powder inhaler is simulated to distribute the powder in different size 

ranges. This gives information of where the powder should be deposited in the respiratory tract.  

 

Results showed that spray-drying is a very robust production method. Addition of lipids in the 

process does not change the fine particle fraction in the powder. A repeating pattern found in 

the results is a discrepancy and lack of reproducibility in data for samples containing lipids versus 

samples containing no lipids. Production via spray-drying often leads to a homogeneous matrix 

in the powder particles. However, as presented in the thesis, the presented method seems to 

have been affected when including lipids in the formulation. #   
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SUMMARY (SWEDISH) 

Formulering av läkemedel kräver att man tar tag i ett flertal problem för att optimera 

effektiviteten. All former av formuleringar har sina egna utmaningar som vetenskapsmän och 

företag försöker lösa. Till exempel, leverns nedbrytning av läkemedlet, det så kallade första-

passage-metabolismen, minskar koncentrationen av den aktiva substansen och, i värsta fall, 

förändrar den till en giftig form. Detta kan vara ett stort bekymmer. Ett sätt att kringgå detta är 

att transportera läkemedlet, i pulverform, från luftvägarna till blodet, genom att använda 

alveolerna som en ingångsport. Det minimala kravet för att en produkt skall nå längst ner i 

lungorna är en partikelstorlek på mindre än 5 µm i diameter. 

 

Många produktionsmetoder för pulver finns och ett av de mer populära sätten är sprejtorkning. 

En lösning, innehållande substanserna som ska inkorporeras i pulvret, finfördelas till miljontals 

droppar i en sprejtork. Varenda droppe torkas av värme tillförd från het luft och formas till en 

partikel. Det krävs därför bara en enda process för att producera pulver från lösning. Frågan är 

sedan hur processen kan optimeras för att få maximal mängd finpartiklar i pulvret. 

 

Examensarbetet presenterar resultat från produktionsförsök av sprejtorkat pulver och 

utvärdering om hur finpartikel fraktionen påverkas av variationer i produktionsprocessen. 

Formuleringen består av lysozym (ett protein), laktos och lipider. Analysering av pulvrets 

egenskaper baserat på storlek är vanligt vid formulering av inhalerbara läkemedel. 

Kaskadimpaktorer är praktiska verktyg som används för detta ändamål. Kaskadimpaktorer 

försöker likna luftvägarna och gör att stora partiklar fastnar tidigt på plattor i impaktorn medan 

små partiklar transporteras vidare i impaktorn precis som de gör i luftvägarna. Förhållande för 

när en patient använder en torrpulver inhalator simuleras för att distribuera pulvret i olika 

storlekarordningar. Metoden ger information om vart pulvret skulle hamna i luftvägarna. 

 

Resultaten visar att sprejtorkning är en robust metod. Tilsats av lipider i processen förändrar 

inte finpartikel fraktionen i pulvret. Ett upprepande mönster i resultatet är avvikelser and brist 

på reproducerbarhet i proverna som innehåller lipider gentemot proverna som inte innehåller 

lipider. Sprejtorkningsproduktion leder i många fall till ett homogent matrix i pulverpartiklarna. 

Resultaten presenterad i rapporten visar dock att den presenterade metoder verkar ha blivit 

påverkad av lipidtillsatserna i formuleringen. # 
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Section 1 

1 INTRODUCTION 

Powder technology is the science and technology related to handling and processing of particles 

and powders. It is involved in many areas, such as pharmaceutics, food and cosmetics and is not 

only of interest within chemical engineering, but also within mechanical engineering, civil 

engineering and minerals engineering. [1] 

In pharmaceutics, powder formulation means a mixture in which drug powder has been mixed 

with other ingredients in powder form (called ‘excipients’, non-active substances aimed to aid 

or otherwise improve the drug’s properties and/or appeal). Powder is extensively used for 

pulmonary drug delivery (i.e. delivering drug via the respiratory tract), with dry-powder 

inhalation systems being one of the most effective methods for this particular delivery method. 

[2]. Although it is common to use the delivery system for treating diseases directly affecting the 

respiratory system, such as asthma and cystic fibrosis, the main appeal lies in the systemic 

delivery. By bypassing first-pass metabolism, inhalation powder eliminates a prevalent problem 

with oral drug absorption, as well as providing a rapid onset for drug effect. [3] [4] 

With the advantages of the system apparent, several methods of optimizing dry powder 

formulation for pulmonary drug delivery has surfaced in recent years, both in terms of 

production method, equipment and excipients that enhances the effect of the active 

pharmaceutical ingredients.  

One popular method for powder production is the use of spray-drying. This is a simple method 

for producing a high quantity of pharmaceutical powder while allowing a relatively high degree 

of control of the particles’ properties. Not only restricted to the fields of pharmaceutics, spray-

drying has received a great amount of popularity in related fields as well, such as food, 

nutraceutics and chemistry. As a result, studies of the effects of spray-drying are sought after to 

better understand what advantages it might bring to the table. 

Powder formulations intended for pulmonary systemic delivery need to pass many 

requirements in order to be approved for mass-use, regulated by government agencies such as 

the United States’s Food and Drug Administration and Sweden’s Medical Products Agency. A 

way to ease approval of new drugs is incorporation of biocompatible substances, as these types 

of substances have less possibilities of complications in the body compared to synthetic 

compounds. One type of substance in consideration is the usage of lipids, due to their ability to 

form liposomes to function as drug carriers. A few of the advantages liposomes offers are non-

toxic metabolism, protection of sensitive molecules and altering pharmacokinetics for better 

therapeutic index, making inclusion of lipids in formulation an attractive proposition.  [5] 

Inclusion of liposomes leads to challenges as well. During production, it is essential that the lipids 

encapsulate the intended drug without losses, whether due to leakage or failed homogenization. 

Dry emulsions need to be able to re-disperse upon contact with fluid in, for example, the 

circulatory systems. Other considerations are the membrane lamellarity and permeability, 

release rate and shelf time [6]. This, combined with the requirements for a pulmonary 

inhalation, means many studies are needed to solidify the plausibility and effectivity of spray-

dried emulsions. 
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1.1 AIM 
The aim of this project was to study the effects of producing powder containing specific lipids 

based on the requirements for inhalation formulation. This was done by primarily examining the 

fine particle fraction and the particle size distribution and how they change, depending on 

adjustments in the production process. Specifically, alteration in the process includes adjusting 

the temperature of the drying gas, the feed rate of the liquid and the dry matter concentration. 

Other characteristics examined were the water activity and the shape of the products. 

1.2 METHODOLOGY 
The experiments required for data gathering was held at two locations, Lund University’s 

Department of Food Technology in Lund and Emmace Consulting AB in Lund. For production, a 

Mini Spray Dryer B-290, manufactured by BÜCHI Labortechnik, was used. Provided by Emmace 

Consulting AB were two types of cascade impactors, which were vital for characterizing the 

finished powder’s properties.   

The model substance used to substitute an API is lysozyme (CAS No. 9001-63-2). The lipid 

compounds used in this project are of commercial interest and are referred as mixed lipids and 

pure lipids. 

The project was divided into two phases. In the first phase, powder was produced with several 

variations in the production process, to assess the effects of the spray dryer’s parameters on the 

powder’s characteristics, decided by relatively fast and simple methods. In the second phase, 

selected batches were analyzed with more precise instruments and methods, to attain a final 

verdict on spray-drying’s suitability for producing powder aimed for inhalation.  

1.3 THESIS OUTLINE 
Section 2 introduces the theory behind the concepts worked with in this thesis, such as spray 

drying and impactors. Section 3 explains the methodology, the production, analysis and other 

methods used during the course of this project. Section 4 summarizes all the data gathered and 

discusses them in chronological order. Finally, section 5 draws conclusions of the whole project 

as well as closing thoughts. 
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Section 2 

2 THEORY 

2.1 DRY POWDER INHALATION 
Dry powder inhaler (DPI) systems work by inhaling an aerosol cloud of fine particles, with the 

cloud containing the active ingredient for treating the affliction. The drug is presented as an 

aerosol, i.e. solid particles dispersed in a gaseous phase (usually air). No propellant is used and 

the inhaler is completely breath-actuated i.e. it is dependent on the patient’s own ability to 

inhale. Once the particles enter the patient’s airways, it travels further down through the 

trachea, into the bronchioles to finally end up in the alveolar ducts. This is where the particles 

are in contact with the alveoli, allowing for diffusion into the cardiovascular system for travel to 

the target area (see Figure 2.1 for visualization of how inhalation works). For local delivery, the 

particles are to be deposited in the upper respiratory tract and/or the lungs. For systemic 

delivery, the target area is the alveoli. [2] 

Though simple in theory, there are a number of requirements the particles have to meet in order 

to qualify as an inhalation powder. Apart from biocompatibility, the most important physical 

property of the powder is the particle size. It does not only decide where in the respiratory 

system the particles are deposited, but also how well the formulation can be handled and its de-

aggregation ability. The standard system of measure is the aerodynamic diameter (da), defined 

as the physical diameter (in µm) of a unit density sphere that has the same terminal velocity in 

the air as the particle in question [7]. In order to reach the peripheral respiratory regions, the 

aerodynamic diameter of the particles should be less than 5 µm, with less than 2 µm being 

preferable for alveolar deposition. Aerosols are often polydispersed, meaning not all particles 

are of the same size. Larger particles are deposited in the upper part of the respiratory tract and 

are cleared by the cilium in the epithelium (often characterized by coughing). During its route to 

clearance, the aerosol might be deposited in other parts of the system, such as the mouth and 

the throat, where it most likely won’t exercise the intended effect and instead cause severe side 

effects.  

Figure 2.1: Left image – Usage of an inhalation device.  
Right image – The respiratory tract. After being inhaled, the particles travel through numerous areas before reaching 

the lungs. [42] 
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2.2 LIPOSOMES AS DRUG CARRIERS 
Liposomes are spherical, vesicular structures composed of one or more lipid bilayers, commonly 

phospholipids, surrounding an aqueous compartment able to contain other substances (see left 

image of Figure 2.2). This could be proteins, hormones, enzymes, antibiotic, antifungal or 

anticancer agents. In short, drug substances that exercises a physiological effect. Free drug 

deposited in the blood system has a short duration due to rapid metabolism and excretion. 

Encapsulating drugs in liposomes protects the drug from dissolution and metabolic enzymes in 

the blood stream. The liposomes travels around the circulation and leaks its content, allowing 

for prolonging of the drug’s effects and/or steer it to remote target areas (see right image of 

Figure 2.2). [8] [9] 

Hydrophilic molecules cannot pass through the hydrophobic bilayer readily, thus preventing the 

hydrophilic molecule, for example a drug, from penetrating through the bilayer and be released 

freely. [9] 

There are several types of liposomes, the major ones being the multilamellar vesicles (MLV, 

vesicles with several bilayers) and the unilamellar vesicles (containing only one lipid bilayer). The 

latter is divided further into sizes: small (SUV), medium (MUV) and large (LUV). The SUV 

structures range from 20 to 40 nm while the LUV structures sizes between 100 to 1000 nm, 

providing ample space for incorporating substances of different sizes. [8] 

2.2.1 Preparation of liposomes 

Encapsulating a hydrophilic substance with lipids provides some challenges, as encapsulation 

depends on a number of factors, such as how the solution is dispersed, the size of the liposomes 

and the interaction of the substances. One method for preparing liposomes is via solvent 

dispersion. The lipids are first dissolved in an organic solvent before being injected into contact 

with an aqueous medium containing the substance to be encapsulated. The force of the 

injection is usually enough to achieve mixing, where the organic solution is diluted and the lipids 

are spread evenly. This simple procedure often yields a high proportion of SUVs. [8] 

Ethanol is a common organic material to dissolve lipids in, due to availability and simplicity. The 

main limitation lies in the restricted volume of ethanol that can be introduced into the aqueous 

medium ( [10] stating 7.5 % v/v as the maximum) and thus limits the amount of lipids dispersed, 

resulting in a dilute liposome suspension. If the drug molecule to be encapsulated is also 

dissolvable in ethanol, the encapsulation efficient is relatively high. In contrast, hydrophilic 

substances have a tendency to show lower entrapment efficiency with the same method. [10] 

Figure 2.2: Left image - Drug surrounded by a lipid bilayer. The effect of the liposomes can be further augmented by 
additional surface molecules to, for example, home in on the target or protection from the body's immune defenses. [43] 

Right image - How the dissolution of drug changes when including liposomes. 
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2.3 KEY SUBSTANCES 
Producing a pharmaceutical formulation for inhalation requires an active pharmaceutical 

ingredient (API, the substance exerting an effect on the targeted diseases/afflictions) and, in 

most formulations, excipients to enhance the finished drug’s performance, stability and/or bulk.   

2.3.1 Lysozyme 

For the purpose of this thesis, lysozyme is used to substitute an API. Lysozyme, also known as N-

acetylmuramide glycanhydrolase, is a small globular protein enzyme capable of antimicrobial 

activity due to its ability to damage the cell wall of bacteria. The protein has a molecular weight 

of 14.3 kDa and is a single-chain molecule with 129 amino acids. It was chosen as a model protein 

due to being commercially available in large quantities, as lysozyme is easily extracted from 

chicken egg whites. [11] It is also a biocompatible substance and fits well with the aim of the 

thesis. [12] 

2.3.2 Lactose 

Powder formulated for inhalation are often micronized, as the drug needs to be small enough 

to be inhaled. Small particles have poor flow properties, which makes handling and dosing 

difficult. As such, α-lactose-monohydrate is frequently included in the formulation for two 

purposes: Filling the mass of the powder (for easier handling) and functioning as a carrier 

molecule (which is deposited in the upper stages of the respiratory tract, separated from the 

fine particles). [13] [14] 

Lactose has a molecular weight of around 360 Da [15] and though the intended use is for lactose 

to be the carrier molecule (i.e. the drug particles attach around the lactose molecules), the 

model API chosen for this is much larger than lactose. However, due to the small quantities of 

powder produced during the course of the experiments, lactose is essential to produce enough 

mass for measurement operations.  

2.3.3 “Pure lipids” 

The choice of lipids for formulation is vital, as the lipids needs to exhibit effects such as 

minimizing side effects while retaining the efficacy of the drug. “Pure lipids” has shown to exhibit 

such effects and is included in a number of clinically approved liposomal drugs. Amongst them 

is a drug for treatment of sarcoma cancer, as incorporation of the active substance together 

with the lipids showed better accumulation in the tumor. 

The lipid, a phosphatidylcholine, has two saturated fatty chains. It shows no sign of toxic or 

hazardous properties. Synthesis of this particular lipid is particularly difficult and large quantities 

are costly. 

2.3.4  “Mixed lipids” 

Due to the high cost of “pure lipids”, “mixed lipids” is used as model lipid during early screening 

processes. Unlike “pure lipids”, “mixed lipids” is lecithin extracted from a specific plant, 

diminishing the cost greatly. Lecithin is composed from many different types of phospholipids. 

The particular lecithin used in this project has been mostly purified to only contain 

phosphatidylcholine of the specific plant, with accompanying phospholipids occupying less than 

10 % of the content.  

Like “pure lipids”, “mixed lipids” has two fatty chains, but unsaturated and longer compared to 

“pure lipids”.  
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2.4 SPRAY DRYING 
Drying is a vital step in pharmaceutical manufacturing, 

often being the final step in a long process when the 

solution or suspension containing the active 

pharmaceutical ingredient and desired excipients is 

ready. Few techniques are as ready as spray drying to 

produce a dry product from a solution/suspension in 

one single operation. 

The definition of spray drying is “the transformation of 

feed from a fluid state into a dried particulate form by 

spraying the feed into a hot drying medium” [16]. The 

basic principle of spray drying is dispersing 

liquid/solution into a spray of small droplets and mix it 

together with a heated drying medium (typically air). 

Each individual droplet will then dry into a single solid 

particle, as moisture leaves the particle. The 

transformation from liquid into dry powder stabilizes 

the substances into a solid matrix.  

 

A spray dryer operates on a very simple procedure and offers many advantages. Drying droplets 

take only seconds and millions can be dried at the same time due to being split up by the 

atomizer, presenting a large surface area. Spray-dried particles have a uniform spherical shape 

with a small blow-hole in the middle, allowing for efficient particle packing. The spray dryer itself 

can also be automated and set into a continuous process, cutting the cost of labor as everything 

is processed in one continuous operation. [17]  

2.4.1 Spray-drying steps 

In general, the spray-drying process can be narrowed down to four stages: atomization, spray-

air contact, particle formation and particle separation. 

2.4.1.1 Atomization 

The atomizer is the key component in deciding the characteristics of the particles, as it 

transforms the liquid feed into fine droplets. The formation of droplets greatly facilitates the 

evaporation process, due to increased surface area. For example, 1012 droplets of 1 µm in 

diameter have a combined surface area of 3141 m2, compared to 1000 droplets of 1 cm in 

diameter which only has 0.31 m2 [18]. A greater surface-to-volume ratio leads to faster drying 

rates, as drying rate is proportional to the square of the particle surface area. [16] 

There are different types of atomizers, divided into the type of force application used to form 

the atomized spray. The selection of atomizer depends on the properties of the feed (surface 

tension, viscosity, solids content etc.) and, for industrial applications, the economic aspects. 

There are three types of commercial atomizers [16] [18] [19]: 

- Rotary atomizers utilizes a rotary disc or a wheel to disintegrate the liquid feed into 

droplets. Spinning at 5000-25 000 rpm with a wheel diameter of 5-50 cm, the feed is 

centrifugally accelerated at high velocity to the center of the wheel. When the feed has 

been spread into a thin film on the wheel, the feed starts disintegrating into a spray as 

it reaches the periphery. The droplet size is inversely proportional to the rotation speed 

and directly proportional to the feed rate, allowing for mean droplet size down to 15 

Figure 2.3: A spray dryer. The drying chamber 
can be seen to the left, leading to a cyclone 

and ending in the collection bin. [33] 
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µm. The main advantages lies in the low possibility of clog in the atomizer and 

production of uniformly-sized droplets. But it is difficult to disintegrate particularly 

viscous feeds and the atomizer requires a vertical spray dryer, limiting the compatibility. 

 

- Pressure nozzles uses the force of hydraulic systems. The feed is pressured by a pump 

into a nozzle orifice for disintegration into fine droplets. By rotating the feed within the 

nozzle, a cone-shaped spray pattern is achieved as it emerges from the nozzle orifices. 

The design allows the nozzle to handle feed with a high solids content without any wear 

or plugging. The resulting particles have less occluded air compared to other atomizers 

and consequently, the powder product has a high density with good flow characteristics. 

However, the system is only capable of producing particles within the ranges of 120-250 

µm (making it unsuitable for production of fine particles) and high feed rates leads to 

less homogenous sprays, requiring the operation to progress at a relatively slow speed. 

 

- Two-fluid nozzle relies on kinetic energy in the form of pneumatic atomization. The 

liquid feed interacts with a gaseous fluid, often high-velocity air (① in Figure 2.4), and 

the impact breaks the liquid into droplets. The fluids enters the nozzle through separate 

streams before impact (② in Figure 2.4), to generate as high air velocity as possible. An 

aspirator recycles the gasflow through the system, ensuring sufficient kinetic energy at 

all times (⑥ in Figure 2.4). Only a low pressure on both fluids is required, around 200-

350 kPa. The particle size is controlled by varying the ratio of the compressed gasflow 

to that of the liquid. Particle sizes under 50 µm are common. Two-fluid nozzles are often 

used in laboratory applications, as the drying chamber (which takes up most of the 

volume) doesn’t need to be very large due to the short flying path of the spray, owing 

to the low velocity of the droplets exiting the nozzle.  

 

2.4.1.2 Spray-Air Contact 

When the feed has been atomized into tiny droplets, the next step is to bring the droplets into 

contact with drying medium (usually hot air) at an inlet temperature between 150 ˚C and 200 

˚C. In operations with hot air, the filtered air is exhausted to the surroundings. Inert gas can also 

be used to prevent the risk of explosion when high amount of flammable, organic or explosive 

solutions are involved or if the product is particularly sensitive to oxygen. A closed system is 

required in such a case to allow recycling of the inert gas.   

Figure 2.4: Schematics of the Büchi Mini Spray Dryer B-290, a spray dryer using a two-fluid nozzle to divide the feed 
into droplets and utilizes a co-current flow when drying the droplets into particles. Modified from [44] 



Theory 

8 
 

An air dispenser, of which inlet air is introduced through, is normally placed in or adjacent to the 

atomizer for instant and complete mixing of the heated drying gas with the feed spray. The 

contact determines the drying kinetics and the properties of the resulting powder particles. The 

airflow pattern can be divided into three classifications: 

1. Co-current flow means the spray and the drying medium pass through the drying 

chamber in the same direction (③ in Figure 2.4). The arrangement is ideal for heat-

sensitive products, as spray evaporation is rapid and the particles are not subject to heat 

degradation, as low temperature is kept throughout the chamber. 

2. Counter-current flow means the spray and the drying medium pass through the drying 

chamber in opposite directions, giving full heat utilization with minimal difference 

between the inlet and the outlet temperature. The arrangement is only recommended 

for heat-resistant products. 

3. Mixed flow means the dryer incorporates both co-current and counter-current flow, to 

dry coarse free-flowing powder. 

By examining the desired properties of the finished products, one can choose a spray dryer with 

suitable design, incorporating compatible atomizers with type of air flow to achieve optimum 

effect. For example, a concurrent rotary atomizer is ideal for a low temperature product 

consisting of fine particles while counter-current atomizer is preferred for obtaining coarser 

particles. 

2.4.1.3 Particle formation 

The drying phase, i.e. when droplets form into particles, occurs in the drying chamber (③ in 

Figure 2.4). The chamber needs to be of adequate volume to allow sufficient residence time for 

the spray to dry. Depending on the atomizer, the chamber needs a specific shape as all droplets 

must be sufficiently dried before contact on a surface. Rotary atomizers require chambers with 

large diameter and short cylinder heights while nozzle atomizers must have narrow and tall 

drying chambers. 

Moisture is first evaporated on the droplet’s surface, during which the drying rate is constant 

and a solid structure develops. Moisture migrates from within the particle to the surface via 

capillaries, maintaining the drying rate until the moisture migration rate limits it and the surface 

moisture content is no longer maintained. When the particle is no longer cooled by the 

evaporating water, the particle temperature rises, potentially leading to heat degradation if 

maintained for a longer period of time. However, most of the drying processes are rapid, usually 

1.5 s [19], which is quick enough for the particles to be removed before particle temperature 

reaches outlet drying air temperature. 

2.4.1.4 Particle separation 

After the drying stage, the powder is separated from the drying air (④ in Figure 2.4). In most 

systems, a separation equipment is attached following the drying chamber. A cyclone accessory 

is frequently used, where the inertial force separates the particles to the cyclone wall. The 

particles follow the wall in a downward motion and are removed to a collection bin. Very fine 

particles that cannot be separated in the cyclone are removed to the outlet filter, to prevent 

environmental pollution and possible corrosion of the aspirator (⑤ in Figure 2.4). 
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2.4.2 Microencapsulation by Spray Drying 

Encapsulation via spray drying is a common technique, especially in the food industry. Since the 

evaporation of solvent is rapid, the encapsulation of the compound of interest occurs almost 

instantaneously. The process is relatively simple: The substance to be encapsulated (the core 

material) is dispersed together with a solution containing the encapsulating agent (the shell 

material) with which it is immiscible. The solution is homogenized to form a dispersion or (as in 

this case) an emulsion. The emulsion droplets are introduced into the spray dryer to form into 

microcapsules, where the core material is stabilized in a closed matrix of the shell material. [20] 

A number of challenges are presented when using this technique. The composition and the 

viscosity of the emulsion plays a large role, as well as the drying conditions. The temperature on 

the feed and the spraying air are the main factors that needs to be optimized. Increasing the 

temperature leads to a decreased viscosity and droplet size but can potentially cause cracks in 

the membrane, resulting in premature release of encapsulated ingredient. The choice of shell 

material is also important to accommodate for encapsulation efficiency and microcapsule 

stability. [20] 

Research studies have yielded positive outcomes. While spray-drying for microencapsulation of 

food ingredients is more commonly known, results for spray-drying of liposomes for pulmonary 

administration have shown the ability to produce stable dried liposomes containing drugs for 

delivery to the respiratory tract. [21] [22] 
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2.5 IMPACTOR THEORY 
There are many requirements for a powder to pass in order to be approved for use in dry 

inhalation. The aerodynamic size distribution of the delivered drug is one of values that needs 

to be determined for any given powder. Both the United States Pharmacopeia (USP) and the 

European Pharmacopeia (Ph. Eur.) requires results from cascade impactors and describes how 

they should be designed in order to meet the standards. Two standard cascade impactors used 

are the Andersen Cascade Impactor (ACI) and the Next Generation Impactor (NGI), both of 

which are recommended by both USP and Ph. Eur. as instruments for aerosol characterization 

of potential products [23] [24].  

2.5.1 Andersen Cascade Impactor 

The ACI consist of 8 perforated stages together with a final filter. 

Each stage has a certain effective cutoff diameter (only particles 

with a smaller diameter can pass through), dependent on the 

regulated air flow through the impactor. When measuring the 

particle size distribution, plates are placed on the different stages 

of the impactor, to collect the powder for quantitative analysis 

(see Figure 2.5). An induction port is attached to the entry cone of 

the impactor, to simulate the anatomy of the human throat. When 

testing dry powder inhalers, a 

pre-separator is required to 

collect large masses of non-

inhalable powder (such as 

fillers like lactose) typically 

emitted from DPIs. An 

adapter is also required to 

provide an airtight seal 

between inhaler and 

induction port. [24] [25]. See Figure 2.6 for a complete 

arrangement of an ACI. 

Cascade impactors operates on the principle of inertial impaction. Each stage has a series of 

nozzles through which air is drawn, directing the particles to the surface of the collection plates. 

Larger particles means stronger inertia. Impact on the plates immobilizes the larger particles, 

whereas smaller particles continue down in the air stream. This process is repeated in each stage 

until all the particles have been divided according to their aerodynamic diameter. [25] The 

effective cutoff diameter of each stage is detailed in Table 2.1. 

  

Figure 2.6: A fully assembled 
Andersen Cascade Impactor. [25] 

Figure 2.5: The collection plates and 
stages of an ACI. [25] 
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Table 2.1: The Effective Cutoff Diameter for each stage in the ACI. N.D. stands for Not Defined.  

Stage ECD (µm) 

Induction port N.D. 

Pre-separator N.D. 

Stage 0 8.6 

Stage 1 6.5 

Stage 2 4.4 

Stage 3 3.2 

Stage 4 1.9 

Stage 5 1.2 

Stage 6 0.55 

Stage 7 0.26 

 

ACI remains the most frequently used impactor within the pharmaceutical industry for testing 

inhaled products, especially for DPIs. However, the original purpose of the ACI was to sample 

bacteria in a given sample, before being adopted by the pharmaceutical industry for inhaler 

testing. As such, a new impactor specifically designed for testing inhalers was devised and 

launched with the name Next Generation Impactor. [25] 

2.5.2 Next Generation Impactor 

Like the ACI, the NGI provides an aerodynamic characterization of where the particles will be 

deposited in the respiratory tract based on the particle size distribution of the aerosol. The 

intention of the NGI was to improve aerodynamic characteristics and the speed of the analyses 

compared to an 8-stage ACI. Various problems can occur in an impactor, such as particles 

bouncing on the collection plates (causing the particles to re-enter the air stream) and losses 

between the stages. While it is not a given fact, several papers have shown that the NGI’s design 

minimizes particle bounce and re-entrainment, as well as reducing interstage wall losses [26] 

[27] [28]. Though the results are on a case-to-case basis, it merits consideration of usage of NGI. 

While the operation of an NGI is similar to an ACI, its design is noticeably different (see Figure 

2.7). Its horizontal planar layout eases usage for fast operations and maximum throughput. The 

construction is also calibrated for flow rates between 30 and 100 L/min, without the need to 

swap stages to account for differing cutoff diameter, as is the case with the ACI.  

Figure 2.7: A Next Generation Impactor. [25] 
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Instead of passing 

straight through the 

stages, the air flow 

follows a saw-tooth 

pattern. The 

separation of the 

particles occurs when 

the particles, following 

the airstream, passes 

through a series of 

nozzles with 

progressively reducing 

diameters. The 

particles are then 

collected in the cups 

below the nozzles (see 

Figure 2.8). [25] 

A regular procedure when testing suitability of a powder for inhalation formulation is to sample 

the dosage collection at different airflow rates, to account for the variability in the patient’s 

inhalation ability.  

The effective cutoff diameter of each stage at an airflow of 44 L/min, 60 L/min and 90 L/min is 

detailed in Table 2.2. 

Table 2.2: The ECD for the different stages at different air flows for the NGI. N.D. stands for Not Defined. 

Stage ECD at 44 L/min (µm) ECD at 60 L/min (µm) ECD at 90 L/min (µm) 

Induction port N.D. 
 

N.D. N.D. 

Stage 1  15.2 13.0 10.6 

Stage 2 9.53 8.06 6.48 

Stage 3 5.24 4.46 3.61 

Stage 4 3.29 2.82 2.30 

Stage 5 1.92 1.66 1.37 

Stage 6 1.11 0.94 0.76 

Stage 7 0.66 0.55 0.43 

MOC 0.42 0.34 0.26 

  

Figure 2.8: An open NGI. The nozzles, on the bottom of the lid, separates the particles 
according to their diameter and collected in the collection cups on the bottom. [25] 
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2.5.3 Particle Parameters 

The data obtained from an impactor is be presented in the following parameters: Fine Particle 

Fraction of Delivered Dose (FPF of DD), Fine Particle Fraction of Loaded Dose (FPF of LD), Fraction 

Powder in Induction Port, Mass Median Aerodynamic Diameter (MMAD) and Particle Size 

Distribution. 

2.5.3.1 Fine Particle Fraction of Delivered Dose 

The delivered dose is the amount of powder that reaches into the stages of the impactor itself. 

This measurement accounts for the amount of particles of the delivered dose that are fine 

particles. 

2.5.3.2 Fine Particle Fraction of Loaded Dose 

The loaded dose is the total amount powder loaded in the inhalator before sampling with the 

impactor. The key difference between the loaded dose and the delivered dose is that the former 

accounts for powder residue in the inhaler device and the latter omits it. Powder with good flow 

properties should have similar values in the FPF of DD and the FPF of LD. 

2.5.3.3 Fraction Powder in Induction Port 

The amount powder (of the delivered dose) deposited in the induction port gives an estimation 

on how the powder would behave when entering the respiratory system in a physiological 

system. For formulations for systemic delivery, it is generally more desirable for most of the 

powder to bypass the throat and into the lungs.  

2.5.3.4 Mass Median Aerodynamic Diameter 

To fully characterize a powder, the term mass median aerodynamic diameter (MMAD) is used. 

MMAD is defined as the mass median diameter where 50 % of the mass of all particles in the 

powder is smaller (in diameter) than this value and the other 50 % is larger.  

2.5.3.5 Particle Size Distribution 

The particles will distribute according to the effective cutoff diameter of the impactor at a 

particular airflow rate (see Table 2.2) and a particle size distribution graph gives a visual 

estimation of where the particles might be deposited in a respiratory system.  
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2.6 WATER ACTIVITY 
Determining the water content of a pharmaceutical formulation is important for stability 

studies. The USP recommends gravimetric analysis when working with pharmaceutical drugs. In 

order to do such an analysis, at least 10 g of the tested drug needs to be available. [29]  When 

the available powder is lower in quantity, an alternative method of giving an indication of the 

water content can be done by measuring the water activity. 

Water activity is defined as the “ratio of the vapor pressure of water in a material (p) to the 

vapor pressure of pure water (po) at the same temperature”. Water content is the volume water 

present in a given sample, but the value includes chemically bound water, which are normally 

unavailable to microbes. Water activity only gives the value of “free” water (i.e. the water 

content available for interaction with microbes) and is essential to evaluate concerns regarding 

microbial growth in the sample. A high water activity could also possibly affect the de-

aggregation ability of the powder. The range of water activity (aw) goes from 0.0 (bone dry) to 

1.0 (pure water). [30] 

2.7 DESIGN OF EXPERIMENTS 
Experimental studies require a great amount of data to draw irrefutable conclusions, both when 

developing the theory and investigating it. Most experiments can be expensive and require 

months of work. A Design of Experiments (DoE) aims to predict the outcome by gathering the 

data of a limited number of experiments, varying selected pre-conditions. The outcome by 

changing the particular pre-condition in other ways can thus be predicted. [31] 

There are many types of experimental designs suited for different purposes. Factorial designs 

are common when there are a large number of factors/parameters. Full factorial designs 

accounts for variations in all given factors at two levels, low and high. For example, 3 factors 

would lead to 23 variations or “factorial points”. This is best represented in a cube (as seen in 

Figure 2.9), where the factorial points encapsulate a space in which the outcome can be 

predicted due to the structure being defined by the cornerstones. [31] 

Center points are often added for a measure of 

process stability and inherent variability, 

functioning as control runs. A center point is the 

exact center value of all factors, being neither 

low nor high but the middle. 3 control runs are 

recommended for measuring the stability and 

variability of the system. [32]  

Factor 1 

Fa
ct

o
r 

2
 

Figure 2.9: A schematic representation of a three 
factor, two level full factorial design with a center 

point. 
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Section 3 

3 METHODOLOGY 

For this master thesis, the primary equipment used were a BÜCHI Mini Spray Dryer B-290 for 

production and two types of inhalators, Andersen Cascade Impactor (ACI) and Next Generation 

Impactor (NGI), for analysis. Additional analyses were water activity measurement and imaging 

with an optical microscope. 

3.1 THE PHARMACEUTICAL FORMULATION 
Variations in the pharmaceutical composition is necessary in order to gather data about changes 

in concentration and/or substances. For this thesis, three variations of composition was used: 

- Lysozyme and lactose. 

- Lysozyme, lactose and mixed lipids. 

- Lysozyme, lactose and pure lipids. 

The goal is to encapsulate the API (lysozyme) in liposomes. Lipids are hydrophobic and lysozymes 

are hydrophilic, meaning they cannot be dissolved in the same medium. The problem is 

bypassed by utilizing the “ethanol injection” method [10]. 

Lysozyme was first dissolved in a set amount of solvent (distilled water). The lipids were 

dissolved separately in ethanol, never exceeding 10 % of the total ethanol solution. After 

complete dissolution with the aid of a vortex mixer, the lipid solution was loaded into a cannula 

and injected into the lysozyme solution. The force of the injection causes the lipids to spread 

evenly in the combined solution and the subsequent stirring homogenizes it. Upon injection, the 

clear solution becomes cloudy, indicating formation of structures. Finally, lactose was added in 

the solution, to provide additional mass to the finished powder for better flow properties, which 

eases handling of the powder.  

A total of 8 variations of the compositions were tested, as detailed in Table 3.1. The quantities 

detailed are in weight percent of the total solution. The batches were produced with 100 ml in 

total solution, except for P-0.75 and P-0.5, which were produced with 200 ml in total solution. 
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Table 3.1: The variations of the compositions tested in the project. Note that the lactose concentration was always 
kept constant. 

Composition 
ID 

Lysozyme  
(% w/w) 

Mixed lipid 
 (% w/w) 

Single lipid  
(% w/w) 

Lactose  
(% w/w) 

L-1 1.0 0 0 4.0 

L-0.75 0.75 0 0 4.0 

L-0.5 0.5 0 0 4.0 

M-1 1.0 0.3 0 4.0 

M-0.75 0.75 0.15 0 4.0 

M-0.5 0.5 0.3 0 4.0 

P-0.75 0.75 0 0.15 4.0 

P-0.5 0.5 0 0.3 4.0 

 

The composition ID is composed of a letter and a number. The letter indicates whether there is 

lipid or not (L stands for “Lysozyme only”) and, for the former case, what kind of lipid (M for 

“Mixed lipid” and P for “Pure lipid). The number indicates the mass fraction of lysozyme in the 

solution.  

3.2 SPRAY DRYING 
The pharmaceutical powder was produced with a BÜCHI Mini Spray Dryer B-290. 

There are five adjustable settings on the spray dryer: The inlet temperature, the pump rate (the 

feed rate), the aspirator rate, the nozzle cleaning interval and the spray air flow (the first four 

are seen in Figure 3.1). 

The aspirator motor decides the pressure on the drying fluid and the speed of which it is 

sucked/blown through the device. The aspirator rate was kept constant at 100 % (corresponds 

to a gas flow of approximately 35 m3/h) for maximum separation of particles in the cyclone. 

The nozzle cleaning rate sets the interval for a pneumatic needle to push through the nozzle to 

prevent clogging. There were no recommendations from the manufacturer, so the nozzle 

cleaner was set to clean every 3 minutes based on trial-and-error. 

Figure 3.1: Settings display for the spray dryer. 
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The spray flow rate is the amount of compressed air introduced to disperse 

the feed. As seen in Figure 3.2, this is set by adjusting a knob and the air flow 

is indicated from the height of the knob suspended in air. Due to the difficulty 

of accurately setting the spray air flow, changes in this setting was omitted. 

It was recommended by the manufacturer to set the air flow to at least 300 

L/min [33], so the knob was adjusted for the float to set on 30 mm in height, 

which corresponds to roughly 357 L/min.  

The only settings varied on the spray dryer was the inlet temperature (the 

temperature of the heated spraying air) and the feed rate. 

The feed rate is denoted in percentage on the spray dryer and the actual flow 

can be adjusted depending on the type of tube the feed flows through. Figure 

3.3 shows the correlation between the feed rate and the feed flow for a 

standard 2/4 silicone tube.  

During operation of the spray dryer, the system had to be cleaned from eventual residues from 

previous experimental runs by introducing liquid medium (distilled water), which also stabilized 

the temperature of the drying medium. When the temperature in the drying chamber reached 

the desired level, the pharmaceutical formulation was introduced into the system.  

3.2.1 Trials 

The production was divided into three trials: trial #1, trial #2 and trial #3. Each trial has its own 

determined settings of pharmaceutical composition and spray dryer settings, as detailed in Table 

3.2. The settings were decided from recommendations in BÜCHI’s training papers for spray 

drying [34], trial-and-error and modelling after a full fractional experimental design. 

  

Figure 3.2: 
Adjustment of the 

spray air flow. 

Figure 3.3: The feed (pump) rate versus the throughput. [34] 
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Table 3.2: The complete list of production batches. The batch ID is an extension of the composition ID, with only an 
added letter to differentiate batches with the same composition. A, B, C and D have differences in the production 
process.  M, N and O are identical in the production process and are replicates to measure the variability in the 
production method. Please refer back to Table 3.1 for details about the composition and Figure 3.3 for the feed flow 
rate.  

Batch ID Composition ID Feed flow rate (%) Inlet temperature (˚C) 

Trial #1 

L-1A L-1 10 200 

L-1B L-1 30 200 

L-1C L-1 10 150 

L-1D L-1 30 150 

L-0.5A L-0.5 10 200 

L-0.5B L-0.5 30 200 

L-0.5C L-0.5 10 150 

L-0.5D L-0.5 30 150 

L-0.75M L-0.75 20 175 

L-0.75N L-0.75 20 175 

L-0.75O L-0.75 20 175 

Trial #2 
L-0.5A L-0.5 10 200 

L-0.5B L-0.5 20 200 

L-1A L-1 10 200 

L-1B L-1 20 200 

M-0.5A M-0.5 10 200 

M-0.5B M-0.5 20 200 

M-1A M-1 10 200 

M-1B M-1 20 200 

M-0.75M M-0.75 15 200 

M-0.75N M-0.75 15 200 

M-0.75O M-0.75 15 200 

Trial #3 
P-0.5A P-0.5 10 200 

P-0.75M P-0.75 15 200 

 

The data gathered after running the spray dryer is the outlet temperature (the temperature of 

the air exiting the drying chamber along with the particles), the yield and the air humidity.  

N.B. The measurement of the yield is not consequent across the trials. For trial #1, the yield was 

measured by weighing the collection bin containing the finished product to measure the 

gathered powder’s weight. However, it was discovered afterwards that a noticeable amount of 

powder was stuck on the underside of the cyclone, which could be retrieved. At the end of trial 

#1, it was concluded that the mass of the finished powder might not suffice for the subsequent 

measurements. As such, the measurement of yield was changed to weighing the collection bin 

after retrieving any possible leftover powder. Thus, the yield value became dependent on 

handling skills from trial #2 onwards. Note therefore the difference in presentation of results of 

the yield. 



Methodology 

19 
 

3.3 WATER ACTIVITY MEASUREMENT 
Water activity measurement was done with a Decagon’s AquaLab Water Activity Meter (Series 

3TE) (see Figure 3.4). A cup with the sample was put into the measurement chamber to start the 

measurement. The water activity and the temperature of the sample is displayed on the LED 

screen when the measurement is done. 

3.4 LIGHT MICROSCOPY 
Spray dried products have a characteristic shape in the form of hollow spheres, due to formation 

of blow-holes to vaporize water inside the particle [35]. To confirm this, a light microscope can 

be used for visual confirmation. 

The microscope used was an OLYMPUS BX50 Optical Microscope. The sample was placed on a 

microscope slide with a cover glass placed upon the sample to spread the particles. Images were 

taken at the following magnifications: 

- 20x 

- 50x 

- 100x 

- 200x 

- 500x 

  

Figure 3.4: The water activity meter. Note the measured water activity (and the 
sample's temperature) is shown in the LED display.  
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3.5 IMPACTOR 
The two different impactors were situated at two separate locations: The ACI at Lund 

University’s Department of Food Technology and the NGI at Emmace Consulting AB. For practical 

reasons, analysis with the impactors were divided into two phases: The ACI phase, to gather 

preliminary data about all the batches directly after production of each trial, and the NGI phase, 

to gather more detail about select batches (the selection was based on the preliminary data 

from the ACI phase).  

3.5.1 Andersen Cascade Impactor 

The Andersen Cascade Impactor (manufactured by Copley Scientific) was used as a screening 

method to give preliminary data about the fine particle fraction in the sample.  

For every experimental run, five capsules of each batch was 

loaded, with a total powder mass of between 100 and 130 

mg. The capsules were loaded in a Ultibro® Breezhaler®. 

Needles in the inhaler pierces the loaded capsule upon the 

user’s prompting, which is necessary to create openings in 

the capsule for the powder to flow through.  

A flow generating system was used to control the flow from 

a vacuum pump, connected to the impactor, as well as its 

duration. The airflow rate was set to 60 L/min for a duration 

of 5.0 seconds, which corresponds to 5 liters aerosol inhaled 

(the minimum recommended is 4 liters). While normal 

impactor tests are run with induction ports designed as per 

USP/Ph.Eur.’s guidelines, for practical reasons, it was 

exchanged with a glass inlet, an alternative described in Ph. 

Eur. [24] (as seen in Figure 3.5).  

The valve for the airflow opens only upon the user’s 

command, following the settings entered in the flow 

generating system. For each capsule loaded in the inhaler, 

the valve was opened twice, to ensure that as much powder is emptied as possible. A distinct 

rattling sound was heard when the operation is performed correctly. Should the sound be 

absent, the inhaler was tightened more securely and/or the capsule was re-positioned and/or 

re-pierced, before the operation was performed again.   

Since the aim of this screening process was only to gather enough data to make plans for further 

experiments, only particles after Stage 2 (which has a cutoff diameter of 4.4 µm, see Table 2.1) 

were gathered while ignoring particles caught in the upper levels of the ACI and not separating 

any particles after Stage 2. 

For each stage, a collection plate was placed to catch the particles. The plates were coated with 

a lubricant (SPRINK Sprayfett) to minimize particle bounce. 

A filter stage (Stage F) follows Stage 2, with a glass fiber filter paper held securely by a rubber 

gasket, caught all the particles below Stage 2. When operation for a given batch was completed, 

the filter paper was submerged in 30 ml solvent for the particles to dissolve in. After trial-and-

error, the estimated minimum required dissolution time was 1.5 hours, as the measured values 

had less fluctuations after approximately the given time. Afterwards, the solution was taken to 

quantitative analysis.  

Figure 3.5: The experimental setup for 
the Andersen impactor. Compared to 
standard procedure, the induction port is 
exchanged for a shorter, round glass 
throat.  
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For trial #1, the dissolution solvent was distilled water. From trial #2 onwards, this was changed 

to SDS (Sodium Dodecyl Sulfate) solution, as a surfactant is needed to break open the lipids.  

Triplicates were sampled for each batch, for reliability of the experimental data. During the 

course of the project, more were sampled depending on the results of the first three data 

analyses.  

3.5.2 Next Generation Impactor 

The Next Generation Impactor (see Figure 3.6) was used to give more details about the particle 

size distribution and the fine particle fraction of selected batches. 

Due to availability, metallic induction ports were used instead of glass inlets. No separate pre-

separator was installed in the NGI. Instead, stage 1 was treated as a pre-separator. Each 

collection cup was coated with a coating solution to minimize particle bounce. The coating 

solution consisted of 3 % v/v Brij-35 in an ethanol/glycerol (proportions 1:4) solution. 

Like the ACI, the airflow rate for the NGI was set to 60 L/min for a duration of 5 seconds, applied 

for every batch. Additionally, sampling was also done on a lower and a higher airflow rate. In 

this case, 44 L/min and 90 L/min respectively. The duration was changed to correspond to 5 liter 

aerosol inhaled (6.8 s and 3.3 s respectively). Due to time constraint, not all batches were 

sampled on 90 L/min.  

When operation for a given batch was completed, each collection cup was filled with 15 ml 

solution (the solvent being distilled water) to dissolve the powder before moving on to 

quantitative analysis. Each batch was sampled twice, for each setting.  

3.5.2.1 Humidity resistance test 

To gain additional information of the powder’s characteristics in regards to water absorption, a 

humidity resistance test was performed for selected batches. 

The batches were pre-loaded into 10 capsules each (for duplicate impactor runs) and stored in 

a desiccator containing supersaturated NaCl solution (22 g NaCl : 10 g H2O) for one week. In 

room temperature (20-25 ˚C), the salt solution generate a relative humidity in the desiccator of 

approximately 75 %. [36] [37] Afterwards, the samples were run in the NGI. 

  

Figure 3.6: The NGI used for experiments. 
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3.6 FINE PARTICLE FRACTION CALCULATION 
UV-spectroscopy was used as a quantitative analytical method. However, it only measured the 

lysozyme in the solution, whereas the powder loaded in the capsules contain lysozyme and 

lactose (in addition to lipid if it is present). It was assumed that the powder is a homogenous 

mixture and the proportions correspond to the amount of each substance introduced in the 

pharmaceutical solution prior to production. 

The FPF was calculated via the following equation: 

𝐹𝑃𝐹𝑏𝑎𝑡𝑐ℎ =
𝑚𝑑𝑒𝑡𝑒𝑐𝑡𝑒𝑑

𝑚𝑡𝑜𝑡𝑎𝑙
× 100 

In which mdetected  the dosage lysozyme detected in the UV-spectrophotometer and mtotal is the 

theoretical amount of lysozyme in the total mass of powder in the 5 capsules (the loaded dose) 

of the given batch. See details about the calculations in the Appendices under “Calculations of 

Fine Particle Fraction”. 

Since the impactors were operated more than once on each batch, the FPF value presented in 

the results is the average value of the duplicates. The full list of measured FPF is presented in 

the Appendices under “Full List of Data from Impactor”. 

For calculations of batches sampled in the NGI (i.e. the NGI phase), mtotal for the delivered dose 

is the amount of lysozyme detected in all of the collection cups combined. As such, the 

difference between the loaded dose and the delivered dose is that the former is a theoretical 

value and the latter is a measured value.
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Section 4 

4 RESULTS & DISCUSSION 

The project was divided into three production trials, with two separate measurement phases 

overlapping the trials. As the trials were built upon each other, the results and analysis for each 

trial will be presented in chronological order. 

4.1 TRIAL #1 
The effects of the chosen variables for spray drying production is investigated in the first trial, 

to give a sense of how they might change the measured parameters. The batches produced 

contained only the API (lysozyme) and the lactose (filler). The goal of the trial was to examine 

the influence of the lysozyme concentration as well as the temperature and the feed rate on the 

spray dryer. 

4.1.1 Results 

The results for the batches are presented in two tables: Table 4.1 presents various data such as 

yield, water activity and measured air humidity, and Table 4.2 presents the average fine particle 

fraction as well as minimum and maximum measured FPF to assess the spread of the particular 

sample. A select few microscope images are presented in Figure 2.1 to give an awareness of the 

particles’ shape.  

Table 4.1: The results of trial #1. The lack of outlet temperature on L-0.75N is due to negligence of measurement. 

BATCH ID OUTLET 
TEMPERATU
RE (˚C) 

TEMP. 
DIFFERENCE 
(˚C) 

YIELD (%) WATER 
ACTIVITY 

RELATIVE 
AIR 
HUMIDITY 
(%) 

L-1A 135 65 23 0.135 19.0 
L-1B 121 79 53 0.163 22.5 
L-1C 107 43 43 0.181 17.0 
L-1D 79 71 55 0.195 18.5 
L-0.5A 138 62 42 0.214 21.5 
L-0.5B 104 96 48 0.178 20.5 
L-0.5C 102 48 41 0.124 17.0 
L-0.5D 88 62 40 0.164 22.0 
L-0.75M 102 73 52 0.137 18.5 
L-0.75N N/A N/A 55 0.133 23.5 
L-0.75O 118 57 58 0.153 22.0 
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Table 4.2: The average fine particle fraction of the batches, presented together with the maximum and the minimum 
measurement value. 

Batch ID Fine Particle 
Fraction (%) 

Minimum (%) Maximum (%) 

L-1A 16.2 15.2 18 

L-1B 5.4 5.2 6.1 

L-1C 7.9 6.8 7.7 

L-1D 5.5 4.1 7.4 

L-0.5A 9.8 9.2 10.7 

L-0.5B 6.9 6.2 8.1 

L-0.5C 7.4 6.7 9.7 

L-0.5D 6.9 5.9 8.1 

L-0.75M 4.8 4.6 5.0 

L-0.75N 6.5 5.9 7.8 

L-0.75O 5.9 5.3 6.3 

 

Figure 4.1: Microscope images of select batches. Clockwise from the upper left: L-1A, L-1B, L-0.5B and L-0.5A.  
All images were taken with a 500x magnification. 

L-1A L-1B 

L-0.5A L-0.5B 
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4.1.2 Discussion 

It is fair to assume that the outlet temperature is in direct proportion with the inlet temperature, 

as the higher the inlet temperature, the higher the outlet temperature. When comparing the 

change in feed flow rate, higher feed flow rate decreases the outlet temperature (and by 

extension, increases the temperature difference), as faster introduction of solution leads to 

more solvent to evaporate. Unfortunately, there is no clear consensus of how the change in 

concentration changes the outlet temperature, as it stays relatively the same. This can be 

attributed to the fact that the concentration is very low (between 0.5 % and 1.0 % of the total 

solution) and the influence becomes insignificant.  

The water activity and the inlet temperature is close to inversely proportional, as higher inlet 

temperature results in lower water activity. Higher temperature in the spray air means more 

thermal energy transferred to the droplets to remove the moisture. Increasing the feed flow 

rate mitigates this effect, as the solution is introduced faster and droplets do not stay in the 

chamber long enough to be fully evaporated. This generally remains constant aside from batch 

L-0.5A compared to L-0.5B (showing a reversed pattern). The samples were sealed in small 

plastic containers and stored in desiccators, but there is a possibility that the desiccators were 

not fully sealed, allowing aerial moisture to contaminate the finished powders. Again, there is 

nothing conclusive of the concentration’s influence on the water activity.  

There is no clear pattern of how the yield is affected by the different variations in the production 

process, as it remains relatively constant. Aside from L-1A (with the lowest yield of 23%), all 

variations gave a yield of between 40 % and 60 %. If the concentration and the temperature are 

kept constant, then higher feed rate tends to lead to higher yield, which can be attributed to the 

larger mass provided by the added moisture.  

In regards to the fine particle fraction, none but one of the samples passed the 10 % mark. 

However, the influence of the parameters are quite clear. Higher feed rate gives lower fine 

particle fraction. As stated earlier, higher feed rate also leads to higher water activity. More 

residue moisture in the particles could mean that there is more content filled in the particles, 

leading to larger sizes. A high drying temperature is beneficial for production of fine particles. 

Lastly, the concentration does influence the particles’ sizes. Lower concentration contributes to 

higher fine particle fraction. This is likely because there is less mass to dry into particles. Only 

one sample sharply contradicts this value: L-1A, which also happens to be the sample yielding 

the highest FPF. As such, this batch was treated as a “golden point”. L-1C does have a higher FPF 

than L-0.5C but by a small margin, making it difficult to assess whether the same pattern applies 

in this case or not.  

The microscope images in Figure 4.1 show the particles have a spherical shape. However, the 

particles do not have a uniform size, with the particle diameter varying. Some particles can be 

twice the size of another particle in the same batch. In the images, light spots can be seen in the 

middle of particles but this is most likely an artifact of the light from the optical microscope and 

not a characteristic of the particles. All of the batches share similar characteristics. 
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4.1.3 Conclusion 

The goal of the trial was to assess the chosen parameters for production of spray-dried powder. 

Due to the chosen parameters, the interval the parameters cover are very limited. For example, 

there is no data for a feed rate beyond 30 %. This is most apparent in the choice of 

concentrations, as it seems to have done minimal effect on the measurements. 

Nonetheless, for the purpose of optimizing parameters to yield favorable results, there is 

enough data to make an assessment (see Table 4.3).   

Table 4.3: The effects of the parameters on the measured dependence. The parenthesis indicate inconclusiveness of 
the parameter’s effect as it is only exhibited in half of the cases.   

                  Parameter 
Dependence 

Inlet temperature ↑ Feed rate ↑ Concentration ↑ 

Outlet temperature ↑ ↓ Inconclusive 

Yield Inconclusive ↑ Inconclusive 

Water activity ↓ ↑ Inconclusive 

Fine particle fraction ↑ ↓ (↓) 

 

For inhalation formulation, it is desirable for the particles to possess a small diameter while 

keeping a low moisture content. Judging from the results in Table 4.3, it is recommended to 

have a low feed rate and high temperature during production, thus maximizing the drying effect 

on the droplets. The concentration had very little effect on the measured parameters, likely due 

to its limited interval. 

The results in Table 4.2 correlates with the conclusion, as the two batches showing the highest 

fine particle fraction (L-1A and L-0.5A) had production settings with high temperature and low 

feed rate.  
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4.2 TRIAL #2 
Trial #2 includes spray-dried powder containing lipids. Half of the batches contained only 

lysozyme and the other half contained lipids as well. The desired lipid (“pure lipids”) is only 

available in a limited quantity, thus requiring a model lipid (“mixed lipids”) to take its place to 

evaluate the effect of lipids in a spray-dried powder. 

Trial #2’s batches were planned based on the information gained from Trial #1. Since L-1A and 

L-0.5A showed favorable fine particle fraction results, the settings for the new batches were 

based on these two batches, as well as reproducing them. 

Like in trial #1, 8 new batches were produced, with 3 replicates of a center point. The 

temperature was fixed to 200 ˚C for the duration of the trials, since it has been established that 

high temperature is beneficial for production of fine particles. The absence of change in inlet 

temperature was replaced by the presence (or absence) of lipids in the pharmaceutical 

formulation, to assess how the lipids affect the spray-dried powder’s properties. The feed rate 

was also adjusted.  

As the previous batches were based on two concentration values (1.0 % respective 0.5 %), these 

stayed the same, mainly to replicate L-1A and L-0.5A.  

4.2.1 Results 

The results for the batches are presented in two tables: Table 4.4 presents various data such as 

yield, water activity and measured air humidity, and Table 4.5 presents the average fine particle 

fraction as well as minimum and maximum measured FPF to assess the spread of the particular 

sample. A select few microscope images are presented in Figure 4.2 to give an awareness of the 

particles’ shape. 

Table 4.4: The results of trial #2. Note that the batches L-0-5B and L-1B are not the same as in trial #1. Note also the 
yield is not calculated in the same way as in trial #1 (details in the Methodology). 

BATCH ID OUTLET 
TEMPERATURE 
(˚C) 

TEMP. 
DIFFERENCE 
(˚C) 

YIELD (%) WATER 
ACTIVITY 

RELATIVE 
AIR 
HUMIDITY 
(%) 

L-0.5A 146 54 63 0.250 30.0 
L-0.5B 128 72 67 0.278 29.5 
L-1A 134 66 71 0.261 26.0 
L-1B 118 82 71 0.282 30.0 
M-0.5A 144 56 70 0.213 29.5 
M-0.5B 123 77 76 0.223 29.0 
M-1A 141 59 72 0.235 26.5 
M-1B 134 66 51 0.264 27.5 
M-0.75M 134 66 71 0.229 26.0 
M-0.75N 134 66 58 0.233 28.0 
M-0.75O 136 64 72 0.231 30.5 
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Table 4.5: The average fine particle fraction of the batches, presented together with the maximum and the minimum 
measurement value. 

Batch ID Fine Particle 
Fraction (%) 

Minimum (%) Maximum (%) 

L-0.5A 23.0 22.4 23.8 

L-0.5B 19.0 17.0 22.0 

L-1A 19.7 17.4 22.5 

L-1B 14.3 12.8 15.2 

M-0.5A 24.5 15.7 30.9 

M-0.5B 24.6 15.0 34.2 

M-1A 17.3 11.5 22.0 

M-1B 21.4 16.5 24.7 

M-0.75M 17.0 15.2 18.3 

M-0.75N 16.7 14.4 18.0 

M-0.75O 15.9 15.1 17.2 

 

  L-0.5A M-0.5A 

M-0.75M M-0.75O 

Figure 4.2: Microscope images of select batches. Clockwise from the upper left: L-0.5A, M-0.5A, M-0.75M and M-0.75O. 
All images were taken with a 500x magnification. 
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4.2.2 Discussion 

Like in trial #1, the effect on the outlet temperature and the water activity by the inlet 

temperature and the feed rate is the same. Curiously, the effects of the concentration is more 

evident here. The outlet temperature decreases and the water activity increases with increasing 

concentration (except for in the case of M-1B versus M-0.5B). Moreover, the addition of lipids 

has a definite effect on the water activity, as the M-batches have a lower water activity than the 

L-batches with a similar production process. Lipids are hydrophobic, which means they have no 

hygroscopic behavior (i.e. the ability to attract and hold water molecules from the environment). 

Instead, the presence of lipids seem to exhibit anti-hygroscopic behavior as, despite the same 

amount of lysozyme and lactose being present in both the L-batches and the M-batches, the 

latter still shows lower water activity.  

Regarding the fine particle fraction, there is nothing conclusive of how the addition of lipids 

affects the particle size. In three out of four cases (the exception being M-1A versus L-1A), the 

samples containing lipids show higher FPF. The particle size is dependent on the droplets 

evaporating into fine particles and there is no apparent explanation on how the lipids affect this 

process. However, as seen from the minimum and the maximum value, the results vary from 

measurement to measurement. This could be an early indication that the powder is not 

homogenous.  

Moreover, the addition of alters the behavior of the feed rate. Contrary to the L-batches, the M-

batches does not show lower fine particle fraction with increasing feed rate. 

As seen in Figure 4.2, the particles are spherical (or close to spherical) but not uniform in the 

size.  

Interestingly, despite produced with the same settings, the batches L-1A and L-0.5B had 

markedly different results in trial #2 compared to trial #1. Both the water activity and the fine 

particle fraction is higher compared to trial #1.  

There are two possible reasons for the higher value in water activity:  

A) The spray-dryer had been altered with after the first production series and it was 

discovered in the aftermath that there is a possibility the spray air flow has been 

decreased. Lower spray-air flow means less heat energy in the system, leading to a 

higher moisture content. 

B) The relative air humidity during production of the powder was higher in trial #2 than in 

trial #1. The humidity during trial #1 was between 19 % and 23 %, whilst during trial #2, 

it was between 26 % and 30 %. The higher air humidity leads to higher moisture content. 

However, there is no definite reason of why the fine particle fraction is higher. This could simply 

be due to better handling and operation of the experiments by the analyst.  

Regardless, the addition of lipids favor the production of powders, if following the goal of low 

water activity and high fine particle fraction. While theorized in the analysis for trial #1, it is clear 

in trial #2 that lower concentration yields higher fine particle fraction. 
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4.2.3 Conclusion 

While most of the earlier conclusions remain intact, the addition of lipids presents results that 

are difficult to understand. At first glance, the addition of lipids increases the fine particle 

fraction, which is favorable when formulating an inhalation product. But the variations in 

samples leads to difficulty in quantifying its effect and the spread of results may indicate that 

production while incorporating lipids with ethanol injection may result in an inhomogeneous 

matrix. Nevertheless, based on the tests, addition of lipids is favorable when formulating an 

inhalation product. See Table 4.6 for assessment of the different factors and their effects.  

Table 4.6: The effects of the parameters on measured dependence, based on data from trial #2. The parenthesis 
indicate inconclusiveness of the parameter’s effect as the effect is only exhibited in half of the cases.   

                  Parameter 
Dependence 

Feed rate ↑ Concentration ↑ Lipids + 

Outlet temperature ↓ ↓ Inconclusive 

Yield Inconclusive Inconclusive Inconclusive 

Water activity ↑ ↑ ↓ 

Fine particle fraction ↓ (only applies to 
batches containing 
no lipids) 

↓ (↑) 

 

Combining the data of trial #1 and trial #2, the following statements can be made regarding 

optimization: 

- Keep a high temperature 

- Keep a low feed rate 

- Incorporate lipids in the pharmaceutical formulation 

Keeping to these principles allows for the production of an “ideal” inhalation powder in regards 

to fine particle dosage.  
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4.3 TRIAL #3 
Trial #2 includes spray-dried powder containing the desired lipid. Based on the data from trial 

#2, certain production settings were selected to be replicated, switching the model lipid with 

the desired lipid. 

Due to the limited quantity of “pure lipids”, not as many batches could be produced compared 

to previous trials. Instead, the batches’ production settings were hand-picked based on how 

much additional information they might give about spray-dried powder containing lipids.  

For the purpose of producing an “ideal” inhalation powder, the production setting for batch M-

0.5A was chosen to be replicated (exchanging “mixed lipids” to “pure lipids”) as it corresponds 

to the guidelines established in previous trials.  

In trial #2, the replicate batches (M-0.75M, M-0.75N and M-0.75O) showed similar results, 

indicating that the production method is stable. As such, the batches’ production setting was 

chosen for replication with “pure lipids” to observe whether similar characteristics could be 

replicated. 

4.3.1 Results 

The results for the batches are presented in two tables: Table 4.7 presents various data such as 

yield, water activity and measured air humidity, and Table 4.8 presents the average fine particle 

fraction as well as minimum and maximum measured FPF to assess the spread of the particular 

sample. A select few microscope images are presented in Figure 4.3 to give an awareness of the 

particles’ shape. 

Table 4.7: The results for trial #3. 

BATCH ID OUTLET 
TEMPERATURE 
(˚C) 

TEMP. 
DIFFERENCE 
(˚C) 

YIELD (%) WATER 
ACTIVITY 

RELATIVE 
AIR 
HUMIDITY 
(%) 

P-0.5A 137 63 74 0.185 32.0 
P-0.75M 132 68 74 0.206 31.0 

 

Table 4.8: The average fine particle fraction of the batches, presented together with the maximum and the minimum 
measurement value. 

Batch ID Fine Particle 
Fraction (%) 

Minimum (%) Maximum (%) 

P-0.5A 37.0 31.7 42.9 

P-0.75M 21.0 18.3 24.4 
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4.3.2 Discussion 

Comparing the results of the P-batches to the M-batches (with the same production settings) in 

trial #2, the results look even more promising. The results showed an even higher fine particle 

fraction in the P-batches. However, like in trial #2, there is a large spread between the minimum 

and the maximum measurement value. The Andersen impactor operation was performed 5 

times and the results could not be reliably replicated. Even so, the results show that mixing the 

pure lipids together with lysozyme, the API, yields positive results regarding the fine particle 

fraction.  

The water activity presented in the results is the first measured value. Out of curiosity, the water 

activity was again measured twice, with 5 days in between the different measurements. The 

measurements showed that the water activity increased with the passing days. It is theorized 

that the desiccator the containers were stored in were not sealed properly, thus allowing water 

molecules in the air to interact with the powder. 

The addition of lipids seems to have not affected the shape of the particles, as they are still 

spherical but with non-uniform particle sizes (see Figure 4.3). 

4.3.3 Conclusion 

Judging from the results of the three trials, adding lipids in the pharmaceutical formulation has 

a positive results for formulating inhalation powders, due to increasing the fine particle fraction. 

Of all the batches in the three production trials, P-0.5A showed the highest fine particle fraction. 

  

P-0.5A P-0.75M 

Figure 4.3: Microscope images of the batches. From left to right: P-0.5A and P-0.75M.  
All images were taken with a 500x magnification. 
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4.4 CONCLUSION OF THE TRIALS 
As per recommendation by the spray dryer’s manufacturer [34], a high temperature and low 

feed rate does maximize the output of fine particles, spherical in shape. Data from the ACI 

suggest inclusion of lipids increases the mass fine particles. Based on the average fine particle 

fraction (see Table 4.9), inclusion of lipids is better than no inclusion and inclusion of pure lipids 

is better than inclusion of mixed lipids. 

Table 4.9: Comparison between three batches with same production settings but different formulations. 

Batch ID Average FPF (%) 

L-0.5A 23.0 

M-0.5A 24.5 

P-0.5A 37.0 

 

However, the increased spread in the experiments, especially in the M- and the P- batches, 

undermines the reproducibility of the data. At seemingly random occurrences, there were more 

lysozyme or more lipids incorporated in the powder, shifting the UV-absorbance values. It is 

unknown whether this it is due to operation errors or wrong expectations of the properties in 

the powder. If the ACI was handled correctly, the processing and calculation of data could be 

inadequate. The calculation of the FPF was based on a theoretical and uniform lysozyme fraction 

in the formulation. If the powder is inhomogeneous, different amount of lysozyme will be caught 

in the filter stage, leading to different values. 

Another possibility is the methodology. The filter paper collecting the fine particles was 

exceedingly difficult to submerge properly in the solvent, due to buoyancy and lack of fitting 

beakers in sufficient quantity. The paper was often folded to fit into the beaker, which could 

have diminished the UV-absorbance of the fine particles due to insufficient dissolution.  
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4.5 NGI PHASE 
Five batches were chosen for further analysis: L-0.5A, M-0.5A, P-0.5A, M-0.75M and P-0.75M.  

L-0.5A, M-0.5A and P-0.5A showed highest fine particle fraction in the ACI phase out of their 

respective batch group and are identical in production method, only different in the 

composition. 

The M-0.75 series in trial #2 showed values that remained nearly constant in the samples. P-

0.75 has similar settings in the production process. If differences occur, analysis on these batches 

could give information of whether it was caused by the analysis method (ACI versus NGI) or by 

different measurement occasions (unrelated to the method itself). 

With the equipment available, more data can be presented compared to the ACI phase, since all 

collection cups were analyzed, in contrast to only collecting particles under a certain diameter. 

Details about the different parameters were explained under “Particle Parameters” in the 

Theory section. 

4.5.1 Results 

The results are presented individually according to the given measurement data. The Fine 

Particle Fraction of Delivered Dose (Figure 4.4), the Fine Particle Fraction of Loaded Dose (Figure 

4.5), the Fraction Powder (Lysozyme) in Induction Port (Figure 4.6) and the Mass Median 

Aerodynamic Diameter (Figure 4.7) of each batch are presented as bars, with the measured 

airflow rate situated next to each other to observe the changes in respective values according 

to the airflow rate. The Particle Size Distribution (Figure 4.8-4.12) is presented in lines to better 

illustrate how the powder amount of different sizes changes. The values for each measurement 

is presented alongside the bars/lines.  
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L-0.5A M-0.5A M-0.75M P-0.5A P-0.75M

44 20,7 24,5 24,3 22,6 22,9

60 21,4 29,0 24,6 22,9 20,7

90 25,4 21,9 21,4
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Figure 4.4: Results of the FPF of DD for each batch at each measured airflow. 

L-0.5A M-0.5A M-0.75M P-0.5A P-0.75M

44 21,4 30,0 26,8 22,7 23,3

60 20,6 42,7 29,1 24,0 21,5

90 31,6 23,3 21,7
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Figure 4.5: Results of the FPF of LD for each batch at each measured airflow 
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L-0.5A M-0.5A M-0.75M P-0.5A P-0.75M

44 47,4 45,3 42,1 41,6 42,2

60 46,9 41,2 49,9 39,7 44,7

90 52,8 45,9 48,0
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Figure 4.6: Results of the lysozyme fraction in the induction port for each batch at each measured airflow. 

L-0.5A M-0.5A M-0.75M P-0.5A P-0.75M

44 4,0 4,1 4,0 4,1 4,2

60 3,8 2,9 3,3 3,6 4,1

90 2,6 3,3 3,2
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Figure 4.7: Results of the MMAD for each batch at each measured airflow. 
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IP 1 2 3 4 5 6 7 MOC

44 lpm 6,24 2,34 1,76 0,94 0,69 0,45 0,32 0,31 0,11

60 lpm 5,44 2,61 1,33 1,19 0,46 0,36 0,13 0,03 0,05
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Figure 4.8: The particle size distribution for L-0.5A at each measured airflow. 

IP 1 2 3 4 5 6 7 MOC

44 lpm 6,26 1,92 2,13 1,33 0,83 0,56 0,42 0,26 0,13

60 lpm 6,64 3,10 1,98 1,32 0,88 0,81 0,55 0,31 0,53

90 lpm 7,68 2,45 1,62 0,78 0,66 0,45 0,27 0,18 0,44
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Figure 4.9: The particle size distribution for M-0.5A at each measured air flow 



Results & Discussion 

38 
 

 

 

 

IP 1 2 3 4 5 6 7 MOC

44 lpm 4,72 2,24 1,72 0,90 0,63 0,48 0,30 0,17 0,19

60 lpm 4,96 3,31 1,67 0,90 0,51 0,31 0,14 0,11 0,57
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Figure 4.10: The particle size distribution for P-0.5A at each measured air flow 
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IP 1 2 3 4 5 6 7 MOC

44 lpm 7,98 3,34 2,86 1,59 1,06 0,67 0,43 0,50 0,52

60 lpm 10,04 4,21 1,23 2,82 0,55 0,72 0,22 0,14 0,21

90 lpm 8,01 4,67 2,15 1,05 0,63 0,35 0,23 0,18 0,20

0,00

2,00

4,00

6,00

8,00

10,00

12,00
LY

SO
ZY

M
E 

(M
G

)

STAGES

Particle Size Distribution of M-0.75M

44 lpm

60 lpm

90 lpm

Figure 4.11: The particle size distribution for M-0.75M at each measured air flow. 

IP 1 2 3 4 5 6 7 MOC

44 lpm 7,10 3,07 2,67 1,44 0,99 0,56 0,47 0,25 0,28

60 lpm 7,64 3,90 2,49 1,30 0,81 0,39 0,18 0,13 0,24

90 lpm 7,82 4,16 1,88 0,93 0,65 0,39 0,18 0,18 0,10
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Figure 4.12: The particle size distribution for P-0.75M at each measured air flow. 
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4.5.1.1 Results of the humidity tests 

Two batches were selected for humidity tests, M-0.5A and P-0.5A, to observe whether the spray 

dried powder is resistant towards water absorption when including lipids or not. The results 

compares the samples exposed to high humidity to the unexposed samples of the same batch 

(i.e. stored in desiccators).  

The results of the Fine Particle Fraction of Delivered Dose, the Fine Particle Fraction of Loaded 

Dose and the Fraction Powder (Lysozyme) in Induction Port is presented in the same table, with 

the table for Mass Median Aerodynamic Diameter presented separately (Figure 4.13 and Figure 

4.15 for M-0.5A and P-0.5A respectively). The Particle Distribution Size graphs is presented in 

Figure 4.14 and Figure 4.16 for batch M-0.5A and P-0.5A respectively. 
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IP 1 2 3 4 5 6 7 MOC

Normal RH 6,64 3,10 1,98 1,32 0,88 0,81 0,55 0,31 0,53

High RH 1,06 9,55 0,29 0,19 0,39 0,45 0,39 0,49 0,24
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Figure 4.14: The particle size distribution of batch M-0.5M for different storage conditions. 
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Figure 4.13: The results of the humidity test for batch M-0.5A.  
To the left are the FPF of DD, FPF of LD and IP of DD presented together. To the right, the MMAD is presented. 
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Figure 4.15: The results of the humidity test for batch P-0.5A.  
To the left are the FPF of DD, FPF of LD and IP of DD presented together. To the right, the MMAD is presented. 

FPF% of DD FPF% of LD
Fraction

Lysozyme in IP

Normal RH 22,9 24,0 39,7

High RH 27,3 13,2 10,5
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IP 1 2 3 4 5 6 7 MOC

Normal RH 4,96 3,31 1,67 0,90 0,51 0,31 0,14 0,11 0,57

High RH 0,62 3,54 0,15 0,20 0,26 0,11 0,19 0,27 0,57
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Figure 4.16: The particle size distribution of batch P-0.5A for different storage conditions. 
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4.5.2 Discussion 

The Fine Particle Fraction of Delivered Dose gives a definite picture of how many fine particles 

there are in the powder for evaluation of whether the powder is suitable as an inhalation 

powder and whether changes in production methods might affect it. Observing Figure 4.4 there 

are very little changes in the FPF of DD value between the batches, despite different 

formulations. The values range between 20 % and 30 % of the delivered dose, with no apparent 

pattern the batches adhere to. It can be noted that batches containing lipids (the M- and the P-

batches) has a marginally higher value than the batch containing no lipids.  

Comparing between the air flows of each batch, there is a marginal change in the value, with 

the largest change occurring in the M-0.5A batch. The results indicate that the batches are stable 

in terms of de-aggregation properties.  

The data for M-0.5A impactor run at 60 L/min yielded unexpected results, as this particular data 

has the highest FPF value. Normally, the FPF value increases with increasing air flow due to a 

stronger suction force de-aggregating the particles. However, the value presented is an average 

value of two duplicates of sampling. The particular experiment (NGI operation for M-0.5A at 60 

L/min) had, in comparison to the operations at the other air flows, a high relative standard 

deviation (RSD). The RSD for the FPF value at 44 L/min and 90 L/min were 0.6 and 3.1 

respectively, while the RSD for the value at 60 L/min was 15.0 (see Table 4.10). To stabilize the 

value, additional impactor runs are recommended but this was omitted due to time constraints.  

Table 4.10: Comparison between the two measurements of batch M-0.5A and the RSD when sampling with impactor 
at different airflow rates. 

 

The FPF of DD does not account for the powder residue lost in various parts of the impactor 

(such as the air duct or the nozzles) or the powder residue left in the capsules and the inhalator. 

To give an indication of how much of the total powder contains fine particles, the amount fine 

particle gathered is compared towards the total amount introduced in the impactor, giving the 

Fine Particle Fraction of Loaded Dose. In theory, the FPF of LD has a lower value than the FPF of 

DD. Optimally, the two values should be similar since the powder residue is minimal if performed 

correctly. 

However, in this experiment, the powder introduced is measured by weighing powder while 

only lysozyme is analyzed in the UV-spectrophotometer, omitting the excipients. As such, there 

is an element of uncertainty as the lysozyme amount in a given sample cannot be verified 

(without destroying the sample) and thus the data for the loaded dose is based on a theoretical 

value, calculated from a theoretical lysozyme fraction in the powder and assuming the powder 

has a homogenous matrix. 

Comparing Figure 4.4 and Figure 4.5, discrepancy between the two values can be observed for 

a few of the batches. The batches L-0.5A, P-0.5A and P-0.75M has good correlation and the 

batches M-0.5A and M-0.75M has a FPF of LD value exceeding the FPF of DD value (see Table 

4.11). The latter case should be improbable.  

 

Airflow rate 

(L/min) 

FPF of DD  

(1st  Experiment) 

FPF of DD  

(2nd  Experiment) 

Relative standard 

deviation (%) 

40 24.4 24.6 0.6 

60 31.7 25.6 15.0 

90 24.8 25.9 3.1 
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Table 4.11: A comparison between the FPF of DD and the FPF of LD (in percentage point) of the batches and the 
difference (in percentage) between them. 

Batch FPF of DD (pp) FPF of LD (pp) Difference (%) 

L-0.5A 21.4 20.6 – 3.7 

M-0.5A 29.0 42.7 47.2 

P-0.5A 22.9 24.0 4.8 

M-0.75 24.6 29.1 18.3 

P-0.75 20.7 21.5 3.9 

 

Since the FPF of LD is based on a theoretical value, there is a possibility that the M-batches 

contain more lysozyme than the theoretical value, leading to a higher calculated FPF of LD. The 

results also show that this is exclusive to the batches containing mixed lipids, indicating that the 

properties of the lipid might have led to an inhomogeneous mixture.   

Determining the amount powder deposited in the induction port is done to assess the product’s 

properties. In general, it is more favorable for a low deposition in the induction port to maximize 

deposition in other stages. Patients using inhalers might accidently obstruct the air pathway by 

blocking the path down to the larynx and lower the delivered dose, which is why it is vital most 

of the drug reaches the target area and not elsewhere. As seen in Figure 4.6, the lysozyme 

fraction in the induction port does not change particularly much (all values fall into an 

approximate interval of 40 % to 50 %), whether between formulations or air flows. This adds to 

the idea that the production process for batches have a good stability.  

The MMAD for all batches decline with increasing airflow rate (as seen in Figure 4.7), which is 

expected due to increase in the suction power. All of the batches show an MMAD under 5 µm, 

the basic requirement for inhalation formulation. While the batches have generally the same 

MMAD at a low airflow rate (around 4 µm), they have different values at the other rates. Lowest 

is M-0.5A with an MMAD of 2.9 µm and 2.6 µm at 60 L/min and 90 L/min respectively.  

The particle size distribution for most of the batches show a slope in the graph, as fewer and 

fewer particles are deposited in the lower stages of the impactor. One interesting pattern lies in 

M-0.5A and M-0.75M. For M-0.5A, stage 2 has a higher deposition than stage 1 when operating 

at 44 L/min. For M-0.75M, stage 3 has a higher deposition than stage 2 when operating at 60 

L/min. This phenomenon disappears at other air flows.  

Note the effective cutoff diameter for each stage is different depending on the airflow rate, so 

the “bump” in the slope could be due to particles’ diameter falling in between the stages. For 

example, stage 2 has an ECD of 9.53 µm at 44 L/min and 8.06 µm at 60 L/min. If the particles 

have a diameter of 9.0 µm, they would be deposited at stage 2 when operating at 44 L/min. At 

60 L/min, the particles would instead deposit at stage 1 (assuming they do not de-aggregate). 

While this could explain the phenomenon observed in M-0.5A, the case with M-0.75M is more 

complicated. The “bump” is only present at operations with 60 L/min and while the same theory 

might explain the absence of the bump at 90 L/min, the bump is also absent at 44 L/min. This 

raises the question whether this was a one-time occurrence or an abnormal trait the batch 

displays when operating the NGI at 60 L/min.  

One last observation with the graphs is that batches containing lipids have a slight “bump” at 

the last stage (MOC). However, the higher quantified lysozyme dose at the MOC level could be 

due to possibility of influence from Brij-35 and/or lipid residues affecting the UV-absorbance 

values.  
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4.5.2.1 Humidity test 

The results for the humidity tests show none of the spray-dried batches can withstand high 

humidity well. There is lower deposition in the collection cups and the induction port and most 

of the powder is left in the capsules compared to the sample stored in a desiccator. The FPF of 

DD for the P-0.5A sample exposed to high humidity shows a higher value compared to the 

sample stored in a desiccator but this neglects the powder residue in the inhalator device and 

capsules. As shown by the FPF of LD value, the mass amount of particles with a diameter under 

5 µm is quite small. 

However, it should be noted that the method of measuring the residue in the capsules is entirely 

based on weighing measurement. When performing the humidity resistance test, the capsules 

were stored in a desiccator containing supersaturated salt solution. However, it was discovered 

that the gelatin capsules absorbed moisture as well, as there was a difference in the capsule’s 

texture. Thus, the data of the powder deposition could potentially be higher if the water 

absorbed capsules’ weight could be accurately quantified. 

Examining the particle size distribution graphs, most of the powder is deposited in the pre-

separator stage (Stage 1), with very little powder detected in the following steps until the lower 

stages. The MMAD value for the samples exposed to high humidity is surprisingly low, 1.14 µm 

and 0.57 µm for M-0.5A and P-0.5A respectively.  

The properties of the substances in the powder might have changed somehow when absorbing 

water in high dose. Out of the substances in the powder, lactose has the lowest water sorption. 

At 75 % relative humidity, the water content is approximately 5 % [38], while it is 20 % for both 

lysozyme [39] and lipids. The pre-separator stage is included to separate non-inhalable powder, 

which indicate that storage in a high humidity environment render the powder non-inhalable.  

As noted earlier, the absorbance values for the lower stages could possibly be tainted by the 

presence of detergent and/or lipid residues. 

4.5.3 Conclusion 

There are few differences in the fine particle fraction between the batches despite the 

difference in formulations. From a production standpoint, such a system is advantageous due to 

the stability. But from a development standpoint, there are no settings to fine-tune the 

properties according to wishes.  

A prevalent observation during the NGI phase is the discrepancy between the measured and the 

calculated theoretical lysozyme dosage, which is especially noteworthy in the batches 

containing lipids. This lends to the possibility of an inhomogeneous mixture in the powder.  
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Section 5 

5 CONCLUSION 

Spray-drying is a convenient and fast method to produce powder from a given solution. The 

process is automatized with little intervention from the user except for input of the spray-dryer’s 

settings. When producing powder for inhalation formulation, the desired properties are 

particles with a small diameter, uniformly in the powder. Other parameters considered are the 

water activity and the general morphology of the particles.  

The use of cascade impactors verified the fine particle content. Out of the varied parameters in 

the spray-dryer for this project, a high inlet temperature and a low feed rate is required for a 

high fine particle dose, maximizing the energy the droplets are exposed to and evaporating as 

much moisture from the particles as possible. However, the addition of lipids in the formulation 

presents a problem. While formulations including lipids displayed a higher fine particle fraction 

than the formulations without, the variance in the measurement data puts the reproducibility 

in doubt. A theorized reason for this problem is that an inhomogeneous matrix in the 

formulation caused uneven distribution of lysozyme, the only component in the powder 

detectable in the UV-spectrophotometer.  

The theory is compounded by the difference in the results between the ACI phase and NGI phase 

for selected samples.  

Table 5.1: Comparison between the Fine Particle Fraction measured with ACI and with NGI for selected batches. The 
latter has two values, the FPF of Delivered Dose and the FPF of Loaded Dose.  

Batch ID FPF measured at  
ACI phase (%) 

FPF of LD measured at 
NGI phase (%) 

FPF of DD measured at 
NGI phase (%) 

L-0.5A 23.0 20.6 21.4 
M-0.5A 24.5 42.7 29.0 
P-0.5A 37.0 24.0 24.6 
M-0.75M 17.0 29.1 22.9 
P-0.75M 21.0 21.5 20.7 

 

Not all batches displayed in Table 5.1 have a correlation between the measured FPF values. 

Batches M-0.5A and P-0.5A show an especially substantial difference. M-0.5A has almost double 

the value when measuring in the NGI compared to measurement in the ACI. As explained in the 

Discussion, the high value is due to a sampling operation resulting in a higher than normal values. 

P-0.5A has instead a much lower FPF value when measured in the NGI compared to 

measurement in the ACI. 

In general, spray dried solutions often leads to a homogeneous matrix, because the substances 

are spread evenly in an aqueous solution before evaporation and the spray concentration can 

be as low as 2 %. As seen in Table 5.1, the FPF values for batch L-0.5A (the batch containing no 

lipids) are relatively even, narrowing down the phenomenon of unevenness to the M- and P-

batches. As stated in the Theory, encapsulation via spray drying could produce stable dried 

liposomes for inhalation formulation. However, the encapsulation rate of small unilamellar 

vesicles for hydrophilic molecules is low [10], indicating that the problem might lie in the 

preparation of the pharmaceutical formulation. Ethanol injection method yields a high number 
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of SUVs [8] but the concentration of both the lipids and the proteins are very low (not exceeding 

0.3 % and 1.0 % respectively), which results in a very dilute dispersion. A possible way of 

rectifying this is increasing the lipid concentration. 

Another explanation for the discrepancy is premature release of lysozyme or lipid during 

production, which could happen if the liposomes are cracked. This is very likely due to the high 

drying temperature the production was operated in. If true, this necessitates the need of a 

balance between diminishing the particle size (as high temperature led to more fine particles) 

and the risk of damaging the liposomes and consequently the finished powder.   

The particle size distribution in the powder is not uniform as seen in the Results. A narrow 

particle distribution would mean most of the content is uniform in size and indicate reliability in 

the production process for a particular particle diameter. Additional processes could be added 

to control and diminish the average particle size, such as micronization, which a spray-dryer is 

also capable of. 

Spray-dried powder often has low water content, especially when the setting for the production 

has a high inlet temperature and low feed rate. However, the product is very susceptible to 

absorption of water molecules from the environment. This is not restricted to only how and 

where the product was stored. During the production process, a higher air humidity in the 

surroundings resulted in higher water activity. A de-humidifier accessory for the spray dryer can 

be attached to control the air humidity affecting the production process but the finished powder 

needs to be stored in a relatively low humidity environment lest the absorbed water molecules 

damage it. 

Overall, spray drying is a fast and efficient way to produce powder but the whole process, from 

preparation to analysis, needs to be reworked and optimized for incorporation of lipids to 

produce stable dried liposomes. Its effective production makes spray drying a popular method 

in many industries working with biological and chemical substances and this thesis covers one 

bit of the many opportunities and advantages the spray-drying technique can offer.  
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5.1 FUTURE APPROACHES 
The main problem during this project is the inability to guarantee a homogeneous matrix in the 

powder and no concrete information about the morphology of the particles, aside from the 

general shape. The quantitative analysis method only accounts for lysozyme, meaning 

information about the lipid and the lactose content is lost. Detergents and/or lubricants in the 

solvent might also affect the absorbance when the lysozyme quantity is small. A quantitative 

analysis method that encompasses all substances in a powder should be used for complete 

information. Both lactose and the particular lipids have a poor UV response so a different 

detector like light scattering or mass spectroscopy is more useful. 

An electron microscope gives higher resolution and more detailed information of particle’s 

structure than an optical microscope. However, the procedure is expensive and complex, as the 

sample needs to be prepared before viewing under an electron microscope.  

Future projects with spray drying powder containing lipids should revise the production process 

used in this thesis. The most important part is to increase the encapsulation efficiency to ensure 

the lipids entrap the lysozyme or any other similar model API. The ethanol injection method has 

a tendency to form vesicles with a small diameter in a dilute solution. Both the lipid 

concentration and the lysozyme concentration can be increased to facilitate the entrapment 

percentage and creation of larger vesicles. However, ethanol injection is limited by how much 

ethanol that can be introduced into an aqueous medium, which in turn limits the lipid amount. 

Moreover, if the ethanol percentage in the aqueous medium exceeds 20 %, risks of explosions 

necessitates the use of a closed loop system to operate in inert conditions.  

Research in alternative methods for preparation of liposomes would be beneficial. One 

suggestion is to find methods for formation of larger unilamellar vesicles. Formation of such 

liposomes via “Membrane Extrusion” (as detailed in [8]) is a potential starting point due to 

forming said vesicles, albeit the method is not as simple as ethanol injection. The possibilities 

are many and could potentially lead to an optimal process of spray-drying powder containing 

lipids for inhalation formulation.  
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APPENDICES 

STANDARD CURVES 
Three different standard curves were used to determine the lysozyme mass in a given solution 

in a UV-spectrophotometer after operating the impactor. The first standard curve was used in 

Trial #1, the second in Trial #2 and Trial #3 (due to addition of lipids and detergents) and the 

third was used during the NGI phase (which utilized another UV-spectrophotometer 

instrument). The y-axis is the lysozyme fraction in a solution, which can be translated to 

lysozyme weight, the x-axis is the absorbance values measured in a spectrophotometer. 
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Figure 6.1: Standard curve used for calculations in Trial #1. x in the equation stands for 
absorbance and y stands for the mass fraction lysozyme detected in the solution. The R2 value 
indicates the variance in the linear regression line. 
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Figure 6.2: Standard curve used for calculations in Trial #2 and Trial #3. x in the equation stands 
for absorbance and y stands for the mass fraction lysozyme detected in the solution. The R2 
value indicates the variance in the linear regression line. 
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Figure 6.3: Standard curve used for calculations in the NGI phase. x in the equation stands for 
absorbance and y stands for the mass fraction lysozyme detected in the solution. The R2 value 
indicates the variance in the linear regression line. 
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CALCULATIONS OF FINE PARTICLE FRACTION 
Calculations for the fine particle fraction occur via the following formula: 

- 𝐹𝑃𝐹 =
𝑚𝑙𝑦𝑠𝑜𝑧𝑦𝑚𝑒 𝑑𝑒𝑡𝑒𝑐𝑡𝑒𝑑

𝑚𝑙𝑦𝑠𝑜𝑧𝑦𝑚𝑒 𝑡𝑜𝑡𝑎𝑙
× 100    (1) 

mlysozyme detected stands for the lysozyme amount measured in the UV-spectrophotometer in a 

given solution. It is calculated via the following equation: 

- 𝑚𝑙𝑦𝑠𝑜𝑧𝑦𝑚𝑒 𝑑𝑒𝑡𝑒𝑐𝑡𝑒𝑑 = 𝑤𝑙𝑦𝑠𝑜𝑧𝑦𝑚𝑒 × 𝑚𝑡𝑜𝑡𝑎𝑙 (𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛)  (2) 

mtotal (solution) is the mass solution in which the filtered particles are submerged in. wlysozyme is the 

mass fraction lysozyme measured in the solution, calculated via equation (3). 

- 𝑤𝑙𝑦𝑠𝑜𝑧𝑦𝑚𝑒 = 𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 × 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟  (3) 

The absorbance is the value measured in the UV-spectrophotometer, which was used to 

calculate the lysozyme fraction (wlysozyme) in equation (2). The conversion factor is extracted from 

the standard curves (see Figure 6.1, Figure 6.2 and Figure 6.3) and varies between the 

experimental series.  

The lysozyme amount detected (mlysozyme detected) was compared to the theoretical amount 

lysozyme introduced in the impactors, which was calculated via the following equation: 

- 𝑚𝑙𝑦𝑠𝑜𝑧𝑦𝑚𝑒 𝑡𝑜𝑡𝑎𝑙 = %𝑙𝑦𝑠𝑜𝑧𝑦𝑚𝑒 × 𝑚𝑡𝑜𝑡𝑎𝑙 (𝑝𝑜𝑤𝑑𝑒𝑟)   (4) 

mtotal (powder) is the total weight of powder in 5 capsules that were used to perform the impactor 

experiment. Since the powder consist of more than just lysozyme, it was assumed the powder 

is homogeneous and occupies a fraction corresponding to the amount of lysozyme introduced 

in the formulation during production. The theoretical fraction lysozyme is calculated via 

following equation: 

- %𝑙𝑦𝑠𝑜𝑧𝑦𝑚𝑒 =
𝑚𝑙𝑦𝑠𝑜𝑧𝑦𝑚𝑒 (𝑓𝑜𝑟𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛)

𝑚𝑡𝑜𝑡𝑎𝑙 (𝑓𝑜𝑟𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛)
    (5) 

mlysozyme (formulation) corresponds to the lysozyme amount in the batch and mtotal (formulation) is the 

total mass of the batch (for exact compositions of each batches, refer to Table 3.1).  
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FULL LIST OF DATA FROM IMPACTOR 
The full list of the fine particle fraction and other data measured from the impactors for all 

samples are presented here. Tables 6.1-6.3 presents the data obtained from the Andersen 

Cascade Impactor. Tables 6.4-6.8 presents the data obtained from the Next Generation 

Impactor.  

Table 6.1: The measured FPF (with the Andersen Cascade Impactor) of samples from the batches produced in trial 
#1 and the average value.  
N/A means this sample was not measured. 

Batch ID 1st Sample (%) 2nd Sample (%) 3rd Sample (%) Average value (%) 

L-1A 15.56 17.99 15.16 16.24 
L-1B 6.07 5.25 5.27 5.36 
L-1C 7.72 6.77 7.73 7.85 
L-1D 4.60 4.13 7.37 5.53 
L-0.5A 10.68 9.21 9.64 9.84 
L-0.5B 8.07 6.36 6.16 6.86 
L-0.5C 9.75 7.09 6.72 7.41 
L-0.5D 5.94 8.09 6.77 6.94 
L-0.75M N/A 4.96 4.62 4.79 
L-0.75N 5.85 5.88 7.76 6.50 
L-0.75O 6.11 5.35 6.33 5.93 

 

 

Table 6.2: The measured FPF (with the Andersen Cascade Impactor) of samples from the batches produced in trial 
#2 and the average value. 
Beside the standard test of three samples, some batches were tested further for up to a fifth sample. 

Batch ID 1st Sample 
(%) 

2nd Sample 
(%) 

3rd Sample 
(%) 

4th Sample 
(%) 

5th Sample 
(%) 

Average 
value 
(%) 

L-0.5A 22.64 23.84 22.43   22.97 
L-0.5B 17.82 17.04 22.02   18.96 
L-1A 22.51 20.95 18.08 17.43  19.74 
L-1B 14.39 14.72 12.84 15.15  14.28 
M-0.5A 17.21 15.71 30.87 28.12 30.34 24.45 
M-0.5B 14.97 16.88 34.24 28.25 28.38 24.55 
M-1A 11.55 21.97 18.92 16.8 11.55 17.31 
M-1B 16.46 24.69 24.06 20.26 16.46 21.37 
M-0.75M 17.61 15.17 18.26   17.01 
M-0.75N 14.45 17.97 17.64   16.68 
M-0.75O 15.11 17.19 15.32   15.88 

 

 

Table 6.3: The measured FPF (with the Andersen Cascade Impactor) of samples from the batches produced in trial 
#3 and the average value. 

Batch ID 1st Sample 
(%) 

2nd Sample 
(%) 

3rd Sample 
(%) 

4th Sample 
(%) 

5th Sample 
(%) 

Average 
value 
(%) 

M-0.5A 35.22 42.86 42.44 31.74 33.28 37.11 
P-0.5A 22.71 15.99 24.44 22.09 18.31 20.71 
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Table 6.4: The measured FPF of delivered dose (with the Next Generation Impactor) of samples from selected 
batches and the average value (measured with the airflow rates of 44 L/min, 60 L/min and 90 L/min).  
N/A means the value was not measured for the particular airflow. 

Batch ID Airflow rate 
(L/min) 

1st Sample (%) 2nd Sample (%) Average value 
(%) 

L-0.5A 44 20.2 21.2 20.7 
60 22.0 20.8 21.4 
90 N/A N/A N/A 

M-0.5A 44 24.4 24.6 24.5 
60 32.0 26.1 29.0 
90 24.8 25.9 25.4 

P-0.5A 44 24.0 21.2 22.6 
60 23.3 22.4 22.9 
90 N/A N/A N/A 

M-0.75M 44 22.4 26.3 24.3 
60 28.5 20.8 24.6 
90 21.1 22.8 21.9 

P-0.75M 44 23.6 22.1 22.9 
60 21.6 19.7 20.7 
90 20.7 22.0 21.4 

 

Table 6.5: The measured FPF of loaded dose (with the Next Generation Impactor) of samples from selected batches 
and the average value (measured with the airflow rates of 44 L/min, 60 L/min and 90 L/min). 
N/A means the value was not measured for the particular airflow. 

Batch ID Airflow rate 
(L/min) 

1st Sample (%) 2nd Sample (%) Average value 
(%) 

L-0.5A 44 20.7 22.1 21.4 
60 20.5 20.7 20.6 
90 N/A N/A N/A 

M-0.5A 44 28.9 31.1 30.0 
60 54.9 31.5 42.7 
90 31.5 31.7 31.6 

P-0.5A 44 24.6 20.9 22.7 
60 27.1 20.9 24.0 
90 N/A N/A N/A 

M-0.75M 44 24.8 28.8 26.8 
60 32.2 25.9 29.1 
90 23.2 23.3 23.3 

P-0.75M 44 24.5 22.1 23.3 
60 22.7 20.3 21.5 
90 21.1 22.4 21.7 
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Table 6.6: The measured Fraction Lysozyme in Induction Port (with the Next Generation Impactor) of samples from 
selected batches and the average value (measured with the airflow rates of 44 L/min, 60 L/min and 90 L/min). 
N/A means the value was not measured for the particular airflow. 

Batch ID Airflow rate 
(L/min) 

1st Sample (%) 2nd Sample (%) Average value 
(%) 

L-0.5A 44 48.6 46.3 47.4 
60 51.6 42.7 46.9 
90 N/A N/A N/A 

M-0.5A 44 45.0 45.8 45.3 
60 37.2 47.4 41.2 
90 54.3 51.4 52.8 

P-0.5A 44 38.8 42.5 41.6 
60 34.4 47.6 39.7 
90 N/A N/A N/A 

M-0.75M 44 41.9 42.6 42.1 
60 47.6 51.7 49.9 
90 47.6 44.1 45.9 

P-0.75M 44 41.5 42.7 42.2 
60 44.7 44.9 44.7 
90 50.8 45.4 48.0 

 

 

Table 6.7: The measured MMAD (with the Next Generation Impactor) of samples from selected batches and the 
average value (measured with the airflow rates of 44 L/min, 60 L/min and 90 L/min). 
N/A means the value was not measured for the particular airflow. 

Batch ID Airflow rate 
(L/min) 

1st Sample (%) 2nd Sample (%) Average value 
(%) 

L-0.5A 44 4.2 3.9 4.0 
60 3.5 4.0 3.8 
90 N/A N/A N/A 

M-0.5A 44 4.2 4.1 4.1 
60 2.3 3.4 2.9 
90 2.6 2.6 2.6 

P-0.5A 44 3.9 4.3 4.1 
60 3.3 3.9 3.6 
90 N/A N/A N/A 

M-0.75M 44 4.3 3.6 4.0 
60 3.4 3.3 3.3 
90 3.4 3.2 3.3 

P-0.75M 44 4.2 4.3 4.2 
60 4.0 4.2 4.1 
90 3.6 2.8 3.2 
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Table 6.8: The measured data (with the Next Generation Impactor) for samples that were exposed to high humidity 
from selected batches and the average value. The airflow rate was 60 L/min. 

Batch ID Measurement 1st Sample (%) 2nd Sample (%) Average value (%) 

M-0.5A FPF of DD 19.3 14.8 17.0 
FPF of LD 21.6 16.3 19.0 
Fraction 
Lysozyme in IP 

6.9 8.9 8.1 

MMAD 0.99 1.28 1.14 

P-0.5A FPF of DD 35.1 19.5 27.3 

FPF of LD 17.3 9.1 13.2 

Fraction 
Lysozyme in IP 

11.3 9.7 10.5 

MMAD 0.68 0.47 0.57 

 


