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Abstract

Dry powder inhalers (DPIs) are recognized devices for the administration of medicines to the 
lungs. Nevertheless, in general the effectiveness of these devices is poor generating respiratory 
depositions lower than 20%. The major reason for this occurrence is possibly related to the inter 
particulate forces between the drug and carrier components of a DPI formulation. The surface 
energy of the involved particles in these systems may be critical since it is implicated on the 
detachment mechanism among drug and carrier particles upon aerosolization.

The aim of this thesis is to test the hypothesis that the adhesion between fine particles and the 
carrier should correlate with the surface energy, if the morphology of all samples is identical. To 
investigate this it was necessary to test the in vitro deposition of spherical particles with 
different surface energies assessed by Inverse Gas Chromatography (IGC) using the same 
carrier lactose and inhaler (Aerolizer®). A range of polymers and drugs were used to create 
spherical model “drugs” by spray drying and their deposition patterns were then investigated on 
the Twin Stage Impinger (TSI).

Subsequent to the establishment of settings in the SDMicro™ Spray Diyer four model drugs 
were selected and reproducibly produced throughout namely. Polyacrylic Acid (PAA), 
Salbutamol Sulphate (SS), Polyvinyl Alcohol (PVA) and Polyvinyl Pyrrolidone (PVP). The 
morphology of the spray dried particles examined by Scanning Electron Microscopy (SEM) was 
shown to be correlated with the process parameters, principally the molecular weight of the 
material, nature of the solvent and inlet and outlet temperature. In particular, low molecular 
weight materials were more easily and reproducibly spray dried.

Following a succession of preliminary experiments a method was established, in order to 
correlate the surface energy and Fine Particle Fraction (FPF) of the model drugs SS, PAA and 
PVA. It was possible to distinguish variations in intra and inter batch for the surface energy 
occurred by physical aging from a variety of model drugs. Moreover, even though the 
dispersive surface energy for the model drugs selected was very similar between the ranges 30- 
40 mJ/m  ̂ a trend was achieved. In general, the FPF of the model drugs increased with 
decreasing surface energy and this may be related to a decrease on both the adhesion (drug- 
carrier/drug-device) and cohesion (drug-drug) of these particles hence presenting a superior in 
vitro deposition. However, no linear correlation between FPF and surface energy was reached 
with constant morphology suggesting that other factors apart from surface energy participate in 
the complex development of DPIs formulations.
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Chapter 1. Introduction

1. INTRODUCTION

The overall objective of this thesis is to explore any relationship between the surface 

energy of interaction among drug and carrier particles of a dry powder inhaler 

formulation with its in vitro aerosol performance. The final purpose is to verify the 

correlation achieved previously (Cline and Dalby, 2002) where the increase on the 

surface energy within drug and carrier for a series of model drugs was linked with a 

superior in vitro deposition.

1.1. ADVANTAGES OF PULMONARY DELIVERY

The pulmonary route for the release of drugs has been undergoing a major 

development for the treatment of respiratory and systemic diseases. Presently, novel 

formulations as well as medical devices for the administration of proteins, enzymes, 

hormones, and small drug particles are at the centre of attention due to the fact that 

these can be employed in the therapy of systemic and local illnesses (Newhouse, 

2002). The respiratory treatment of diseases includes the delivery of bronchodilators, 

antibiotic and antiviral agents for the treatment of diseases such as asthma, chronic 

obstructive pulmonary disease (COPD) and emphysema. However, a special focus 

has been made recently on inhalation medicines for systemic delivery in the 

treatment of diabetes, vaccination, osteoporosis, gene therapy and erectile 

dysfunction (Chow et al., 2007).

Medicinal aerosols present numerous advantages than other routes traditionally 

employed for the delivery of drugs such as the injectable, transdermal and oral means 

of drug release. Pulmonary delivery offers a non-invasive route for the delivery of 

drugs that can just be administered through injection because of the risk of 

degradation when ingested, for example insulin and interferon p (Newhouse, 2002). 

In addition, by pulmonary delivery it is possible to achieve efficient drug release to 

the lungs in the treatment of respiratory diseases, hence leading to an improved
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therapy and with a lower dose when compared with the oral and injectable delivery 

of medicines (Newhouse, 2002). Moreover, an extremely fast onset of action is 

attained with inhalable particles comparable to intravenous delivery and much faster 

than the oral and subcutaneous routes (Newhouse, 2002). Additionally, the lung has 

particular positive characteristics such as a vast surface area, extensive vasculature, 

low metabolism and high alveolar permeability (Zeng et a l, 2001). Pulmonary 

delivery may also prevent inconveniences such as low bioavailability, undesired 

metabolites, and dose inconsistency compared with the oral delivery of drugs 

(Newhouse, 2002). Certainly, the use of the pulmonary route can also prevent side 

effects and the low absorption caused by oral route by dropping the first-pass 

metabolism linked to hepatocellular damage (Newhouse, 2002).

1.2. ANATOMICAL AND PHYSIOLOGICAL FEATURES OF THE 

RESPIRATORY TRACT

The key function of the respiratory tract is to provide an extensive area for gas 

exchange between air and circulating blood. Essentially, the human respiratory tract 

is split in upper and lower respiratory sections (Figure 1.1). The upper fraction 

includes the nose, nasal cavity, paranasal passages, and the pharynx. The lower 

respiratory tract includes the larynx, trachea, bronchi, bronchioles and alveoli. 

Therefore, the respiratory tract is composed by a sequence of branched tubes starting 

on the trachea and finishing on the alveoli.
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pharynx

larynx

terminal bronchiole

right bronchus  

right lung 

alveoli

nasal cavity  

oral cavity  

epiglottis

trachea

left lung 

oblique fissure  

diaphragm

Figure 1.1. The anatomy o f the lungs and the main airway components (adapted 

from  u'M'ir. infovisiial. info).

The lower respiratory tract is additionally separated in two regions; the conducting 

zone and the respiratory zone (Figure 1.2). The conducting zone (include the initial 

16 generations of the airways) has as main functions the filtration, humidification, 

and warming of the inhaled air and is the target site of action for most antiasthmatic 

drugs. This conducting zone comprises smooth muscles and contains specific cells, 

which produce mucus and have cilia, allowing the movement of mucus in the 

direction of the pharynx being then swallowed. This mechanism is known as the 

mucociliary escalator and is responsible for the removal of particles that may be 

collected in this area.

Research in pulmonary delivery is supported on a morphological representation of 

the lung that was projected by Weibel (1963, Figure 1.2.). In this representation the 

respiratory tract is a symmetrical, branched system of cylinders composed of 24 

generations, from the trachea (generation 0) to alveoli (generation 23).
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In this model, every airway is divided to generate two descendant airways and hence, 

as the generation number increases the airway diameter decreases and the total area 

substantially increases.

lYachea

Bronchi

Bronchioles

Terminal
bronchioles

Respiratory
bronchioles

Alveolar
ducts

22

Alveolar

Figure 1.2, The Weibel model o f  the lung (adaptedfrom Weibel, 1963).

Following the conducting zone is the respiratory zone and this is the site where gas 

exchange occurs. This includes the respiratory bronchioles and alveolar sacs, is 

related to the generations 17 to 23 and is the target site of absorption for drugs for 

systemic treatment.

As soon as an aerosol reaches the conducting zone to settle into the lung, the main 

obstruction to absorption into the bloodstream is the 0.15 pm layer of type 1 alveolar 

cells which are involved in a thin layer of epithelial fluid. On the surface of these 

alveolar cells there are motile phagocytes known as macrophages whose function is 

to eliminate strange elements and to aid the preservation of the alveolar sterility 

(Newhouse, 2002). These macrophages provide protection to inspired particles and 

to avoid macrophages drug particles have to be extremely soluble in the fluid of the
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alveolar surface. Nevertheless, dry powder inhalers are commonly very soluble and 

rapidly dissolve in the lining fluid at the alveolar surface.

1.3. DRUG DEPOSITION IN THE RESPIRATORY TRACT

The release of drugs in the respiratory tract may be achieved by the use of an aerosol 

that is described by a two-phase system of solid particles or liquid droplets dispersed 

in air or another gaseous phase. One of the crucial characteristics of an aerosol for 

respiratory delivery is the particle size displaying different deposition mechanisms 

according to this factor. The aerodynamic diameter, da, is usually employed to 

express particle deposition into the respiratory tract and is defined by the diameter of 

a sphere of unit density which has equal terminal velocity as the particle in analysis 

(Zeng et a l, 2001) expressed by:

d„ = d  -yjp [Equation 1.1]

Where, d  is geometric diameter and p  is the particle density. It can be recognized that 

the aerodynamic diameter is dependent on the density and size of the aerosol 

particles.

Generally, medicinal aerosols are polydisperse and therefore have a range of 

diameters. The term Mass Median Diameter (MMD) is used to define the diameter at 

which 50% of all particles are above and below this value and the Mass Median 

Aerodynamic Diameter (MMAD) which is the diameter of a unit density sphere that 

has equal aerodynamic characteristics as the MMD.

There are three major means involved in particle deposition in the respiratory tract: 

inertial impaction, gravitational sedimentation, and Brownian diffusion which are 

going to be described in the following sections.
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1.3.1 INERTIAL IMPACTION

Inertial impaction is the major means of deposition and is explainable by the fact that 

particles within the airstream may impact on the airways when the airflow alters its 

course leading to their deposition. The chance of deposition of a particle moving in 

an airway by impaction is a function of a dimensionless factor dependent on the air 

velocity, the Stoke's number, Stk expressed by the following equation:

Stk = — ------- [Equation 1.2]
IStjR

Where pp is the particle density, d  is the particle diameter, V is the air velocity, rj is 

the air viscosity and R the airway radius.

The higher the Stoke's number the more probable it is that particles will settle by 

impaction. From equation 1.2 it can be concluded that raising the particle size and 

the airflow rate will enhance the chances of deposition by impaction. For this reason 

inertial impaction is mainly important for particle sizes higher than 5 pm and is 

frequent in the oropharynx being responsible for the deposition of lactose carrier 

particles in DPI formulations.

1.3.2. GRAVITATIONAL SEDIMENTATION

Gravitational sedimentation is the major means of particle deposition in the deep 

airways and alveolar area for particles in the size range between 0.5-3 pm. This is 

due to the fact that in this region the airflow velocities are very low and particles will 

be deposited upon gravity accomplished with an increase in the residence time of 

particles. Taking into account Stoke's law, the extent by which particles may be 

deposited by gravitational sedimentation is expressed by:
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y ,=
P p g d

18ij
[Equation 1.3]

Where E, is the terminal settling velocity, pp is particle density, g  is the gravitational 

constant, d  is particle diameter and rj is the viscosity of air.

1.3.3. BROWNIAN DIFFUSION

Brownian diffusion is the means of deposition for particles below 1 pm and is 

characterized by the random movement of particles within the airflow. This 

mechanism is dependent on the particle size and is more influential when the size is 

below 0.5 pm causing particle deposition in the lower airways.

Figure 1.3 displays the deposition of particles within the respiratory tract according 

to their size which are related with the deposition mechanisms described previously 

in section 1.3.

T R A C H E A

B R O N C H I A L

B R O N C H I O L A R  ^  

R E G I O N

2-10 p m

O R O P H A R Y N G E A L  R E G IO N  

(mouth and nose)

1 0 - 3 0  p m
tra c h e a  lu n g s

b ro n c h u s

b ro n c h io le  ‘ijP  A lv e o li  

b ro n c h u s  y

T i g
b ro n c h io le

y  A L V E O L A R  
R E G I O N  

<  2  p m

Figure 1.3. Deposition o f particles within the respiratory tract according to their 

size (reproducedfrom uii'u . seas, harvard, edit/).

29



chapter 1. Introduction

1.4. PARTICLE FORCES IN PHARMACEUTICAL POWDERS

The performance of therapeutic aerosols is greatly influenced by particle interactions 

by impacting on the dispersion, detachment and deposition of the inhaled particles.

Generally, interparticulate interactions may be categorized in two groups, cohesive 

and adhesive forces (Zeng et a l, 2001). Cohesion is related to the interactions among 

particles of equal materials, hence having identical chemical composition. In a DPI 

these are the forces in the base of the interactions between the drug particles. In 

contrast, adhesion is related to the interactions among particles of dissimilar 

compounds. In the case of DPI these forces are implicated in the adhesion of the drug 

particles to the carrier and formulation components to the inhaler walls.

The overall interactions are a consequence of different forces that operate 

simultaneously and they include van der Waals, electrostatic and capillary forces that 

will be discussed briefly in the subsequent sections.

1.4.1. VAN DER WAALS FORCES

The van der Waals forces include all intermolecular forces that perform between 

electrically neutral molecules and are considered to be the most important forces 

among uncharged molecules.

Van der Waals are the main forces within DPI formulations since reduction of the 

particle size below 10 pm will mean that the gravitational forces can be considered to 

be negligible. Similarly, powder adhesion is more evident as the gravitational forces 

become insignificant and hence by a reduction of particle size (Zeng et a l,  2001). 

Therefore, for microparticles lower than 10 pm (ie those employed in DPI 

formulations), van der Waals forces govern over the gravitational forces being the 

principal type of interaction among particles of fine powders. Consequently, these 

attractive interactions make the fine powders extremely cohesive and adhesive and 

the use of coarse carriers is aimed at decreasing the contact area between both the
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fine drug particles and between drug fines and the inhaler device hence, increasing 

the dispersibility and the flowability of the formulation.

1.4.2. ELECTROSTATIC FORCES

Electrostatic forces are an additional category of forces of significance for DPI 

formulations. These may occur from the interaction between a neutral particle with a 

negative or positive charged element or through the interaction between two neutral 

particles with dissimilar work functions (Zeng et a l, 2001) and thus, is related to the 

physicochemical properties of the materials involved. Hence, materials assume 

altered electrostatic charges according to the nature of the material they interact with.

In DPI formulations the electrostatic forces are generated from the impact between 

particles through several processing stages such as spray drying and powder mixing. 

In addition, the length of powder storage allows the decrease of the electrostatic 

charges by charge decay as well as the moisture uptake on the particle surface which 

interferes with the charge distribution by increasing the conductivity.

1.4.3. CAPILLARY FORCES

The adsorption of water by hydrophilic substances is inevitable as water easily 

produces hydrogen bonds when in contact with these hydrophilic materials. In DPI 

formulations this water adsorption will impact on the interparticle interactions in 

distinct manners: increase of the conductivity between the particle and the 

surroundings leading to charge decay; enhancement of interactions through capillary 

forces and modification of the particulate surface energy (Zeng et a l,  2001). This 

could be one justification for some published works relating high surface energy of 

fine particles with a lower in vitro deposition for DPI formulations (Feeley, 2002; 

Sethuraman and Hickey, 2002; Jiang et al, 2005; Thielmann et al, 2006) because in 

the presence of elevated RH, above 60% capillary condensation can arise (Hiestand, 

1966) and this is related to an elevated surface energy.
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Therefore, the impact of RH on the interparticle interactions is revealed by two 

contrary processes: first, it is clear that the RH will enhance the interaction between 

particles by increasing the capillary forces; second, the increase in the RH is 

followed by an enhancement of the conductivity between particles and the 

environment leading to particle charge decay and thus reducing the interparticulate 

forces by means of electrostatic forces. Consequently, the outcome of these processes 

is dependent of the particular RH level at which the formulation is stored.

From the different mechanisms mentioned above it can be concluded that for the DPI 

size range the van der Waals forces are dominant and the electrostatic forces become 

primary for low RH while the capillary forces will govern at higher RH.

1.5. MEDICAL AEROSOL DEVICES

Medical aerosol devices should present several features: produce particles with an 

aerodynamic size less than 5 pm; provide the physicochemical stability of drug 

particles; ease of use; portability; patient compliance and be economical (Dalby et 

al., 1996). Essentially, there are three main medical aerosol devices for the delivery 

of aerosols to the lungs that will be discussed in detail in the next sections namely: 

pressurized metered dose inhalers (pMDIs), nebulizers and dry powder inhalers 

(DPIs).

1.5.1. PRESSURIZED METERED DOSE INHALERS (pMDIs)

PMDIs were introduced in the 1950s and are the most frequently utilized medical 

aerosol devices. PMDIs have three major components: a drug which is generally 

suspended in a propellant; the propellant (such as CFCs and HFAs) whose function is 

to provide energy supply to eject the mix components and to work as a dispersion 

intermediate and a surfactant aimed to facilitate the dispersal of the 

dissolved/suspended constituents and to perform as a lubricator (Dalby et al., 1996).
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Upon actuation of the metering valve, vaporization of the propellant takes place and 

the generated spray has a high speed which assists the disintegration of the mixture 

into a spray of droplets for inhalation (Figures 1.4 and 1.5).

EVAPORATION

SPRAY OF LARGE GENERATION O F SM ALL

DROPLETS DROPLETS

Figure 1.4. Diagram displaying the mechanism o f particle generation in pMDIs.

The most important advantages of pMDIs include their portability, accuracy on the 

dose released and ease of use. However, pMDIs have several drawbacks: the 

elevated particle speed at the outlet of the device in addition to the low 

synchronization between actuation and inspiration will lead to a high particle 

deposition on the oropharynx; the physicochemical instability of the formulation and 

most important, the utilization of CFC propellants in pMDIs systems (Dalby et al., 

1996). The latter are correlated with the reduction of stratospheric ozone and in order 

to eradicate the use of CFC propellants (based on the Montreal Protocol on 

Substances that Deplete the Ozone Layer) novel non-CFC propellants have been 

explored such as, hydrofluoroalkanes (HFAs).
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Canister  

Plastic holder

Metering — 
valve

— Propellant with 
drug suspension

■Mouthpiece

Aerosol

Figure 1,5. Schematic representation o f pMDIs systems (reproduced from 

M M’li'. asthma, ca adit/ls and /?//p l i i i i i  . clinicalcorrelations. or^/ ).

1.5.2. NEBULIZERS

Nebulizers (Figure 1.6) convert a solution of dissolved/suspended drug particles into 

an aerosol and their application started in the 19^ century. This type of medical 

device has been employed in patients in whom it is not possible to use other types of 

devices and for the administration of less commonly used medicines. Lately, 

nebulizers have been gaining recognition as a result of their capability to produce 

fine droplets for inhalation and consequently, to reach the lower areas of the 

respiratory tract; their ability to administer large amounts of medicines and 

reduction/simplified use of the equipment (Dalby et a i, 1996).
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Figure 1.6. Schematic representation o f a nebulizer (reproduced from wwiwcchs.net 

and http: upps. mvhealth. or^ ).

Although nebulizers offer several advantages they also have a few limitations such as 

not being transportable equipments, their use is restricted to hospitals (Zeng et a l, 

2001) and are not economical devices.

1.5.3. DRY POWDER INHALERS (DPIs)

DPIs were introduced in the 1960s with the inventive DPI formulation being 

disodium cromoglycate (Fisons Spinhaler®) and are recently capturing a special 

attention for the administration of drugs through pulmonary delivery.

Basically, DPI formulations require that drug particles should have a particle size 

below 5 pm so that the deposition in the lower respiratory tract can be attained. This 

can be achieved by spray drying which was the technique used in this project and 

that has been utilized previously with similar objective (Steckel and Grandes, 2004). 

Nevertheless, these spray dried fines are regarded as high surface energy systems and 

hence, with low flow characteristics since microparticles below 5 pm are not easily 

dispersed essentially due to van de Waals forces. Therefore, in order to enhance the
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flow characteristics, in DPI formulations, the drug microparticles are blended with 

greater carrier particles between the size range 70-120 pm, classically of lactose 

which has a wide variety of applications in pharmaceutical technology since it is 

assumed to be a harmless excipient.

As a result, upon aerosolization the drug particles are disconnected from the lactose 

particles (Figure 1.7) and are dispersed in the inspired air being then deposited by 

gravitational sedimentation and Brownian diffusion in the lower respiratory tract, 

whereas the lactose carrier due to its larger particle size will impact in the 

oropharynx (Dalby et al., 1996).

INSPIRATIONAL FORCE BY PATIENT

LACTOSE/DRUG LACTOSE AND DETACHED

AEROSOL DRUG AEROSOL

Figure 1.7. Diagram displaying the detachment o f drug particles from lactose in 

DPIs.

There are essentially three distinct categories of DPIs: predispensed systems (single 

dose) utilizing capsules/blisters equivalent to one dosage (eg. Spinhaler), reservoir 

systems (eg. Turbohaler) and multi dose systems (eg. Accuhaler) where a dosage is 

taken from the formulation storage. Throughout this project a single dose system was 

used, Aerolizer® (described in Chapter 2) kindly offered by Pfizer (Figure 1.8).
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3

Figure 1.8. Schematic representation o f a DPI (reproduced from 

http; M'W'W'.rxlist.com and http: allergy.peds. arizona. edit ).

Lately, DPIs have been converted into popular devices for the release of drugs by 

pulmonary delivery due to their advantages compared to other medical devices such 

as: do not require propellant in their formulation hence, do not provoke ecological 

problems; are easy to utilize; do not involve the coordination between the actuation 

and inspiration; are economical and display superior physicochemical stability (Zeng 

et a l, 2001). However, DPI systems present a very important drawback (compared to 

pMDIs and nebulizers) since the high flow rates crucial during aerosol production 

may result on the impaction of the drug particles on the oropharynx which is not 

desirable.
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1.6. SPRAY DRYING PROCESS PHASES

Spray drying was utilized in this project for the production of all model drugs and is 

a process which involves four process phases (Masters, 2002):

1. Atomization of feed into droplets;

2. Spray-gas contact;

3. Evaporation of volatiles from droplets and particle formation;

4. Separation of particles from the drying gas.

In spray drying, the physicochemical properties of the feed will establish the 

properties of the final dried powder as it will be discussed further in Chapter 3. The 

spray dryer used in this project was the SDMicro^^ spray dryer (Soeborg, Denmark).

Figure 1.9 represents a diagram of a basic spray dryer (Masters, 2002). The feed (1) 

is driven from the feed reservoir to the nozzle atomizer (2). The latter is placed on 

the top of the gas disperser by which drying gas pass along the drying chamber (3). 

The gas is taken from the atmosphere through a fan (4) and enters the heater (5). 

Subsequent to the evaporation of the solvent in the drying chamber (6) most of the 

spray dried particles is collected on the bottom of the drying chamber (7) whereas the 

very fine particles will go through the dry particulate collector (8) for compilation (9) 

prior being exhausted to atmosphere (10).
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Figure /. 9. Basic spray dryer diagram (adapted from Masters, 2002).
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1.6.1. ATOMIZATION OF FEED INTO DROPLETS

The development of a spray is the main attribute of spray drying in order to achieve 

an optimum evaporation. With the purpose of producing a spray with the appropriate 

spray characteristics there are several categories of atomizers. Presently, there are 

four main categories of atomization correlated with different categories of atomizers 

(Masters, 2002):

■ Rotary Atomizers, employs centrifugal energy and is the most commonly 

used. A rotating wheel or disc splits the liquid flow into droplets and the 

particle size of the final powder is manipulated by changing the wheel 

speed.

■ Pressure Nozzles, uses pressure energy and the liquid feed is driven to the 

nozzle under pressure at high speed. Hence, the particle size of the product 

is dependent of the pressure through the nozzle.

■ Pneumatic Nozzles, utilizes kinetic energy and by applying a second fluid, 

habitually compressed air, the liquid flow is atomized. In SDMicro™ 

spray dryer the nozzle head has one stream and is named the two-fluid 

nozzle design. The particle size is manipulated by changing the nozzle 

flow ratio among compressed air and feed.

■ Sonic Nozzles, uses acoustic/pulsation energy and is represented by feed 

getting through a surface pulsated on ultrasonic frequencies.

Pneumatic nozzles as the ones utilized in this project are preferred to generate 

extremely fine powders and are usually used in laboratory scale as they are very 

expensive to run in industrial applications because of the compressed air supply.
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1.6.2. SPRAY-GAS CONTACT

In spray drying the spray-gas contact is established by the location of the atomizer to 

the drying gas entrance. At present, there are three main types of spray and gas 

drying medium ingress options (Masters, 2002):

■ Co-current, when drying gas and particles move along the drying chamber 

in equal direction.

■ Counter-current, when drying gas and particles move along the drying 

chamber in contrary direction.

■ Mixed flow, when particles move along the drying chamber with both co

current and counter-current movement.

The choice of the drying chamber flow type has into account the requisite for particle 

size distribution and the features of desired final powder.

1.6.3. EVAPORATION OF VOLATILES FROM DROPLETS AND 

PARTICLE FORMATION

This stage of spray drying is related to the period when the droplets come into 

contact with the drying gas and the evaporation of volatiles from the droplets begin 

and will be fully described in section 3.1 of Chapter 3.

1.6.4. SEPARATION OF PARTICLES FROM THE DRYING GAS

This stage involves the particle disconnection from the drying gas and dried powder 

collection which occurs at both the cyclone and particulate collection system.
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The majority of the powder is collected from the cyclone whereas the portion of 

particles composed of very small particle sizes which are captured in the exhaust 

drying gas and accumulated in the particulate collection system.

1.7. SURFACE ENERGY AND STUDIES RELATING ITS IMPACT ON 

AEROSOL DEPOSITION

Surface energy (y) is the energy necessary to generate a unit of surface area and is 

composed of a dispersive component (y^) and of a polar component (y^) (Stapley et 

al., 2006). The latter is further categorized in electron donating (Kd) and electron 

accepting (Ka) components that will be discussed in detail in Chapter 2. In general, 

the surface energy has a different distribution on the surface of a material displaying 

higher values on the edges and asperities than flat surfaces for instance. The 

importance of the surface energy of a solid is explainable because the majority of 

interactions within solids take place on their surfaces and consequently, the surface 

energy is believed to be crucial in their interactions.

The lowest work involved dividing two surfaces and hence, the energy required to 

unite these surfaces is equivalent to the difference in free energy prior to and after the 

division. The work of adhesion, Wa, among two substances B and C is presented by:

)  [Equation 1.4]

Where A is the area formed through the division, y  ̂ and y^ are the dispersive 

components of the two materials and y^^ is the free energy of the interface. For a 

particular material, C the work of cohesion Wc is expressed by:

W(^ = 2 A y ^  [Equation 1.5]

From the equations 1.4 and 1.5 it can be concluded that the adhesion and cohesion of 

substances are linked to their surface energies.
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A number of methods can be used to measure surface energy. For instance, by 

measuring the contact angle, although this technique has shown some drawbacks like 

the level of error and that have been discussed previously (Buckton et al., 1995). In 

this project the method adopted to assess the surface energy of all the model drugs 

was inverse gas chromatography (IGC) and will be described in detail further in 

Chapter 2. This is because the data achieved by IGC allow the calculation of the 

thermodynamic parameters of powdered samples such as surface energy and acid- 

base properties hence, with great significance for this project in the investigation of 

the physicochemical surface features.

Lately, the impact of the surface energy on aerosol deposition of drug particles has 

been investigated since it emerged that the cohesion and adhesion of inhalable 

compounds may be related to their surface energy. IGC was initially utilized in the 

investigation of polymers and fibres and currently in pharmaceutical technology in 

the evaluation of the surface properties of several powders (Buckton and Gill, 2007; 

Dove et al, 1996; Feeley et a l,  1998; Feeley, 2002; Grimsey et al, 1999; Ticehurst 

et al, 1994, 1996; Thielmann et a l,  2006, 2007) that will be reviewed in detail 

further in this section.

Ticehurst et a l (1994) used IGC to differentiate two batches of salbutamol sulphate 

shown to have comparable chemical properties by FT-Raman spectroscopy and X- 

ray powder diffraction and a vast difference in both the dispersive and specific 

components of surface energy was found for these samples. Comparable conclusions 

were achieved from four batches of a-lactose monohydrate provided by the same 

supplier, having similar physicochemical features however that were shown to have 

different handling behaviours (Ticehurst et al, 1996). Using IGC it was possible to 

detect huge variations in the specific component of the surface energy in contrast to 

the dispersive surface energy component which has not registered major alterations. 

In addition, Ohta and Buckton (2005) have also demonstrated variations in the 

surface energetics within different samples of amorphous cefditoren pivoxil.

Dove et a l,  (1996) working with caffeine and theophylline demonstrated that IGC 

provide results for the dispersive surface energy which are higher than data achieved
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with contact angle. This has been explainable by IGC technique being operated at 

infinite dilution and in this manner the elutant will interact mainly via the high 

energy sites of the sample contrary to contact angle technique which assesses the 

mean of all the surface energies of the sample.

Numerous investigations were carried out up to now around the topic of the role of 

surface properties of formulation particles on aerosol behaviour of DPI (Feeley, 

1998, 2002; Sethuraman and Hickey, 2002; Jiang et al, 2005; Thielmann et al, 

2006).

Feeley et al., (1998) demonstrated that samples of salbutamol sulphate and 

salmeterol xinofoate analysed by IGC prior to and following micronization presented 

surfaces that were shown to have higher dispersive surface energy, more basic 

character in addition to an increase in the cohesive behaviour of these samples after 

micronization processing. These results then suggested that differences on surface 

energetics of powders could have major effects on product behaviour for instance in 

the powder flow specifically, the increase in the surface energy induced by 

micronisation resulted on a poor flow characteristics of the samples.

Grimsey et al, (1999) evaluated the surface energy of poly (1-lactide) microparticles 

(PLLA) from different processing methods: unprocessed, SEDS processed and spray 

dried processed. Despite the dispersive surface energy being similar within the 

samples, the specific surface energy has shown to be lowest for SEDS sample. These 

differences were explained by altered crystalline content with special impact on the 

specific surface energy.

Feeley (2002) also demonstrated differences in the surface properties of powders 

according to their process of preparation, proposing an increase in the aerosol 

performance with the decrease of surface energy. The same investigation 

demonstrated that the decrease of surface energy can be achieved through reduction 

on the electrostatic forces by means of SEDS (solution enhanced dispersion by 

supercritical fluids). This work also revealed an inverse relationship between FPF 

and surface energy for samples composed of different concentrations of mannitol
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explaining these results as the increase of surface energy to allow powders to be 

harder to disperse and thus decreasing the FPF.

An enhanced FPF of salmeterol xinofoate samples have also been linked with both 

reduction in surface energy and electrostatic charging in addition to a crystalline 

arrangement of the involved particles (Shekunov et al., 2002). Additionally, 

Swaminathan et al, (2006) also associated a higher surface energy with higher 

interaction within formulation particles.

Sethuraman and Hickey (2002) aimed to correlate aerosol performance from 

different model drugs for the treatment of Tuberculosis with the particle surface 

characteristics. To achieve this, two model drugs were used: rifampicin-loaded 

poly(lactide-co-glycolide) (R-PLGA) and rifampicin and two types of carriers: 

lactose and maltodextrin. They found out that the FPF for rifampicin was superior to 

R-PLGA due to its inferior surface energy and hence, lower interparticulate forces. 

Further, comparing the FPF of R-PLGA with the two different carriers, these have 

shown to be higher with lactose as maltodextrin has higher surface energy leading to 

higher interparticulate forces. In conclusion, they have also achieved an inverse 

correlation between FPF and dispersive surface energy as particles with lower 

dispersive surface energies in their study, rifampicin and lactose, yield superior FPF.

Similar conclusions were achieved by Schiavone et al, (2004). The authors stated 

that the improvement on the FPF detected with the SEDS formulations were related 

to both decreased surface roughness and surface energy which are linked to an easier 

disconnection between drug and lactose particles.

Jiang et al, (2005) achieved the same correlation as the previous authors after 

analysing the surface energies of lactose batches wdth different physical features 

produced by recrystallization wdth model protein recombinant human interferon a2b. 

Again, the decrease of FPF was correlated with an increase of the surface energy. 

Additionally, both higher propensity to adsorption of other materials and increased 

adhesion was detected for lactose particles with superior surface energy resulting on 

a complex detachment of the drug upon aerosolization.
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Thielmann et al, (2006) analysing the surface energetics of lactose polymorphs with 

salbutamol sulphate also reached similar conclusions. Increase on FPF with both 

decrease of the surface energy and work of adhesion was detected as a result of the 

decrease on the energy necessary to separate the drug particles.

Tong et al, (2006) investigated the aerosol properties of salmeterol xinafoate 

samples and concluded that higher FPF were related to a great dispersion and inferior 

adhesion of the formulation to the device which are linked to a lower surface energy 

of the salmeterol xinafoate drug particles compared to the micronized analogous.

Thielmann et a l, (2007) investigated the use of variable carrier systems in DPI using 

different types of lactose particles. It was concluded that milled samples have 

enhanced surface energies linked to an increase in the material amorphous content as 

a consequence of the processing whereas untreated and recrystallized samples 

revealed comparable values for the dispersive surface energy with variations in the 

way the energy was dispersed through the samples surface.

Most of the results from the investigations described above oppose the results from 

the work of Cline and Dalby (2002) and their proposed model. In fact their model 

has been in the background of this project and the ultimate aim was to test the 

relationship proposed in their published research paper in 2002. The principle behind 

their publication was to associate the surface energy involving drug and carrier of a 

DPI formulation with the in vitro deposition. Using model drugs composed of 

different carriers (trehalose dihydrate, mannitol and lactose monohydrate) and drugs 

(salbutamol and ipratropium bromide) they established a linear correlation between 

the surface energy of interaction drug-carrier and the in vitro aerosol deposition. The 

authors proposed that a lowest surface energy linking drug and carrier particles in 

DPI was essential to drag cohesive drug microparticles and thus, increasing FPF.

One of the limitations of this work was the morphology of the model drugs as it was 

not uniform and hence, it may be another variable that could affect both surface 

energy and deposition patterns. Therefore, in this project the morphology of model 

drugs was one important factor to look at and the optimization of settings in the
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SDMicro™ Spray Dryer was a huge concern for the production of reproducible 

models drugs. As a result an effort was made in order to maintain as close as possible 

the morphology of the model drugs to ensure that any variations on fine particle 

fraction was due to the surface energy only. In addition, in this project, the same 

medical device was utilized in all experiments (Aerolizer®) in contrast to Cline and 

Dalby research where two different devices were performed (Rotahaler® and 

Handihaler®) thus, another variable that may potentially lead to differences on the 

FPF of the DPI formulations investigated.

The work of Cline and Dalby has been criticized in many aspects since its 

publication (Chow et al, 2004) from the mode the surface energy was calculated to 

the approach specific surface area was estimated.

However, their results are supported by Kumon et al, (2006). In their study the 

impact of lactose features on deposition performance of a model drug was analysed. 

In their research, the FPF has shown to increase with increased dispersive surface 

energy and acidity resemblance of lactose and model drug. The authors distinguished 

that the increase in the acidity resemblance may lead to a decrease of the interactions 

involving model drug and carrier and consequently enhancing the aerosol deposition 

of the drug.

Moreover, Salama et al, (2008) investigated model dry powder formulations and 

analysed their in vitro deposition patterns. In their results the FPF of different 

formulations increased with increasing surface energy thus supporting Cline and 

Dalby model. The theory advanced was that the increase on surface energy is related 

to the development of steady agglomerates that may be simpler to detach upon 

inhalation.

Subsequently, from the number of publications analysed previously it can be 

discerned that the relationship between surface energy and fine particle fraction is 

still a very controversial issue. The number of publications around this topic has 

increased rapidly in the last few years in some cases presenting contradicting results 

denoting that more research is needed in order to clarify how surface energy controls
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the deposition performance of DPI formulations. This project intends to provide 

some contribution to elucidate this challenging subject.

1.8. AIM OF THE THESIS

The aim of this project was to test the hypothesis that the adhesion between fine 

particles and the carrier should correlate with the surface energy, if the morphology 

of all samples were identical. To investigate this it was necessary to test the in vitro 

deposition of spherical particles with different surface energy, using the same carrier 

lactose (Respitose® SV008) and inhaler (Aerolizer®). A range of polymers and drugs 

were used to create spherical model “drugs” by spray drying and their deposition 

patterns were then investigated using a Twin Stage Impinger (TSI). Additionally, the 

surface energetics of the selected model drugs were evaluated by Inverse Gas 

Chromatography (IGC). The key point of this study is to ascertain the role of the 

surface properties in controlling powder performance in inhalation systems.

Specifically, this thesis consists of two central aims:

■ To produce a series of model drug particles with different physicochemical 

properties and comparable morphology (nearly spherical shape and with 

aerodynamic sizes below 5 pm) via spray drying using the SDMicro^^ Spray 

Dryer;

■ To conclude about the role of the surface energy of interaction between 

model drug particles and lactose with their deposition profiles considering 

both the dispersive surface energy (y /) and specific energy {Ka and AT>) 

analysed by IGC.
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2. MATERIALS AND METHODS

2.1. MATERIALS

The subsequent materials and solvents were used throughout this project (Table 2.1).

MATERIAL SUPPLIER BATCH
NUMBER

PURITY

E u d r a g i t  S - 1 0 0 Evonik Degussa, Germany B050805076 GPR

e u d r a g i t  e -100 Evonik Degussa, Germany E061101252 GPR
P O L O X A M E R 3 3 8 Uniquema, Belgium 2205BS0562 GPR

P O L Y A C R Y L IC  A C ID
(AVERAGE Mw~ 1,800)

Sigma Aldrich, Poole, UK 304307
305842

GPR

PO L Y V IN Y L  A L C O H O L
(Average M%, 9,000-10,000, 

80% Hydrolyzed)

Sigma Aldrich, Poole, UK 303948 GPR

S a l b u t a m o l  s u l p h a t e Avocado Research Chemicals 
Ltd, Lancaster, UK

A18544 99%

P o l y v i n y l  p y r r o l i d o n e

(Mw 10,000)
Sigma Aldrich, Poole, UK 035K0569 GPR

IN D O M E T A C IN Sigma Aldrich, Poole, UK 122K0718 99%
T r i a m t e r e n e

(UV MARKER)
Avocado Research Chemicals 

Ltd, Lancaster, UK
B20044 98%

L a c t o s e  m o n o h y d r a t e

(R e s p ito s e ®  SV008)
DMV International, Veghel, 

The Netherlands
E010002301 GPR

A b s o l u t e  e t h a n o l Hayman, Witham, UK ALR
A c e t o n e Fisher Scientific, 

Loughborough, UK
ALR

H y d r o c h l o r i c  a c i d  
S O L U T IO N  (5 M)

VWR International Ltd, 
Lutterworth, UK

ALR

Table 2.1. List o f materials and solvents utilized throughout this project.

The materials involved on IGC testing were: hexane, heptane, octane, nonane, 

decane (from Aldrich, 99.9% +) as non-polar probes and acetone, ethanol, 

chloroform and ethyl acetate (from Aldrich and BDH, 99.9% +) as polar probes.
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Methane and helium were used as non interacting probe and carrier gas respectively 

and were supplied from BOC Special Gases.

The specific physicochemical properties of the model drugs (drugs and polymers) 

investigated in Chapter 3 are going to be described on the following sections.

2.1.1. SALBUTAMOL SULPHATE (SS)

Salbutamol Sulphate (SS) is a'-[(rerZ-Butylamino) methyl]-4-hydroxy-w-xylene-a, 

a'-diol sulphate (2:1) salt a selective Pi-adrenergic bronchodilator employed in the 

treatment of diseases for instance asthma and COPD. The molecular weight of SS is 

576.7 and it is a crystalline substance being soluble in water. It displays a UV 

maximum absorption at 276 nm according to literature (British Pharmacopoeia, 2009) 

and has the following chemical structure:

HOCHî

HO •CHCHîNHCCCHah

OH

—'2

HzS04

Figure 2.1. Structural formula o f Salbutamol Sulphate.

Since SS is a selective P2 -adrenoceptor agonist when used by pulmonary delivery 

produces a direct activation of the P2 -adrenoceptors hence resulting in 

bronchodilation. SS formulations are additionally presented in either injectable or 

oral systems.
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2.1.2. INDOMETACIN (IMG)

Indometacin (IMG), l-(4-Chlorobenzoyl)-5-methoxy-2-methyl-3-indoleacetic acid is 

an hydrophobic nonsteroidal anti-inflammatory drug (NSAID) (Kim et al., 2003), it 

shows an UV maximum absorption at 235 nm and have the following chemical 

structure:

OH

CM

Cl"

Figure 2.2. Structural formula o f Indometacin.

2.1.3. TRIAMTERENE (TAT)

Triamterene (TAT) is 6-Phenyl-2,4,7-pteridinotriamine (Figure 2.3), a potassium- 

saving diuretic (Luis et al, 2004) and strongly absorbs in the UV region showing an 

absorption maximum at 360 nm (Meras et al, 2002) according to literature.

jn I
'NH2

Figure 2.3. Structural formula o f Triamterene.
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2.1.4. POLYMETHACRYLATES (EUDRAGIT S-100 AND EUDRAGIT E-100)

Polymethacrylates are defined as synthetic cationic and anionic polymers of 

dimethylaminoethyl methacrylates, methacrylic acid, and methacrylic acid esters at 

different percentages and hence, numerous categories are presented as powder, 

aqueous or organic solutions (Handbook of Pharmaceutical Excipients, 2006). In 

pharmaceutical technology polymethacrylates are principally utilized in film coating.

Eudragit S-100 is an anionic copolymer composed of methacrylic acid and methyl 

methacrylate, being the ratio of free carboxyl groups to the ester groups in the order 

of 1:2 (Figure 2.4a). The average molecular weight is around 135,000.

ÇH3 (jJHa

- G H 2 — ( j ) — C H 2 — C —  

C=0 0= 0
o OR

CH2

Ç H3 Ç H 3

— CH2— Ç ---- CH2 Ç-------( j ; — C H 2 — ( j ; -  

C =0 0 = 0

H2C— N
CH3

R = GH3, C4H9

Eudragit S-100 Eudragit E-100
(a) (b)

Figure 2.4. Structural formula o f Eudragit S-100 (a) and Eudragit E-100 (b).

On the other hand, Eudragit E-100 is a cationic copolymer composed of 1:2:1 ratio of 

methyl methacrylate, 7V,A-dimethylaminoethyl methacrylate, and butyl methacrylate 

(Figure 2.4b). The average molecular weight is around 150,000.
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2.1.5. POLOXAMER 338 (SYNPERONIC PE/F-108)

Poloxamers are non-toxic surfactants established in the 1950s employed in the food 

and pharmaceutical industries (Alexandridis and Hatton, 1995). They are essentially 

applied in the pharmaceutical area as emulsifying and solubilizing means and are 

nonionic polyoxyethylene-polyoxypropylene copolymers (Handbook of 

Pharmaceutical Excipients, 2006). The polyoxyethylene section is hydrophilic 

whereas the polyoxypropylene section is hydrophobic. The average molecular weight 

of poloxamer 338 is around 12,700-17,400. Figure 2.5 represents the common 

structural formula of Poloxamers with a=141 and b=44 for Poloxamer 338.

CHj

HO'

Figure 2.5. General structural formula o f Poloxamers.

Therefore, the physicochemical properties of Poloxamers can be varied by changing 

the size and molecular weight of the respective Poloxamer (Garcia Sagrado et aL, 

1994).

2.1.6. POLYACRYLIC ACID (PAA)

Carbomers (PAA) are ionic synthetic polymers of acrylic acid crosslinked with both 

allylsucrose or allyl ethers of pentaerythritol and are composed of carboxylic acid 

groups in percentages between 56 and 68% (Handbook of Pharmaceutical Excipients, 

2006). Moreover, carbomers are produced from replicate constituents of acrylic acid, 

which monomer is represented below.
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OH

Figure 2.6. Structural formula o f acrylic acid monomer in Carbomer.

Carbomers are used in pharmaceutical technology mostly in liquid or semisolid 

formulations as suspending or viscosity enhancing substances. At present, carbomers 

are being employed as pH sensitive hydrogels with emerging appliance in controlled 

release formulations (El-Rehim et al, 2007).

2.1.7. POLYVINYL ALCOHOL (PVA)

Polyvinyl alcohols (PVA) are water soluble synthetic polymers and have been 

employed since the 1930s in the medical and food industries (DeMerlis and 

Schoneker, 2003). PVA are produced from the polymerization of vinyl acetate 

followed by partial hydrolysis of polyvinyl acetate (Figure 2.7) and are mostly 

utilized in pharmaceutical technology as film coating in tablets (Rodwell et a l, 

2003).

OH 
CHz-CH-

n

Figure 2.7. Structural formula o f Polyvinyl Alcohol
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PVA may be divided in partially hydrolyzed and totally hydrolyzed according to 

their production technique by hydrolysis or partial hydrolysis of polyvinyl acetate, 

hence impacting on the physical features of PVA such as the molecular weight and 

solubility (DeMerlis and Schoneker, 2003).

2.1.8. POLYVINYL PYRROLIDONE (PVP)

Polyvinyl pyrrolidone (PVP) is a water soluble synthetic polymer composed of linear 

polymers of 1 -vinylpyrrolidin-2-one (Kreft et al., 1999; Figure 2.8). PVP has an 

amphiphilic character including greatly polar amide groups combined with apolar 

methylene and methane portions (Jones et al, 2004) and are applied in a variety of 

pharmaceutical formulations such as a binder, disintegrant and solubilizing agent 

(Handbook of Pharmaceutical Excipients, 2006).

H

N O 
H

Figure 2.8. Structural formula o f Polyvinyl Pyrrolidone.
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2.2. SPRAY DRYING FOR THE PRODUCTION OF INHALABLE 

PARTICLES

Spray drying has recently been a focus of interest in the area of pulmonary delivery 

for the administration of drug particles through the lungs. This is due to the fact that 

spray drying allows the production of fine particles for inhalation, the reason for 

selecting this technique in the production of the model drugs used in this project as it 

allows the manufacture of spherical particles with an aerodynamic size below 5 pm 

considered ideal for pulmonary delivery.

A great part of the spray drying processes use a drying medium of air and drain the 

air to the atmosphere (open cycle system) but an inert gas such as nitrogen may also 

be used as an alternative (close cycle system, as in SDMicro™ spray diyer used in 

this project. Figure 2.9). The inert gas is intended to avoid the threat of explosion 

when feeds are composed of flammable organic solvents and it is continuously 

recycled and reused through the operation. The process phases involved in spray 

drying are fully described in section 1.6 of Chapter 1.
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S p r a y - d r y e r C o n t r o l  p a n e l

a

N i t r o g e n

G E N E R A T O R
C o m p r e s s o r

Figure 2.9. Picture o f SDMicro™ spray dryer used in this project, with nitrogen 

generator, compressor and control panel.
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2.3. INVERSE GAS CHROMATOGRAPHY (IGC) FOR THE ASSESSMENT 

OF SURFACE ENERGY

2.3.1. INTRODUCTION

Inverse gas chromatography (IGC) involves the determination of the retention period 

of a series of elutants (probes) with identified properties (mobile phase) by a powder 

under study (stationary phase) which is placed in a chromatographic column. The 

data achieved by the retention period of the elutants are calculated at infinite dilution, 

where the interactions among elutant molecules are negligible, in order to assess the 

interactions among the elutant molecules and the powder to be investigated. The 

determination of these retention periods allows the calculation of the different 

components of the surface energy by the peak area of the signal which is measured 

by detectors (Planinsek et al., 2003).

The net retention volume, V„ is determined by Equation 2.1 introduced by Shultz et 

al. (Shultz et al., 1987);

Vn =  J F (  t f — to) [Equation 2.1]

where tr, is the retention time of the probe molecule; to, the retention time of a non 

interacting probe for instance methane; F, the carrier gas flow rate; and J, the 

compressibility correction factor due to pressure difference across the column, 

considering the compression of the gas and calculated by Equation 2.2:

P:in,
2

I - 1
J  =  ^ -----  [Equation 2.2]

in.
Pout

where is the pressure at the inlet and Pout, pressure at the outlet and assumed to be 

the atmospheric pressure (Shultz et al., 1987).
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2.3.2. DETERMINATION OF THE DISPERSIVE COMPONENT OF THE 

SURFACE ENERGY

For non polar probes, the free energy of adsorption, A G a °  is determined by Equation 

2.3:

JGa° = RTIn + C [Equation 2.3]

where R, is the ideal gas constant; T, the absolute temperature; and C, a constant 

which considers the reference state of the probe molecules.

The dispersive part of the surface energy (ys^ is estimated by using a correlation 

proposed by Fowkes (Fowkes, 1964) and expressed by the following Equation 2.4:

=  J  Ga^ =  2 N  a [Equation 2.4]

where V, is Avogadro’s number; yz,̂ , the elutant surface tension and a, the cross 

sectional area of the elutant molecule.

The dispersive surface energy, ys  ̂is generally calculated from the plot of RT In Vn as 

a frinction of for a series of alkane elutants where a straight line is attained

and ys  ̂is determined from the slope of this line (Figure 2.10). The values of a and yif 

were taken from literature (Schultz et a i, 1987; Nardin and Papirer, 1990; Table 2.2).
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P o l a r  p r o b e

A i .k a n e  r e f  e r e n c  k i . i m :

N o n  POL A R  P R O B Eo
B
3

G
J G

Figure 2.10. Illustration o f the free energy o f adsorption o f alkanes and polar probes.

2.3.3. DETERMINATION OF THE SPECIFIC COMPONENT OF THE 

SURFACE ENERGY

For polar probes, the free energy of adsorption, AGa° is the sum of polar and non 

polar interactions expressed by the following Equation 2.5:

AGa^ = A G / ^ A G a
sp [Equation 2.5]

where is the dispersive free energy of adsorption and AG/^, represents the

specific free energy of adsorption which is linked to the acid-base parameters Ka and 

Kd (Riddle and Fowkes, 1990) by Equation 2.6:
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AGa^̂ p = Ka D N  + K dAN* [Equation 2.6]

where AN and DN are the acceptor and donor number respectively of the elutants 

(Table 2.2) and Ka and Kd are the acidic and base constant respectively and reveal 

the surface nature to perform as an electron acceptor (acid)uuuoooooor or an 

electron donor (base).

When plotting RT In as a function of the retention times of the polar

probes will result in values above the alkane reference line. The vertical distance 

between these results and the alkane reference line then allows the calculation of the 

specific energy of adsorption, (Figure 2.10).

Plotting AGa°^^/AN* versus DN/AN* for a series of polar probes, Ka and Kd acid- 

base parameters can be determined, as a straight line with a gradient of Ka and an 

intercept of (Figure 2.11) is achieved. The values of a, y /, DN and AN* used to 

estimate the components of the surface energy were taken from literature (Gutmann, 

1978 and Riddle and Fowkes, 1990) and are presented in Table 2.2.

DNIAN*

Figure 2.11. Schematic representation o f the calculation o f Ka and Kd parameters.
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V a p o u r

PROBE

C r o s s  s e c t i o n a l  

m o l e c u l a r  a r e a  a  (m^)

7l

(mJ/m^)

AN*

(Kcal/mol)

DN

(Kcal/mol)

D ec a n e 7.5 E'*̂ 0.0234 0 0

N o n a n e 6.9 E'*^ 0.0227 0 0

O c t a n e 6.3 E'*̂ 0.0213 0 0

H e pt a n e 5.73 E’’̂ 0.0203 0 0

H e x a n e 5.15 E '^ 0.0184 0 0

A ceto n e 3.4 E‘‘̂ 0.0165 2.5 17.0

C hlo ro fo rm 4.4 E-’^ 0.0250 5.4 0

E th a n o l 3.53 E'^^ 0.0211 10.3 19.6

Et h y l  a c e t a t e 3.3 E'^^ 0.0196 1.6 17.1

Table 2.2. Surface area, surface tension o f the probes as liquids and acceptor (AN*) 

and donor (DN) numbers o f the probes used in the IGC measurements (Schultz et al, 

1987; Nardin and Papirer, 1990; Gutmann, 1978; Riddle and Fowkes, 1990).

2.3.4. INVERSE GAS CHROMATOGRAPHY APPARATUS

In this project, all the testings were carried out using an inverse gas chromatograph 

from Surface Measurement Systems Ltd, UK, consisting of three modules: a flow 

control module, a probe oven module, and a column module (Butler et al., 1999), 

pictured in Figure 2.12 and described by Newell et al. (2001).

63



Chapter 2. Materials and Methods

i/

F l o w  c o n t r o l

M O D U L E

P r o b e  o v e n

M O D U L E  B i

C o l u m n  o v e n

M O D U L E

Figure 2.12. Picture o f IGC apparatus with flow control, probe oven and column 

oven modules.

The flow control module alms to arrange an elution mixture with different 

combinations of dry helium with helium mixed with other vapours in order to 

achieve different RH levels, although in this project only dry helium was employed 

so that the RH was maintained at 0% in all experiments. This was performed so that 

the interactions between elutants-powder could be assessed without the presence of 

any water molecules which could be interfering in these interactions hence allowing 

a more accurate assessment of the surface energy. Approximately 250 pL of the 

probe mixture was afterwards automatically injected into the carrier flow transferring 

this mixture by the column then reaching the two detectors. These include the 

thermal conductivity detector (TCD) and flame ionisation detector (FID) and this 

arrangement of detectors permits the investigation of the organic vapour and RH 

values through the column. A Hewlett Packard 6890 series gas chromatograph (GC) 

was employed to manipulate the temperature of the elution mixture. A silanized and 

washed IGC glass column (Surface Measurement System Ltd, UK) of size 6 mm o.d., 

3 mm i.d. and 300 mm long was used and silane treated glass wool (Alltech,
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Deerfield, USA) was employed so that the powder was in position in all the 

experiments performed. The method was completely computerized using SMS /GC 

Controller Software vl.6 and the results were evaluated using the SMS /GC Analysis 

macros, vl.2. All the experiments developed to investigate the surface features of the 

model drugs used in this project were performed by IGC at infinite dilution to allow 

the estimation of both the dispersive and specific components of the surface energy 

at the temperature of 303 K and 0% RH with a helium flow rate of 10 ml/min. In 

IGC the form of the peaks is critical and when non Gaussian peaks are observed 

signifies that the interactions between the powder sample and the elution mixture 

should not be performing correctly leading to the repetition of the experiment. 

Experimentally, the dispersive surface energy was assessed through injection of

0.04% v/v of several non polar probes (hexane, heptane, octane, nonane and decane) 

and the polar component through injection of a number of polar probes (acetone, 

ethanol, chloroform and ethyl acetate) being injected in triplicate so that the 

reproducibility of the method could be evaluated.

2.3.5. INVERSE GAS CHROMATOGRAPHY COLUMN PREPARATION

The sample preparation involved the method described by Newell et al. (2001). 

Following the spray drying of each model drug, approximately 75 mg of each sample 

was filled into the IGC column and then packed through vertical tapping for 15 min, 

so that no fissures or canals were observed in the column. Afterwards, the top of the 

column was stoppered with silane treated glass wool. The column was then 

positioned in the IGC under a conditioning phase prior to each experiment where the 

sample was under the same conditions of temperature, gas flow and RH as the 

experiment (6 h at 303 K and 0% RH) in order to eliminate adsorbed/absorbed 

water/gases from the sample. Following this conditioning phase the experiment was 

then performed at the same temperature and RH as used during conditioning.
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2.4. CARRIER PARTICLES: LACTOSE MONOHYDRATE (RESPITOSE®)

DPI formulations are composed by drug particles with aerodynamic diameters below 

5 pm which are attached to carrier particles such as a-lactose monohydrate around 

70 pm in size in order to improve their flow performance.

Lactose monohydrate (Figure 2.13) is 0-(3-D-galactopyranosy l-( 1 -^4)-a-D- 

glucopyranose monohydrate, a disaccharide produced from milk and composed by a 

galactose part (left) and a glucose part (right). In pharmaceutical technology, lactose 

is broadly utilized in the production of tablets as a filler in addition to be utilized in 

DPI formulations as a diluent (Handbook of Pharmaceutical Excipients, 2006).

OH

HO OH
OH

OH

OH

Figure 2,13. Structural formula o f a-Lactose monohydrate.

Lactose emerges with different isometric states namely, a-lactose monohydrate, p- 

lactose anhydrous and a- lactose anhydrous, according to the crystallization or drying 

procedures that were used in their preparation (Handbook of Pharmaceutical 

Excipients, 2006). Lactose exists as a crystalline powder and is water soluble 

(insoluble in ethanol, chloroform and ether). The lactose utilized in this project was 

Respitose® SV008 (Figure 2.14) a-lactose monohydrate manufactured by sieving for 

being used in inhalation systems.
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Figure 2.14. SEM images o f Respitose S V008.

2.5. PREPARATION OF POWDER BLENDS

Mixing is the mixture of two or more different fractions of material aimed to achieve 

dose of uniformity. Powder mixing is categorized in randomised or ordered mixing 

(Zeng et al, 2001). The first involves the mixing of particles from the same material, 

with identical morphology while the second involves the mixing of dissimilar 

materials with diverse morphologies.

DPI formulations are regarded to be binary ordered mixes composed of drugs 

classically less than 5 pm and lactose particles and the purpose of mixing is to 

generate an ordered mixture where the drug particles connect to the surface of lactose 

particles. Therefore, the adhesion among drug-carrier should be adequately effective 

to avoid segregation through mixing and storage but adequately fragile to permit a 

proper dislodge of drug microparticles from lactose upon inhalation.
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In this project, the blends were mixed in a 28.25 ml glass vial (Trident Vial 28.25 ml 

squat screwcap. Scientific Laboratory Supplies Limited) with around 50% filling of 

the vessel space. The entire model drugs were mixed with identical lactose carrier 

(Respitose® SV008) from the same batch in order to have a final concentration of 

model drug in the formulation of 1% (w/w). Mixing was performed using a Turbula 

mixer (Basel, Switzerland) at the speed of 45 revolutions per minute for 30 minutes. 

All formulations were prepared in 10 g aliquots.

2.6. ULTRA VIOLET-VISIBLE SPECTROSCOPY (UV/VIS) FOR
QUANTIFICATION OF THE MODEL DRUGS

UV/VIS spectroscopy was the technique utilized in this project to quantify the 

concentration of all the model drugs from their respective calibration curves 

(salbutamol sulphate and triamterene) at their wavelength of maximum absorption

(^ax)-

Experimentally, a Cary 3E, UV/Visible Spectrophotometer (Varian, Palo Alto, CA, 

U.S.A) was performed to assess the concentration of each model drug from its in 

vitro deposition in the twin stage impinger. All solutions samples were primary 

passed through a 0.22 pm filter unit (Millex-GP, Millipore, UK) to remove the 

suspended lactose particles and subsequently around 5 ml of the filtrate was put in a 

quartz cuvette prior to UV/VIS testing. The quantitative method for determination of 

the model drugs used in this project (salbutamol sulphate and polymers) is described 

in detail in section 3.7 of Chapter 3.

2.6.1. ASSESSMENT OF CONTENT UNIFORMITY

The content uniformity was evaluated after the mixing process by analyzing ten 

samples (of 25 mg of salbutamol sulphate and 100 mg for all the other model drugs: 

PAA, PVA and PVP, which required the use of triamterene). The samples were 

chosen from different fi-actions of the powder blend (after mixing) described as
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follows: three from the top, four from the middle and three from the bottom being 

then transferred to 100 ml volumetric flasks. Samples of salbutamol sulphate were 

dissolved in hydrochloric acid (HCl) O.IM whereas samples taken from all the other 

model drugs were dissolved in ethanol. All samples obtained were afterwards 

analyzed for the concentration of salbutamol sulphate and triamterene by Ultraviolet 

(UV) Spectroscopy. The mix uniformity was evaluated by the calculation of the 

coefficient of variation (C.V.) which is defined by the standard deviation of the ten 

samples taken from different parts of the powder blend as a percentage of the 

average “drug” mass. Blends with coefficient of variation below 5% were considered 

as appropriate blends and used for further experiments. The assessment of content 

uniformity is also mentioned in sections 4.3 and 5.3 of Chapters 4 and 5.

2.7. INHALATION DEVICE: THE AEROLIZER®

The Aerolizer® (Figure 2.15) is a single dose DPI device utilized to administer 

FORADIL and was introduced by Novartis Pharmaceuticals Corporation (U.S.A) for 

delivering formoterol fumarate. The Aerolizer® is activated through introduction of a 

capsule with the formulation in the capsule chamber which is located in the bottom 

of the apparatus and by then depressing the pair of buttons nearby the capsule 

chamber. Upon inspiration, the capsule is ejected from the capsule chamber, 

discharging the formulation and therefore being inhaled by the patient. The specific 

airflow resistance of the Aerolizer® device is 0.06 cm H2 O (1/min).

Formulation aliquots (40^10 mg for salbutamol sulphate and 105±10 mg for all other 

model drugs) were manually placed into size 3 hard gelatin capsules (donated by 

Pfizer, UK) and introduced into the capsule chamber of Aerolizer® device (donated 

by Pfizer, UK). All in vitro experiments with Aerolizer® were carried out at an 

airflow of 6 0 1/min since at this airflow the cut off size of the TSI is 6.4 pm.
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Figure 2.15. Pictures o f Aerolizer®: Single dose DPI device used in this project with 

different components o f the device.

2.8. TWIN STAGE IMPINGER (TSI) FOR THE IN  VITRO ASSESSMENT OF 

THE DEPOSITION OF MODEL DRUGS

The TSI was initially used to evaluate the in vitro deposition of pMDIs (Hallworth 

and Westmoreland, 1987), aims to represent the respiratory tract where the Stage 1 

symbolize the upper airways and the Stage 2 the lower airways (Figure 2.16) and it is 

a methodology described in the British Pharmacopoeia (BP). In the TSI the emitted 

dose which is delivered by the device is separated in two fractions: respirable and 

non respirable. The non respirable fraction includes all the “drug” particles collected 

from the glass throat and the upper impingement chamber (Stage I) whereas the 

respirable fraction consist of the “drug” particles recovered from the lower 

impingement chamber (Stage 2). As a result, at a flow rate of 60 1/min the cut off 

diameter of the TSI is 6.4 pm which means that particles with size below 6.4 pm will 

be deposited in Stage 2.
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2.8.1. TWIN STAGE IMPINGER APPARATUS USING AEROLIZER®

The in vitro assessment of all dry powder formulations used in this project was 

undertaken using a TSI (Copley Scientific, Nottingham, UK) using the BP method 

(British Pharmacopoeia, 2009) described on the following section and which 

equipment is represented in Figure 2.16 and pictured in Figure 2.17.

107

Stage IS tage 2 

45° 40
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e i  85 J. 0  12.5

Figure 2.16. Twin stage impinger apparatus according to BP regulations 

(reproducedfrom British Pharmacopoeia, 2009).

Experimentally, the TSI was loaded with 7 ml of a proper solvent (O.IM HCL in 

distilled water for salbutamol sulphate and ethanol for all other model drugs) in Stage 

1 and 30 ml of the same solvent in Stage 2. The use of a pump (model T12, Nr 

65321, Erweka®, Germany) ensured that the flow rate along the TSI was at 60 1/min 

and this value was regulated before each experiment. Both the device and gelatin 

capsules were weighed before and after each aerosolization. Following the insertion 

of the capsule in the capsule chamber of the Aerolizer®, perforation of the capsule 

was executed. The device was then attached to the TSI throat using a moulded rubber 

mouthpiece (manufactured by Pfizer, UK) and the pump was operated for 5 s and 

then switched off. For every experiment 3 capsules of salbutamol sulphate and 10 

capsules of all the other model drugs were evaluated using the same protocol and this
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process was performed in triplicate. After the test, the TSI equipment was dismantled 

and all the components of the apparatus were rinsed with the same solvent of Stage 1 

and 2 of the TSI apparatus. The solutions obtained were then transferred to 

volumetric flasks and made up to a volume of 100 ml. All the samples obtained were 

then analysed for salbutamol sulphate and triamterene using the UV method 

mentioned in section 3.7 of Chapter 3. The laboratory conditions of T and RH were 

also determined by use of a thermo-hygrometer (Mason's wet & dry bulb 

hygrometer, Brannan, UK) and the following terms illustrated the in vitro 

performance of the model drugs investigated:

■ The emitted dose (ED), which is the total mass of “drug” recovered from the 

mouthpiece adapter, throat and Stage 1 and 2 of the TSI (pg);

■ The fine particle dose (FPD), which is the mass of “drug” deposited in the 

Stage 2 of the TSI (pg);

■ The fine particle fraction (FPF), considered as the ratio of FPD to the ED (%).

T h r o a t

M o u l d e d  ^

RUBBERS t a g e  1

MOUTHPIECE

» A e r o l i z e r

S t a g e  2

Figure 2.17. Picture o f the twin stage impinger apparatus.
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2.9. SCANNING ELECTRON MICROSCOPY (SEM) FOR THE 

ASSESSMENT OF PARTICLE MORPHOLOGY

The morphology of all the model drugs was assessed by use of scanning electron 

microscopy (SEM). SEM utilizes a ray of electrons which scans the surface of a pre

coated powder. While the probe examines the sample, secondary electrons, 

backscatter electrons and x-rays are created. These secondary electrons have low 

energy and are released from the sample surface enclosing the surface data. SEM 

gives data concerning powder features such as, topography, morphology (shape and 

size of particles) and crystallography (organization of atoms in the sample).

A tiny amount of each spray dried model drug was deposited against an adhesive 

carbon disc before being coated with around 20 nm of gold using a sputter coater 

(Emitech K550 sputter coater, Emitech, Kent, UK) at 30 mA for 3 min. Various 

photomicrographs were then generated with a Philips/FEI XL30 SEM (Philips, 

Einhoven, Holland).
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THE IMPACT OF SPRAY DRYING PROCESS VARIABLES ON 

PARTICLE MORPHOLOGY

3.1. INTRODUCTION

Spray drying is a recognized process that allows the manufacture of powders and it is 

a flexible method that allows certain particle features for instance the size, 

morphology, amorphous and the residual solvent content to be altered (Thybo et al, 

2008).

Several process variables of spray drying impact on particle morphology. Spray 

drying technique optimization can be achieved by both adjustment of the factors 

linked to the spray drying procedure and the characteristics of the feed. 

Consequently, the optimization of final powder features may be achieved by 

manipulating a number of conditions such as the feed characteristics (concentration 

and solvent choice), atomization pressure and inlet and outlet temperatures (Masters, 

2002) in order to reach the desirable properties. The following chapter will focus on 

the optimization of some of these operating parameters aimed at producing model 

drugs with similar morphologies. The production of particles suitable for inhalation 

can be achieved by using lower liquid feed concentration, smaller nozzle orifice 

diameter and higher atomization rates (Elversson et al, 2003) to generate smaller 

particles. In this project these operating parameters were considered to achieve 

particles with proper aerodynamic size for pulmonary delivery. Moreover, Chew et 

al, (2005) have used different feed concentrations of BSA (Bovine Serum Albumin) 

and atomization rates which produced powders with different extents of surface 

roughness. Specifically, lower BSA concentrations and atomization rates were linked 

to higher extents of roughness. Additionally, earlier investigations have shown that 

particle morphology can be manipulated through the solvent utilized (Gilani et al, 

2005) in an investigation using different feed formulations with varying 

ethanol/water ratios and also through the outlet temperature (Maa et al, 1997) where 

particle morphology has changed fi*om “doughnut” to spherical shape with
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decreasing Tout- It is believed that both the feed solvent and the Tout will impact on 

the evaporation rates and hence on the final particle morphology therefore being 

crucial that these are conveniently selected in order to attain the desirable size and 

shape of the spray dried powders.

In terms of morphology, the multifaceted drying circumstances lead to particles that 

may differ from spherical to collapsed particles. Non spherical morphologies are 

assumed to be a result of the production of a non porous shell and increased drying 

rate being related to the Tout (Masters, 2002). Normally, the morphologies attained 

through spray drying are spherical however, morphologies distant from these, for 

instance ellipsoids, toroids and buckled were described earlier (Iskandar et al, 2003; 

Sugiyama et al, 2006; Vehring, 2008) and were in addition observed in several 

batches produced throughout this project. In the following chapter, attempts to 

produce smooth spherical model drugs by spray drying using polymers and drugs are 

described. Reaching these smooth spherical particles may be challenging for 

polymers that typically have high molecular weights leading to collapsed and 

wrinkled morphologies.

The feed formulations utilized all through this project were clear solutions. Solution 

droplets (Figure 3.1) as soon as in touch with the hot drying medium are subject to 

evaporation at a constant rate characterized by the first period of drying. When the 

amount of solvent within the droplet is not able to maintain saturated conditions the 

first period of drying terminates and a critical point is reached, where the existence of 

a solid can be observed at the surface (Masters, 2002). During spray drying the 

temperature in the drying chamber is greater than the boiling point of the droplet 

solvent (water or organic solvent) and hence, as soon as this solvent achieves its 

boiling point vaporization of the liquid will occur. Subsequent to the production of 

the vapour the final particle morphology will depend on the characteristics of the 

solid shell produced at the surface. If the shell corresponds to a porous shell vapours 

may be easily liberated after being produced by vaporization. On the other hand, if 

the shell is non porous the particle will collapse/wrinkle/disintegrate (Masters, 2002) 

as the vapours produced can not easily pass through this “plastic” shell. The flow of
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vapours inside the particle is initially directed through liquid diffusion and after that 

through vapour diffusion.

&

&

&

S a t u r a t e d  s u r f a c e  c o n d i t i o n s

L i q u i d  d i f f u s i o n

V a p o u r  d i f f u s i o n

D r y  p o w d e r

Figure 3.1. Solution droplets in spray drying (adaptedfrom Masters, 2002).

Accordingly, all through evaporation droplets are subject to morphological 

alterations that in turn will decide the morphology of the final powder particles. 

Therefore, particles can present a wide range of morphologies: spherical, expanded, 

collapsed or disintegrated (Figure 3.2). These irregular morphologies were observed 

during this work and for this reason is important to describe the mechanisms 

involved on these type of particle formation.
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P h a s e  1

Droplet contacts hot drying gas after 
atomization.

P h a s e  2

Solid shell is formed at the surface and its 
features determine particle morphology.
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P h a s e  3

Diverse morphologies:

1. Spherical
2. Wrinkled
3. Hollow
4. “doughnut” shaped
5. Disintegrated

Figure 3.2. Multiplicity o f particle morphologies during spray drying development

(adapted from Masters, 2002).
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3.2. SUMMARY OF THE CHAPTER

This project started with the challenge of producing comparable particles from an 

extensive range of materials and provides some understanding on the spray drying 

process variables that may impact on the morphology of the engineered particles. 

Therefore, the starting point of the project was to select materials with the same 

morphology but with different function class to determine their surface energy and 

then to evaluate its impact on the deposition profiles of the model drugs.

Therefore, this chapter may be summarized to:

1. Establish the parameters in the SDMicro ™ spray dryer in order to produce 

reproducible model drugs from different materials with diverse 

physicochemical properties such as acids, bases and alcohols;

2. Explore the variation of process parameters, such as properties of the model 

drug, inlet and outlet temperatures, use of different solvents and co-solvents 

that correlates with morphology of the spray dried particles;

3. Compare the correlation observed on particle morphology with different 

spray drying settings with recently published data;

4. Establish a quantitative method for the assessment of the model drugs.
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3.3. GENERAL METHOD FOR PREPARATION OF FEED SOLUTIONS

To achieve the aim of this project different materials were used as “model drugs”, 

having a range of surface energies but similar morphology, to eliminate any effect of 

morphology from the performance of the particles, in order to correlate their surface 

properties with the pulmonary deposition. Spray-drying was used to produce model 

drug particles with size below 5 pm and approximately spherical shape using the 

SDMicro ™ spray dryer. SEM was utilized to verify the effect of the process 

variables on particle morphology and to confirm that the morphology was kept 

constant for the selected model drugs. Different materials were formulated by 

dissolution in the most suitable solvents (See Table 3.1 for physicochemical 

properties) described individually in each methods section and in concentrations that 

ranged from 2 to 10% with the addition of 0.040% w/v of Triamterene as a UV 

marker in the case of polymers (described in section 3.7). The solutions were stirred 

in an ultrasonic bath (Clifton) for around 10 minutes until a clear solution was 

achieved. The solutions were then made up to volume in volumetric flasks of 100 ml 

with the most convenient solvent specified in each methods section and the same 

spray dryer (SDMicro ™ spray dryer) was utilized to produce the different model 

drugs. The powders were then recovered in 100 ml borosilicate glass bottles 

(Fisherbrand) and stored in a container at room temperature. Temperature and 

relative humidity of the surrounding environment was not recorded. A number of 

process variables of the spray drier were altered with the intention of estimating their 

potential impact on particle morphology.
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3.4. PHYSICOCHEMICAL PROPERTIES OF SPRAY-DRIED MODEL 

DRUGS

The physicochemical properties of the materials used for spray drying are 

summarized in Table 3.1

M o d e l  d r u g S u pply

fo r m

So l u b il it y M e lt in g

POINT
G l a ss

TRANSITION
TEMPERATURE

A p p l ic a t io n s  in

PHARMACEUTICAL
TECHNOLOGY

EUDRAGIT S -100 Powder Acetone,
alcohols

> 150°C 160°C Enteric coating

EUDRAGIT E-lOO Granules Acetone,
alcohols

> 150°C 48°C Film coating

POLOXAMER338 Flakes Water,
alcohol,
acetone

57°C 48°C
Emulsifying, 

solubilizing agents

P o l y a c r y l ic  a c id

(A VERAG E Mw ~ 1,800)
Powder Water,

ethanol
decomposition 

within 30 
minutes at 

260°C
106°C

Suspending, 
viscosity 

increasing, 
controlled release 
agent, bioadhesive

P o l y v in y l  a l c o h o l

( a v e r a g e  

Mw 9,000-10,000, 
80% h y d r o l y z e d )

Crystals Water,
ethanol 180-190°C 75-85°C

Coating, 
stabilizing, 

viscosity increasing 
agent, lubricant

Sa l b u t a m o l  S u l ph a t e Powder Water,
ethanol,

chloroform,
ether

151-158°C 64°C P-adrenoreceptor
agonist

P o l y v in y l p y r r o l id o n e

Mw 10,000
Powder Water,

ethanol,
chloroform,

ether

150°C 168°C
Disintegrant, 

dissolution aid, 
suspending agent, 

tablet binder
In d o m e t a c in Powder Ethanol,

acetone,
ether

160°C 42°C
Non-steroidal anti
inflammatory drug 

(NSAID)
T r ia m t e r e n e

(UV m a r k e r )

Powder Formic acid, 
water, 

ethanol, 
chloroform

316°C - Diuretic

Table 3.1. List o f the model “drugs” used in Chapter 3 and their physicochemical 

properties (taken from respectively suppliers and Handbook o f Pharmaceutical 

Excipients, 2006).
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3.5. SPRAY DRYING OF SALBUTAMOL SULPHATE (SS)

The first attempt to produce comparable model drugs began with the spray drying of 

salbutamol sulphate (SS) which has been widely used in respiratory delivery 

systems. There are several publications around the use of spray dried SS powders for 

pulmonary delivery and hence it was possible to evaluate the spray dried particles in 

this project with those described in the literature (Chawla, et al, 1994; Columbano et 

al, 2002, 2003; Chew era/., 2005).

Spray drying of SS allows the production of amorphous particles with appropriate 

size for respiratory delivery (below 5 pm) that have been investigated for DPI 

delivery systems previously (Chawla et al, 1994). The selection of SS as a model 

drug in this project also took into account its acidic surface properties hence 

introducing wider physicochemical properties in the model drugs investigated.

3.5.1. METHODS

Solutions of SS (10% w/v) were spray dried using the settings described in Table 3.2. 

The morphology of the particles was assessed by use of SEM images (methodology 

of section 2.9).

P a r a m e t e r s S e t t i n g s  

S a l b u t a m o l  S u l p h a t e

10% w/v
Water

Process gas chamber inlet temperature 104 °C
Process gas chamber outlet temperature 58 °C
Feed pump air pressure control 1.2 bar
Nozzle atomizer gas flow control 2.5 kg/h
Process gas chamber inlet flow 25.1 kg/h
Bag filter jet pulse cleaning air pressure control 2.1 bar
Nozzle atomizer gas pressure 1.1 bar
Process gas heater element surface temperature 169 °C
Process gas chamber inlet pressure 2.6 bar
Bag filter pressure differential 5.4 mbar

Table 3.2. Spray drying operating parameters for Salbutamol Sulphate batches.
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3.5.2. RESULTS AND DISCUSSION

In Figure 3.3 a typical SEM image of SS spray dried particles produced throughout 

the project is shown. The particles are presented as spheres with numerous 

indentations. This morphology is in keeping with the ones recorded in the literature 

(Chawla, et al, 1994; Columbano et al, 2002, 2003; Chew et al, 2005) where 

spherical particles with dimpling surface are observed.

It is assumed that particle morphology is dependent of the evaporation rate through 

spray drying and that wrinkled morphologies such as those observed on Figure 3.3 

are a consequence of the increase of inner droplet pressure caused by solvent 

vaporization. The development of wrinkled particles is in addition correlated with the 

generation of an impermeable ("‘plastic”) shell not allowing the vapour to readily 

escape (Masters, 2002) as described previously in the introduction of this chapter.

\cc V Spot Maqn Dot WD I------------------ 1 5 |im
IOOkV20 4892X Sfc 134 Salbutamol s/d 3 6 05 ref 2083

Figure 3.3. SEM images o f Salbutamol Sulphate spray dried particles.

Therefore, the surface of the particles produced from the SS spray dried formulations 

had a spherical geometry however not smooth particles but rough surfaced particles 

were evident in all the SS batches produced. These corrugated morphologies have 

been linked to a great evaporation rate and production of a non porous shell causing 

particle collapse (Masters, 2002).
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Chew et al, (2005) produced by spray drying a range of powders of bovine serum 

albumin (BSA) with different extents of surface corrugation by adjusting the 

processing parameters. The investigation concluded that a low surface corrugation 

was the main reason for the increased deposition of the rough particles by increasing 

the interparticulate distance, thus decreasing van der Waals forces between the 

formulation particles. Therefore, SS spray dried particles presenting corrugated 

morphology as illustrated in the SEM Figure 3.3 may have a better chance of 

improving fine particle fraction in dry powder inhaler formulations.

Even though SS spray dried particles did not display a perfectly spherical smooth 

surface they were regarded as appropriate for further use as model drugs. SS model 

drug particles were investigated separately in Chapter 4 in contrast to the remaining 

model drugs with spherical morphology which were investigated in Chapter 5.

3.6. SPRAY DRYING OF INDOMETACIN (IMG)

With the intent of utilizing an additional model drug, four batches of spray dried 

indometacin (IMC) were investigated. IMC appears as a crystalline substance, 

soluble in ethanol and slightly soluble in water. Previous investigations have 

demonstrated that IMC crystallizes at temperatures below its Tg (Yoshioka et al., 

1994). In addition, it was also established that water uptake decreases the Tg of IMC 

hence inducing crystallization (Andronis et at., 1997).

3.6.1. METHOD FOR INDOMETACIN BATCHES ONE AND TWO

The first two batches of spray dried IMC were produced using the settings presented 

in Table 3.3 using 2% w/v IMC ethanolic solutions. In the first batch temperatures of 

79°C and 55°C were used as inlet and outlet temperatures respectively and for the 

second batch 52°C and 38°C for inlet and outlet temperatures respectively. The 

decrease on both inlet and outlet temperatures for batch 2 was achieved through the 

increase of the feed pump air pressure control from 1.5 bar to 2.7 bar.
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P a r a m e t e r s S e t t i n g s

I n d o m e t a c i n I n d o m e t a c i n

(Batch 1) (Batch 2)
2% w/v 2% w/v
Ethanol Ethanol

Process gas chamber inlet temperature 79 °C 52 °C
Process gas chamber outlet temperature 55 °C 38 °C
Feed pump air pressure control 1.5 bar 2.7 bar
Nozzle atomizer gas flow control 2.5 kg/h 2.5 kg/h
Process gas chamber inlet flow 25.1 kg/h 30.1 kg/h
Bag filter jet pulse cleaning air pressure control 2.1 bar 2.1 bar
Nozzle atomizer gas pressure 1.2 bar 1.2 bar
Process gas heater element surface temperature 129 °C 73 °C
Process gas chamber inlet pressure 2.5 bar 3.2 bar
Bag filter pressure differential 9.7 mbar 13.3 mbar

Table 3.3. Spray drying operating parameters for Indometacin batches 1 and 2.

3.6.2. RESULTS AND DISCUSSION FOR INDOMETACIN BATCHES ONE 

AND TWO

Examining the SEM images of IMC particles from Figures 3.4 and 3.5 they reveal 

crystal shaped structures the extent of which is dependent on the settings of the spray 

dryer. It is accepted that in low molecular weight compounds the amorphous state is 

formed when the solidification is too quick to allow molecules to line up into 

crystals, such as particles produced by spray drying. Amorphous materials are hence 

characterized by the glass transition temperature (Tg) the temperature where particles 

in the glassy state display an alteration in their characteristics. At temperatures below 

the Tg the amorphous state is called the glassy state whereas at temperatures above 

the Tg the sample is rubbery. Consequently, when the Tg is below room temperature 

the increase in the molecular mobility induces the transformation of the amorphous 

into the crystalline state. Additionally, the Tg may be decreased by addition of small 

molecules acting as a plasticizer which pack among the molecules of glass increasing 

the mobility and thus lowering the Tg. Consequently, following the description of 

these mechanisms and taking into account the low Tg of the IMC (~ 42°C) it is 

simple to understand the crystal structures observed on Figures 3.4. and 3.5.
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Figure 3.4. SEM images o f Indometacin particles (batch 1).

Figure 3.5. SEM images o f Indometacin particles (batch 2).

Since particles leave the spray dyer in the rubbery amorphous state with temperatures 

above Tg they have an increased molecular mobility that allows a rapid conversion 

into the crystalline form. In addition, observing Figure 3.4 (batch I) a lower degree 

of crystallization can be observed compared to particles of batch 2 (Figure 3.5) 

possibly related to the higher temperatures used during spray drying that leads to a 

lower residual solvent content (despite not has been measured) that could be 

performing as a plasticizer, dropping the already low Tg below room temperature and 

hence, inducing crystallization in batch two.
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3.6.3. METHOD FOR INDOMETACIN BATCHES THREE AND FOUR

Additional IMC spray dried batches were produced using the operating parameters 

presented in Table 3.4 using 2% w/v IMC ethanolic solutions. In the third batch 

temperatures of 76°C and 53°C were used as inlet and outlet temperatures 

respectively and for the fourth batch 80°C and 58°C for inlet and outlet temperatures 

correspondingly. The increase on both inlet and outlet temperatures for batch 4 was 

achieved through the decrease on the feed pump air pressure control from 1.2 bar to 

0.9 bar.

P a r a m e t e r s S e t t i n g s

I n d o m e t a c i n I n d o m e t a c i n

(Batch 3) (Batch 4)
2% w/v 2% w/v
Ethanol Ethanol

Process gas chamber inlet temperature 76 °C 80 °C
Process gas chamber outlet temperature 53 °C 58 °C
Feed pump air pressure control 1.2 bar 0.9 bar
Nozzle atomizer gas flow control 2,5 kg/h 2.5 kg/h
Process gas chamber inlet flow 25.1 kgAi 25.1 kg/h
Bag filter jet pulse cleaning air pressure control 2.1 bar 2.1 bar
Nozzle atomizer gas pressure 1.3 bar 1.3 bar
Process gas heater element surface temperature 121 °C 128 °C
Process gas chamber inlet pressure 2.5 bar 2.5 bar
Bag filter pressure differential 9.9 mbar 13.2 mbar

Table 3.4, Spray drying operating parameters for Indometacin batches 3 and 4.

3.6.4. RESULTS AND DISCUSSION FOR INDOMETACIN BATCHES 

THREE AND FOUR

The SEM images of IMC spray dried particles are shown in Figures 3.6 and 3.7, they 

reveal crystal shaped structures and the degree of crystallization appears again to be 

dependent of the temperatures utilized in the spray dryer. Figure 3.7 displays 

particles with the lowest degree of crystallization of all the IMC batches analyzed 

probably due to highest temperatures employed during spray drying and hence 

possibly lowest residual solvent content of the produced particles.
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Figure 3.6. SEM images o f Indometacin particles (hatch 3).

y

Figure 3.7. SEM images o f Indometacin particles (batch 4).

The results from the IMC spray dried batches show that it is not appropriated to 

employ indometacin as a model drug. The low Tg of IMC will make it difficult to 

maintain in the amorphous form after spray drying as it will rapidly convert into the 

crystal form and it is possible to anticipate this occurrence. IMC is identified to 

crystallize below its Tg (42°C) with diverging rates of crystallization (Wu and Yu, 

2006) according to the specific conditions to which the substance is exposed to.

The reason for trying to use IMC as model drug was because preliminary 

experiments suggested that IMC presents higher dispersive surface energy values 

(40.5 (2.7) mJ/m  ̂and 43.2 (0.5) mJ/m^) measured immediately after spray drying by
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IGC (further details of methodology are described on sections 2.3.4 and 2.3.5). 

Therefore, this information was regarded as an advantage of using it as a model drug 

as most of the model drugs employed had similar surface energy values (-30-37 

mJ/m^) making it difficult to achieve the project target. Nevertheless, as explained 

previously, the complex behavior of IMC did not allow the use of this material for 

further studies. To be regarded as a suitable model drug the amorphous form of the 

materials selected should be kept for a certain period of time (few weeks) so that 

changes of surface energies could be detected through storage being possible to 

relate different values of surface energy with the FPF.

3.7. QUANTITATIVE METHOD FOR POLYMERS: TRIAMTERENE (TAT) 
AS A UV MARKER

In the previous sections drugs were spray dried with the aim to employ these as 

model drugs. In the following sections polymers will be used as model drugs instead, 

in order to have wider differences in the surface energies of the materials involved, 

however, most of the polymers cannot be directly assessed by UV Spectroscopy. One 

of the ways to quantify them consists in mixing the polymer with a compound easily 

detected in the UV region at lower concentrations. Therefore, this section will 

describe the method established to quantify some of the materials used as model 

drugs.

In this project, TAT was used as a UV marker for polymers at the concentration of 

0.040% and was detected at a 1 max of 368 nm. Initially, a series of preliminary 

experiments were carried out in order to detect any UV absorption by the model drug 

at the same wavelength as TAT. Further results showed that at X max of 368 nm the 

absorbance of TAT was the same with or without the model drug, revealing no 

interference and being evidence of an accurate and precise method for quantifying 

polymers. Suspended lactose particles were removed through a 0.22 pm filter unit 

prior analysis of solutions by UV hence not interfering with the UV measurements of 

the model drugs.
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Consequently, with the intention of proving the accuracy and reproducibility of this 

method poloxamer 338 was spray-dried using the SDMicro™ Spray Dryer 

(described in Chapter 2) to produce fines with the aerodynamic size between 1-5 pm. 

A solution of 5% w/v of Poloxamer 338 was prepared in ethanol and with the 

addition of 0.040% w/v of TAT to be used as a UV marker. The morphology of the 

spray dried particles was then assessed using Scanning Electron Microscopy (SEM). 

The polymer was mixed with the lactose - Respitose® in the Turbula Mixer so that 

the final concentration of polymer in the formulation was 1% w/w. The assessment 

of content uniformity was tested using the method described on section 2.6.1 of 

Chapter 2. In vitro deposition of Poloxamer 338 from dry powder formulations was 

determined using a Twin Stage Impinger (TSI). Each deposition experiment involved 

the aerosolisation of ten capsules, each containing a dose of 100 mg at 60 1/min, via 

Aerolizer®. The inhaler device, upper and lower stages were all washed with ethanol 

and made up to 100 ml. All the samples obtained were analyzed for the concentration 

of TAT by Ultraviolet (UV) Spectroscopy and then calculated for Poloxamer 338.

The results of in vitro performance of Poloxamer 338 are shown in Table 3.5. The 

Emitted Dose (ED) was the dose emitted fi'om the inhaler device and depositing in 

the upper and lower stages of the TSI. Fine Particle Dose was the mass of “drug” 

recovered from the lower stage (particles <6.4 pm). The Fine Particle Fraction (FPF) 

was the Fine Particle Dose as a percentage of the Emitted Dose.

Formulation Emitted Dose Fine Particle Dose % FPF
(t»g) (Pg) TAT

1% 53 8.5 16.0

Formulation Emitted Dose Fine Particle Dose % FPF
(mg) (mg) Poloxamer 338

1% 6.63 1.06 16.0

Table 3.5. In vitro aerosol performance o f  Triamterene (upper table) and Poloxamer 

338 (lower table).
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Calibration curves for both TAT and SS were established prior to the assessment of 

the in vitro performance of the model drugs.

A 0.00004% (w/v) solution of TAT in ethanol was made (detection limit of 0.13 

pg/ml) and then analyzed through the range between 200 and 400 nm using a Cary 

3E, UV/Visible Spectrophotometer (Varian, Palo Alto, CA, U.S.A) and a X max of 

368 nm was found and thereafter all analysis carried out with TAT were completed 

at this wavelength. The calibration curve for TAT was made from a stock solution of 

0.010% (w/v) in ethanol and standards range concentrations from 0.00001% (w/v) to 

0.00012% (w/v). The entire samples were analyzed using Cary 3E, UV/Visible 

Spectrophotometer at 368 nm. The data obtained were utilized to make the 

calibration curve (Figure 3.8) using the best fit line and a linear correlation 

(r^=0.9975) between absorbance and TAT concentration was found.
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Figure 3.8. Calibration curve for the assessment o f Triamterene (Polymers).
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A 0.0008% (w/v) solution of SS was also analyzed (detection limit of 0.8 pg/ml) 

through the range between 200 and 400 nm using a Cary 3E, UV/Visible 

Spectrophotometer and a 1 max of 275 nm was found and consequently, all the 

following analysis carried out with SS were completed at this wavelength. In this 

case the aerosol performance was calculated directly using UV spectroscopy from 

solutions. A calibration curve for SS was made from a stock solution of 0.1% (w/v) 

in hydrochloric acid (HCl) O.IM and standards range concentrations from 0.0002% 

(w/v) to 0.0010% (w/v) (Al-Hadithi, 2004 and Schueller, 2005). The entire samples 

were analyzed using Cary 3E, UV/Visible Spectrophotometer at 275 nm. Once more, 

the data were utilized to make the calibration curve (Figure 3.9) using the best fit line 

and a linear correlation (r^=0.9891) between absorbance and SS concentration was 

also found.
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Figure 3.9. Calibration curve for the assessment o f Salbutamol Sulphate.
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3.8. SPRAY DRYING OF POLYMETHACRYLATES (EUDRAGIT S-100 

AND EUDRAGIT E-lOO)

A different approach to the utilization of drugs was carried out when attempting the 

use of polymethacrylates as model drugs so that wider physicochemical features of 

the surface materials could be reached. Eudragit S-100 and Eudragit E-lOO are 

anionic and cationic polymers, respectively and were fully described on section 2.1.1 

of Chapter 2.

3.8.1. METHOD FOR EUDRAGIT S-100 AND EUDRAGIT E-lOO BATCH 

ONE

The first attempt to produce comparable model drugs from polymers began with the 

spray drying of Eudragit S-100 and Eudragit E-100. There were no literature data in 

terms of spray drying these polymers, thus the starting process parameters are 

represented in Table 3.6 using a 10% w/v solution in both cases composed of 80:20 

mixture of acetone/water for Eudragit S-100 and 80:20 mixture of ethanol/water for 

Eudragit E-100 batch one. For Eudragit S-100 temperatures of 62°C and 38°C were 

used as inlet and outlet temperatures respectively and for Eudragit E-100 batch one 

75°C and 30°C for inlet and outlet temperatures respectively. The morphology of 

these particles is shown in the SEM Figures 3.10 and 3.11.
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P a r a m e t e r s

EUDRAGIT S -1 0 0
S e t t i n g s

EUDRAGIT E -1 0 0  
(Batch 1)

10% w/v 10% w/v
80:20 (v/v) of acetone/water 80:20 (v/v) of ethanol/water

Process gas chamber inlet temperature 62 °C 75 °C
Process gas chamber outlet temperature 38 °C 30 °C
Feed pump air pressure control 1.4 bar 1.4 bar
Nozzle atomizer gas flow control 2.5 kg/h 2.5 kg/h
Process gas chamber inlet flow 25.1 kg/h 25.1 kg/h
Bag filter jet pulse cleaning air pressure control 2.1 bar 2.1 bar
Nozzle atomizer gas pressure 1.3 bar 1.2 bar
Process gas heater element surface temperature 90 °C 90 °C
Process gas chamber inlet pressure 2.5 bar 2.5 bar
Bag filter pressure differential 5.6 mbar 5.6 mbar

Table 3.6. Spray drying parameters for Eudragit S-100 and E-100 (batch 1).

3.8.2. RESULTS AND DISCUSSION FOR EUDRAGIT S-100 AND 

EUDRAGIT E-100 BATCH ONE

Examining Figure 3.10 it can be recognized that Eudragit S-100 particles display a 

morphology without definition, with some needle shapes. The use of this polymer 

had the additional problem of blocking the nozzle on the spray-dryer leading to 

problems in the maintenance of the machine. This was the most important reason for 

eliminating this polymer from further use as a model drug.
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4i

Figure 3.10. SEM images o f Eudragit S-100 particles.
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Regarding Eudragit E-100 batch one, it was initially spray dried using similar 

variables as Eudragit S-100 (10% w/v solution composed by 80:20 mixture of 

acetone/water). However, due to the very low yield obtained, not even allowing 

sampling for SEM assessment, caused by the high residual solvent content, the 

solvent was changed to a mixture of 80:20 mixture of ethanol in water so that the 

inlet and outlet temperatures could be increased hence, avoiding the deposition of 

particles in the walls of the spray dryer. Examining the SEM images of both samples 

(Figure 3.10 and 3.11) there are evident differences on the morphology of particles 

between Eudragit S-100 and Eudragit E-100.

Figure 3.11 shows rough, wrinkled particles a phenomenon called crumpling and that 

was observed all the way through spray drying polymers with high molecular 

weights. In most cases, as the molecular weight of the polymer enhance lead to the 

production of bigger and crumpled particles (Sugiyama et ai, 2006). These rough 

particles are however spherical since their facet ratio is approximately one.
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Figure 3.11. SEM images o f Eudragit E-100 particles (hatch 1).

A recent approach for the explanation of particle development considers the 

significance of the ratio among the time for solvent evaporation and the movement of 

solutes by diffusion, using the Peclet number to elucidate crumpled or buckled

95



Chapter 3. The Impact of Spray Drying Process Variables on Particle Morphology

particle morphologies (Vehring, 2008). Therefore, the Peclet number may be 

controlled through both the physicochemical characteristics of the solute/solvent feed 

system and through the process variables of the spray dryer which will impact on the 

time required for solvent evaporation.

Considering this model, for Peclet numbers above 1 as the evaporation takes place a 

shell is formed at the particle surface and the variety of particle morphologies is 

reliant on the features of these shells (porous or impervious) as mentioned previously 

on section 3.1. Wrinkled and crumpled particles as seen in Figure 3.11 are a result of 

the shell not becoming sufficiently hard during particle formation leading to such 

morphologies. For increased Peclet numbers the critical point is achieved quicker 

during the drying process and therefore, shell development take place sooner in 

bigger particles. Proteins and polymers are common materials that are included in the 

group of high Peclet number (Vehring, 2008). Consequently, this theoretical model 

of high Peclet numbers can be entirely applied in the polymers employed in this 

project (characterized by high molecular weights) for recognizing the particle 

morphology deviations from spherical shapes. Figure 3.12 displays a schematic 

representation of particle development for high Peclet numbers.
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Figure 3.12. Particle development for high Peclet numbers (adapted from Vehring, 
20# .
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3.8.3. METHOD FOR EUDRAGIT E-100 BATCHES TWO AND THREE

In order to investigate the influence of different solvents in the morphology of the 

spray dried particles of Eudragit E-100 further experiments were performed. Table 

3.7 presents the parameters for two additional batches of Eudragit E-100 with 

varying solvent composition and spray dryer operating parameters. For both batches 

a solution of 10% w/v was utilized. In the case of batch two the solvent was 

composed by a 50:50 mixture of ethanol/water whereas for batch three ethanol was 

employed. Temperatures of 77°C and 48°C were used as inlet and outlet 

temperatures respectively for Eudragit E-100 batch two whilst temperatures of 81°C 

and 54°C were used as inlet and outlet temperatures respectively for Eudragit E-100 

batch three. The morphology of respective particles is shown in the SEM Figures 

3.13 and 3.14.

P a r a m e t e r s S e t t i n g s

E U D R A G IT  E-100 E U D R A G IT  E-100
(Batch 2) (Batch 3)
10% w/v 10% w/v

50:50 (v/v) o f ethanol/water Ethanol
Process gas chamber inlet temperature 77 °C 81 °C
Process gas chamber outlet temperature 48 °C 54 °C
Feed pump air pressure control 1.1 bar 1.2 bar
Nozzle atomizer gas flow control 2.5 kg/h 2.5 kg/h
Process gas chamber inlet flow 25.1 kg/h 25.1 kg/h
Bag filter jet pulse cleaning air pressure control 2.1 bar 2.1 bar
Nozzle atomizer gas pressure 1.4 bar 1.4 bar
Process gas heater element surface temperature 121 °C 131 °C
Process gas chamber inlet pressure 2.5 bar 2.5 bar
Bag filter pressure differential 5.7 mbar 5.6 mbar

Table 3.7. Spray drying parameters for Eudragit E-100 (batch 2 and 3).

3.8.4. RESULTS AND DISCUSSION FOR EUDRAGIT E-100 BATCHES 

TWO AND THREE

Observing SEM Figures 3.13 and 3.14 for Eudragit E-100 batches two and three it 

can be noticed that the morphologies are very similar to the ones examined 

previously for Eudragit E-100 batch one. This is to say that despite changes in the
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variables of the process such as the solvent employed and inlet and outlet 

temperatures the particles appear again to be collapsed, assuming a buckling 

appearance.
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Figure 3.13. SEM images o f Eudragit E-100 particles (hatch 2).

Figure 3.14. SEM images o f Eudragit E-100 particles (batch 3).

It can be concluded from the results attained that the major factor determining the 

morphology of polymers is the molecular weight of the particular polymer. The 

buckling of spray dried particles was observed during this project in a variety of 

polymers as previously discussed due to the high molecular weight characteristic of
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these materials. The mechanisms behind this occurrence appear to be the same in all 

of the cases. As a result, particles of high molecular weight tend to buckle sooner 

during particle formation and this take place in bigger particles (Sugiyama et al, 

2006). In addition, high molecular weights materials were shown to be solid like and 

hence may be subject to buckling/crumpling events.

The results obtained from Eudragit excluded its usage as a potential model drug as 

the morphology displayed from these particles is far from a spherical and smooth 

shape. Apart from this reason the fact that Eudragits are used in film coating make its 

utilization very inconvenient as they can easily block the nozzle atomizer during 

spray drying process and hence, threatens the regular operation of the spray dryer.

3.9. SPRAY DRYING OF POLOXAMER 338 (SYNPERONIC PE/F-108)

Poloxamer 338 was in addition utilized as a potential model drug and since it is a 

surfactant broader surface energy features may be introduced. Poloxamer 338 

properties were illustrated previously on section 2.1.1 of Chapter 2.

3.9.1. METHOD FOR POLOXAMER 338 BATCHES ONE AND TWO

Three batches of Poloxamer 338 were spray dried using different solvent 

compositions although the concentration was upheld constant (10% w/v). As shown 

in Table 3.8 the first batch investigated for Poloxamer 338 was spray dried using 

80:20 mixture water/acetone whereas the second batch using an inversed ratio of 

these solvents. For Poloxamer 338 batch one temperatures of 79°C and 48°C were 

used as inlet and outlet temperatures respectively and for Poloxamer 338 batch two 

60°C and 40°C for inlet and outlet temperatures respectively. The morphology of 

these particles is shown in the SEM Figures 3.15 and 3.16.
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P a r a m e t e r s S e t t i n g s

POLOXAMER 338 P o l o x a m e r  338 
(Batch 1) (Batch 2)
10% w/v 10% w/v

80:20 (v/v) of water/acetone 80:20 (v/v) of acetone/water
Process gas chamber inlet temperature 79 °C 60 °C
Process gas chamber outlet temperature 48 °C 40 °C
Feed pump air pressure control 1.4 bar 1.4 bar
Nozzle atomizer gas flow control 2.5 kg/h 2.5 kg/h
Process gas chamber inlet flow 25.1 kg/h 25.1 kg/h
Bag filter jet pulse cleaning air pressure control 2.1 bar 2.1 bar
Nozzle atomizer gas pressure 1.3 bar 1.2 bar
Process gas heater element surface temperature 90 °C 90 °C
Process gas chamber inlet pressure 2.5 bar 2.5 bar
Bag filter pressure differential 5.6 mbar 5.6 mbar

Table 3.8. Spray drying parameters for Poloxamer 338 (batch 1 and 2).

3.9.2. RESULTS AND DISCUSSION FOR POLOXAMER 338 BATCHES 
ONE AND TWO

Examining the SEM images of Poloxamer 338 batch 1 (Figure 3.15) binding events 

were detected within microparticles leading to agglomeration and resulting on the 

production of grouped particles.

&

Figure 3.15. SEM images o f Poloxamer 338 particles (batch!).
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In previous published works relating the impact of surfactant on spray dried particle 

morphology it was stated that the use of surfactants may lead to the diminution of the 

droplet steadiness hence leading to unstable morphologies (Iskandar et ai, 2003) 

which is probably the cause for the unsteady morphology achieved with this 

surfactant.

In addition, this agglomeration phenomena was also observed for Poloxamer 338 

batch two (Figure 3.16) despite changes in the composition of the solvent (from 

80:20 water/acetone to 80:20 acetone/water) and the associated reduction on the inlet 

and outlet temperatures. The reason for using an inverse ratio for Poloxamer 338 on 

batch two was related to the fact that it was suggested that the agglomeration 

occurrence seen on Poloxamer 338 batch one particles may have been due to the 

great inlet and outlet temperatures during spray drying operation with Poloxamer 338 

batch one. The use of an in versed ratio of acetone on batch two permitted a higher 

content in acetone allowing the decrease of both inlet and outlet temperatures and it 

was then expected to notice a decrease on the agglomeration of powder particles. 

However, as can be observed in Figure 3.16 this change of the co-solvent 

formulation did not have an impact on particle morphology. Once more the 

instability of the morphology may be attributed to the high molecular weight of 

Poloxamer 338 and the fact that being a surfactant lead to morphologies distant from 

spheres.

Figure 3.16. SEM images o f Poloxamer 338 particles (batch 2).
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3.9.3. METHOD FOR POLOXAMER 338 BATCH THREE

A further Poloxamer 338 batch three was explored maintaining similar parameters as 

Poloxamer 338 batch two (10% w/v concentration and inlet and outlet temperatures 

of 60°C and 40°C respectively) but altering the solvent to ethanol to investigate the 

effect of the solvent nature on particle morphology of Poloxamer 338 (Table 3.9). 

The morphology of the resulting particles is shown in the SEM Figure 3.17.

P a r a m e t e r s S e t t i n g s

P o l o x a m e r  3 3 8

(Batch 3)
10% w/v
Ethanol

Process gas chamber inlet temperature 60 °C
Process gas chamber outlet temperature 40 °C
Feed pump air pressure control 1.2 bar
Nozzle atomizer gas flow control 2.5 kg/h
Process gas chamber inlet flow 25.1 kg/h
Bag filter jet pulse cleaning air pressure control 2.1 bar
Nozzle atomizer gas pressure 1.1 bar
Process gas heater element surface temperature 117°C
Process gas chamber inlet pressure 2.5 bar
Bag filter pressure differential 4.8 mbar

Table 3.9. Spray drying parameters for Poloxamer 338 (batch 3).

3.9.4. RESULTS AND DISCUSSION FOR POLOXAMER 338 BATCH 

THREE

Figure 3.17 displays particles with analogous morphology when compared to Figures 

3.15 and 3.16 from batches one and two of Poloxamer 338. The powder particles 

once again show to be agglomerated even though modifications on the operating 

factors such as solvent composition and spray drier parameters have been introduced.
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Figure 3.17. SEM images o f Poloxamer 338 particles (hatch 3).

The model of high Peclet number eharacteristic of polymers is also applied here: 

during spray drying evaporation solutes concentration is enhanced and this results in 

an increased viscosity and resultant shell development at the particle surface. If this 

shell is sufficiently solid the particle morphology is kept and the vapour that is 

formed during vaporization may easily pass through the gaps of this shell. In 

contrast, if the shell is not adequately solid the final particles can buckle or wrinkle. 

Moreover, it has been demonstrated previously that the reduction of the surface 

tension of the droplets may be achieved through addition of a surfactant resulting in 

droplet instability after atomization and hence in unsteady shapes (Iskandar et al, 

2003). Furthermore, this experimental work with Poloxamer 338 underscored once 

more that polymers with high Mw reveal a higher tendency to wrinkle. The results 

achieved with Poloxamer 338 demonstrate that the use of this polymer is not suitable 

to be employed as a model drug as the morphology of these particles is not regarded 

to be suitable to employ this material in future experiments.
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3.10. SPRAY DRYING OF POLYACRYLIC ACID (CARBOMER)

Polyacrylic Acid (PAA) was largely employed as a model drug during this project 

and has strong acidic surface properties. Its characteristics were described earlier in 

section 2.1.1 of Chapter 2.

3.10.1. METHOD FOR PAA BATCHES ONE AND TWO

Numerous batches of PAA were spray dried. A range of batches were produced 

primarily to check if the SDMicro ™ spray dryer was running appropriately and to 

guarantee that the apparatus parameters were optimized. To achieve this, a series of 

experiments were carried out using diverse process variables (explained on sections 

from 3.10.3 to 3.10.8) and selecting the ones which resulted in a desirable particle 

morphology.

The spray drying parameters used in the production of optimal model drug particles 

used for further work in Chapter 5 are presented in Table 3.10 and it can be 

summarized as solution concentrations of PAA at 10% w/v in ethanol using inlet and 

outlet temperatures around 72-75°C and 50°C, respectively. The morphology of the 

desirable model drug particles is shown in the SEM Figures 3.18 and 3.19.

P a r a m e t e r s S e t t i n g s

P O L Y A C R Y L I C  A C ID  P O L Y A C R Y L I C  A C ID

(Batch 1) (Batch 2)
10% w/v 10% w/v
Ethanol Ethanol

Process gas chamber inlet temperature 72 °C 75 °C
Process gas chamber outlet temperature 50 °C 50 °C
Feed pump air pressure control 1.2 bar 1.2 bar
Nozzle atomizer gas flow control 2.5 kg/h 2.5 kg/h
Process gas chamber inlet flow 25.1 kg/h 25.1 kg/h
Bag filter jet pulse cleaning air pressure control 2.1 bar 2.1 bar
Nozzle atomizer gas pressure 1.3 bar 1.2 bar
Process gas heater element surface temperature 114 °C 116 °C
Process gas chamber inlet pressure 2.5 bar 2.5 bar
Bag filter pressure differential 5.9 mbar 5.9 mbar

Table 3,10, Spray drying parameters for Polyacrylic acid (batch 1 and 2).
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3.10.2. RESULTS AND DISCUSSION FOR PAA BATCHES ONE AND TWO

The process variables accomplished with the SDMicro ™ spray dryer provided 

amorphous, smooth and spherical particles with a size below 5 pm as it can be 

observed from the SEM images (Figure 3.18 and 3.19; Table 3.10). Similar 

morphology was also observed in additional batches with 75°C, 50°C, 1.6 bar as 

inlet, outlet temperature and feed pump air pressure.

2

Figure 3.18. SEM images o f Polyacrylic acid particles (hatch 1).

Figure 3.19. SEM images o f Poly aery lie acid particles (batch 2).
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The most favorable outcomes for PAA were accomplished with the following 

settings: process gas chamber inlet flow of 25 kg/h, nozzle atomizer gas flow control 

of 2.5 kg/h, inlet temperature of 75°C and outlet temperature of 50°C (batch 2, 

Figure 3.19). These were therefore the parameters employed to produce the PAA 

model drug particles used subsequently in Chapter 5. These process variables were 

achieved following the optimization of the process parameters and hence subsequent 

to the achievement of other morphologies which are going to be described in the 

following sections from 3.10.3 to 3.10.8.

3.10.3. METHOD FOR PAA BATCHES THREE AND FOUR: EFFECT OF 

DECREASING INLET AND OUTLET TEMPERATURES

As mentioned previously a number of experiments were performed to detect the most 

suitable operating variables correlated with the optimal particle morphology. 

Throughout these investigations it was possible to relate some of these parameters 

with the morphology of PAA particles. Hence, the effect of inlet and outlet 

temperatures and the feed pump air pressure control were considered.

To investigate the effect of the decreased inlet and outlet temperatures on particle 

morphology, PAA batches three and four were produced using a solution 

concentration of 10% w/v (Table 3.11). For batch three the solvent used was 

composed by a mixture of 50:50 ethanol/water and for batch four a solution of PAA 

in ethanol was utilized. The temperatures utilized for PAA batches three and four 

were 74°C and 41°C and 72°C and 46°C as inlet and outlet temperatures 

respectively. To achieve these values the feed pump air pressure control was adjusted 

increasing from 1.2 bar (Table 3.10 from previous batches) to 1.5 bar. The 

morphology of the resulting particles is shown in the SEM Figures 3.20 and 3.21.
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P a r a m e t e r s S e t t i n g s

POLYACRYLIC ACID POLYACRYLIC ACID
(Batch 3) (Batch 4)
10% w/v 10% w/v

50:50(v/v) of ethanol/water Ethanol
Process gas chamber inlet temperature 74 °C 72 °C
Process gas chamber outlet temperature 41 °C 46 °C
Feed pump air pressure control 1.5 bar 1.5 bar
Nozzle atomizer gas flow control 2.5 kg/h 2.5 kg/h
Process gas chamber inlet flow 25.1 kg/h 25.1 kg/h
Bag filter jet pulse cleaning air pressure control 2.1 bar 2.1 bar
Nozzle atomizer gas pressure 1.3 bar 1.3 bar
Process gas heater element surface temperature 117°C 115°C
Process gas chamber inlet pressure 2.5 bar 2.5 bar
Bag filter pressure differential 5.8 mbar 5.6 mbar

Tabie 3.11. Spray drying parameters for Polyacrylic acid (batch 3 and 4).

3.10.4. RESULTS AND DISCUSSION FOR PAA BATCHES THREE AND 

FOUR

Examining SEM images of PAA particles batches three and four it can be noticed 

that decreasing the outlet and inlet temperatures (Table 3.11) clearly affects the 

morphology (Figure 3.20 and 3.21).

Figure 3.20. SEM images o f Polyacrylic acid particles (batch 3).
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Figure 3.21. SEM images o f Poly aery lie acid particles (batch 4).

PAA particles from batches three and four show soaked and fused particles due to 

high residual solvent content more evident in batch four. A decrease in the outlet 

temperature (batch 3 and 4) resulted in a decrease in the inlet temperature and the 

final particles are merged together caused by the high residual solvent content due to 

inappropriate ethanol evaporation. These results have shown that when spray drying 

PAA the outlet temperatures should be kept around 50°C in order to avoid fused 

particles caused by the presence of non-evaporated solvent.

3.10.5. METHOD FOR PAA BATCH FIVE: EFFECT OF INCREASING 

INLET AND OUTLET TEMPERATURES

The effect of increasing the outlet and inlet temperature on particle morphology was 

also investigated. With this purpose, PAA batch five was produced using a PAA 

solution concentration of 10% w/v (Table 3.12) in ethanol. The temperatures utilized 

for PAA batch five were 76°C and 54°C as inlet and outlet temperatures respectively. 

To achieve these values the feed pump air pressure control was maintained at 1.2 bar 

(Table 3.10 from previous batches). The morphology of the resulting particles is 

shown in the SEM Figure 3.22.
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P a r a m e t e r s S e t t i n g s

POLYACRYLIC ACID 
(Batch 5)
10% w/v 
Ethanol

Process gas chamber inlet temperature 7 6  °C

Process gas chamber outlet temperature 54 °C
Feed pump air pressure control 1.2 bar
Nozzle atomizer gas flow control 2 .5  kg/h
Process gas chamber inlet flow 25.1 kg/h
Bag filter jet pulse cleaning air pressure control 2.1 bar
Nozzle atomizer gas pressure 1.3 bar
Process gas heater element surface temperature 117°C
Process gas chamber inlet pressure 2.5 bar
Bag filter pressure differential 5.8 mbar

Table 3.12. Spray drying parameters for Polyacrylic acid (hatch 5).

3.10.6. RESULTS AND DISCUSSION FOR PAA BATCH FIVE

Looking at SEM images of PAA particles batch five (Figure 3.22) it can be seen that 

increasing the inlet temperature and consequently the outlet temperature revealed 

once more the production of merged and soaked particles. This event is a 

consequence of the drying process being quicker when the inlet temperature 

increases leading to such wet particles.

A

Figure 3.22. SEM images o f Polyacrylic acid particles (batch 5).
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Chapter 3. The Impact of Spray Drying Process Variables on Particle Morphology

From these results it can be concluded that the morphology of PAA particles is 

strictly dependent of the temperatures used during spray drying, especially the outlet 

temperature. Consequently, the alteration of the inlet and outlet temperature outside 

the range 75/50°C respectively, undoubtedly will impact directly on the morphology 

of the spray dried particles of PAA.

3.10.7. METHOD FOR PAA BATCHES SIX AND SEVEN: EFFECT OF 

FEED PUMP AIR PRESSURE CONTROL

The effect of the feed pump air pressure was also investigated trying to keep other 

parameters as constant as possible. To achieve this, PAA batches six and seven were 

produced using a PAA solution concentration at 10% w/v (Table 3.13) in ethanol. 

The feed pump air pressure control was decreased for batch 6 from the standard 

values of 1.2 bar to 0.9 bar and increased for batch 7 from 1.2 bar to 2.4 bar. The 

morphology of the resulting particles is shown in the SEM Figures 3.23 and 3.24.

P a r a m e t e r s S e t t in g s

POLYACRYLIC ACm POLYACRYLIC ACID 
(Batch 6) (Batch 7)
10% w/v 
Ethanol

10% w/v 
Ethanol

Process gas chamber inlet temperature 72 °C 75 °C
Process gas chamber outlet temperature 50 °C 51 °C
Feed pump air pressure control 0.9 bar 2.4 bar
Nozzle atomizer gas flow control 2.5 kg/h 2.5 kg/h
Process gas chamber inlet flow 25.1 kg/h 25.1 kg/h
Bag filter jet pulse cleaning air pressure control 2.1 bar 2.1 bar
Nozzle atomizer gas pressure 1.3 bar 1.1 bar
Process gas heater element surface temperature 116 °C 116 °C
Process gas chamber inlet pressure 2.5 bar 2.6 bar
Bag filter pressure differential 5.7 mbar 6.0 mbar

Table 3,13. Spray drying parameters for Polyacrylic acid (batch 6 and 7).
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3.10.8. RESULTS AND DISCUSSION FOR PAA BATCHES SIX AND SEVEN

Observing SEM images of PAA particles it can be detected that when the feed pump 

air pressure was decreased lower than 1.2 bar (Table 3.13 batch 6) binding events 

originating agglomeration of microparticles were observed (Figure 3.23).

Figure 3.23. SEM images o f Polyacrylic acid particles (batch 6).

On the other hand, similar results were observed when feed pump was increased to 

values higher than 1.2 bar (Table 3.13 batch 7, Figure 3.24). This phenomenon was 

also observed in extra batches (not shown here) using 73°C, 53°C, 2.1 bar; 70°C, 

48°C, 2.0 bar and 78°C, 54°C, 2.1 bar as inlet, outlet temperature and feed pump air 

pressure, respectively. Therefore, apparently the increase in the feed pump air 

pressure control contributes to the agglomeration of the spray dried particles. 

Furthermore, the results seem to reveal that an increase or decrease of the feed pump 

air pressure out of the range of 1.2-1.6 bar agglomeration phenomena occurs.
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Figure 3.24. SEM images o f Polyacrylic acid particles (batch 7).

In conclusion, the experiments described with PAA in previous sections were 

performed with the purpose of optimizing the parameters in the SDMicro spray 

dryer. As a result, a range of experiments were performed and some of the variables 

seem to be correlated with the morphology of the spray dried particles of the PAA. 

The experiments suggested that the outlet temperature appears to have a foremost 

impact on particle morphology specifically on the shape of the final powders as it 

will interfere directly on the inlet temperature and hence on the evaporation rate. 

Moreover, the SEM images imply that the PAA fines produced are amorphous since 

it is not possible to observe any crystal structures and it was possible to anticipate 

this as the high evaporation speed in spray drying allow the capture of materials in 

their amorphous state.

Interestingly, the findings from PAA support the importance of the molecular weight 

on the spray dried particle morphology. Due to the low molecular weight of this 

material (-1,800) compared to other polymers previously exploited, none of the 

spray dried batches reveal crumpling, buckling or wrinkled particles. These results 

support the difficulty to achieve spherical smooth particles from polymers compared 

to drugs considering the high molecular weight of those materials.
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3.11. SPRAY DRYING OF POLYVINYL ALCOHOL (PVA)

Polyvinyl alcohol (PVA) was additionally explored as a model drug throughout this 

work and has acidic surface properties as well presenting however an inferior acidic 

character when compared to PAA. It’s essential physicochemical properties were 

considered previously on section 2.1.1 of Chapter 2.

3.11.1. METHOD FOR PVA BATCHES ONE, TWO AND THREE

Three different operating variables were investigated for PVA spray dried batches. 

PVA batch one (Table 3.14) employed PVA Mw 13,000-23,000, 87-89% hydrolyzed 

in a 10% w/v solution composed by a mixture of 20:80 of ethanol/water. PVA batch 

two employed PVA with lower Mw 9,000-10,000, 80% hydrolyzed, in a 10% w/v 

solution composed by a mixture of 50:50 of ethanol/water. Finally, for batch 3 the 

same conditions were maintained as for PVA batch two but the inlet and outlet 

temperatures were decreased slightly from 89°C and 52°C to 88°C and 49°C 

respectively by adjustment of the feed pump air pressure control. To reach these 

values the feed pump air pressure control was increased from 1.2 bar to 1.5 bar. The 

morphology of these particles is shown in the SEM Figures 3.25, 3.26 and 3.27.

P a r a m e t e r s S e t t i n g s

PVA PVA PVA
(Batch 1) (Batch 2) (Batch 3)
10% w/v 10% w/v 10%w/v

20:80 v/v 50:50 v/v 50:50 v/v
ethanol/water ethanol/water ethanol/water

Process gas chamber inlet temperature 90 °C 89 °C 88 °C
Process gas chamber outlet temperature 50 °C 52 °C 49 °C
Feed pump air pressure control 0.9 bar 1.2 bar 1.5 bar
Nozzle atomizer gas flow control 2.5 kg/h 2.5 kg/h 2.5 kg/h
Process gas chamber inlet flow • 25.1 kg/h 25.1 kg/h 25.1 kg/h
Bag filter jet pulse cleaning air pressure control 2.1 bar 2.1 bar 2.1 bar
Nozzle atomizer gas pressure 1.2 bar 1.3 bar 1.1 bar
Process gas heater element surface temperature 150 °C 149 °C 141 °C
Process gas chamber inlet pressure 2.5 bar 2.5 bar 2.5 bar
Bag filter pressure differential 5.7 mbar 6.0 mbar 9.5 mbar

Table 3,14, Spray drying parameters for Polyvinyl alcohol (batch 1, 2 and 3).
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3.11.2. RESULTS AND DISCUSSION FOR PVA BATCHES ONE, TWO AND 
THREE

Observing the SEM images from PVA batch one (Figure 3.25) a high irregularity in 

particle shape was detected. This morphology is linked with the grade of PVA 

employed (Mw 13,000-23,000). In an effort of producing spherical particles, PVA 

with lower Molecular Weight (9,000-10,000) was used for PVA batches two and 

three and the fraction of water as solvent reduced with the intention of reducing the 

surface tension. The particles obtained were more uniform with fewer toroid forms 

(Figures 3.26 and 3.27).
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Figure 3.25. SEM images o f Polyvinyl alcohol particles (hatch 1).

I---------------------- 1 b m
PVA# TATm Bcf:2356

Acc V Spot Magn Del WD Ex|
100kV3 0 4892X S t  6 b 1

Figure 3.26. SEM images of Polyvinyl alcohol particles (hatch 2).
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These results support the view that droplets including high molecular weight 

compounds generate fines by spray drying with a wrinkled shape (Sugiyama et al., 

2006) and that will be again discussed later on when analyzing the Polyvinyl 

pyrrolidone spray dried particles. Therefore, examining the SEM images of PVA 

batch two and three, a number of PVA particles exhibited a “doughnut” shape.

The process for development of toroid particles has been explored previously and 

involves the fluctuation of droplet appearance producing a divergence from its initial 

spherical silhouette (Iskandar et al., 2003). According to this theoretical model toroid 

particles are a consequence of the buckle of droplets following their production by 

atomization leading to “mushroom-like” and “double convex disc” morphologies 

(Iskandar et al, 2003) as seen in a small number of particles of the three batches 

produced with PVA. This mechanism was then assumed to be related to droplet 

destabilization through the drying course and this is linked to droplet factors such as: 

greater size and density and decreased surface tension (Iskandar et al., 2003). 

Moreover, toroid forms seem also to be correlated with the time required for solvent 

evaporation which will lead to “doughnut” forms with greater inlet and outlet 

temperatures.
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Figure 3.27. SEM images o f Polyvinyl alcohol particles (hatch 3).
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Thus, it is possible to manipulate the final powder morphology with changed 

operating parameters. In addition, these results reveal once more the impact of high 

molecular weights typical from polymeric materials on a collapsed morphology of 

the final spray dried particles. Since the morphology of PVA spray dried particles 

from batches two and three using lower molecular weight (9,000-10,000) appear to 

be less buckled this material was selected as model drug being one of the model 

drugs utilized in this project and that will be referred in the following Chapter 5.

3.12. SPRAY DRYING OF POLYVINYL PYRROLIDONE (PVP)

Polyvinyl pyrrolidone (PVP) was attempted to be employed as a model drug in this 

project since it has basic surface properties and hence more variability on the surface 

energies analyzed could be introduced. The principal features of PVP were 

mentioned on section 2.1.1 of Chapter 2.

3.12.1. METHOD FOR PVP BATCHES ONE AND TWO

Several batches of PVP were produced varying operating parameters such as the 

concentration of the feed solution, molecular weight and the solvent. PVP batch one 

(Table 3.15) employed PVP Mw 30,000 (PVP K30) in a 5% w/v solution in ethanol. 

PVP batch two employed PVP with lower Mw 10,000 (PVP KIO) in a 10% w/v 

solution in ethanol. The temperatures utilized for PVP batches one and two were 

71°C and 47°C and 76°C and 56°C as inlet and outlet temperatures respectively. The 

morphology of the resulting particles is shown in the SEM Figures 3.28 and 3.29.
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P a r a m e t e r s S e t t i n g s

PVPK30 PVP KIO
(Batch 1) (Batch 2)
5% w/v 10% w/v
Ethanol Ethanol

Process gas chamber inlet temperature 71 °C 76 °C
Process gas chamber outlet temperature 47 °C 56 °C
Feed pump air pressure control 1.2 bar 1.9 bar
Nozzle atomizer gas flow control 2.5 kg/h 2.5 kg/h
Process gas chamber inlet flow 25.1 kg/h 25.1 kg/h
Bag filter jet pulse cleaning air pressure control 2.1 bar 2.1 bar
Nozzle atomizer gas pressure 1.2 bar 1.3 bar
Process gas heater element surface temperature 112 °C 121 °C
Process gas chamber inlet pressure 2.5 bar 2.5 bar
Bag filter pressure differential 5.3 mbar 10 mbar

Table 3.15. Spray drying parameters for Polyvinyl pyrrolidone (batch 1 and 2).

3.12.2. RESULTS AND DISCUSSION FOR PVP BATCHES ONE AND TWO

The first batch produced with PVP (Table 3.15, batch 1) applied a PVP Mw 30,000 

(PVP K30) that was then replaced by PVP Mw 10,000 (PVP KIO). This alteration 

was established because of the buckled morphology observed in the particles 

produced (Figure 3.28), occurrence also observed in an additional batch using 74°C, 

49°C as inlet and outlet temperature. Therefore, using the same approach as for PVA 

where the toroid morphology was more significant for higher molecular weights a 

decrease in the Mw was attempted with the purpose of obtaining spherical particles. 

However, SEM pictures from PVP batch two (Figure 3.29) illustrate similar 

morphology as for PVP batch one indicating that this difference in the molecular 

weight from 30,000 to 10,000 may not have a considerable impact on particle 

morphology. Despite slight changes in the inlet and outlet temperature and 

concentration of the feed it appears that the major factors controlling particle 

morphology is the Mwand the solvent as the morphology of the final particles of PVP 

batch one and two are comparable using the same solvent and high Mw despite minor 

changes on the concentration and Tin and Tout.
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Figure 3.28. SEM images o f Polyvinyl pyrrolidone particles (batch 1).

Figure 3.29. SEM images o f Polyvinyl pyrrolidone particles (hatch 2).

Furthermore in this case, PVP particles assumed the buckling phenomena as well. 

Again, this occurrence was noticed all the way through spray drying polymers with 

high molecular weights since polyacrylic acid, salbutamol sulphate and indometacin 

did not reveal buckling as they are low molecular weight materials.

Sugiyama et al, (2006) described the impact of the increased molecular weight of 

substances on the buckling of spray dried fines. According to this model, droplets of 

high molecular weight materials lead to solid particles by spray drying with furrowed 

morphologies compared to droplets of lower molecular weight and suggested that
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this arose from the fact that the first collapses sooner as droplets have bigger size. 

These furrowed morphologies are therefore a consequence of droplet collapsing 

provoked by particle instability (Sugiyama et al, 2006) leading to misshapen and 

crumpled shapes such as those seen in this project for high molecular weight 

materials.

3.12.3. METHOD FOR PVP BATCHES THREE AND FOUR: EFFECT OF 

THE NATURE OF SOLVENT

Attempts to produce spherical smooth particles were then made by using different 

solvent compositions. More specifically using a 5% w/v concentration of PVP KIO 

(batch three) using as solvent a mixture of 50:50 of ethanol/water (Table 3.16) and a 

10% w/v concentration of PVP KIO (batch four) using the same solvent as PVP 

batch three. The temperatures utilized for PVP batches three and four were 61°C and 

30°C and 75°C and 50°C as inlet and outlet temperatures respectively in order to 

investigate the influence of the variation of these temperatures on the evaporation 

rate and hence on final PVP microparticle morphology. The reduction of T^ and Tout 

was achieved rising the feed pump air pressure control from 1.2 bar to 1.8 bar (batch 

3). The morphology of the resulting particles is shown in the SEM Figures 3.30 and 

3.31.

P a r a m e t e r s S e t t i n g s

PVP KIO PVP KID
(Batch 3) (Batch 4)
5% w/v 10% w/v

50:50 ethanol /water 50:50 ethanol/water
Process gas chamber inlet temperature 61 ‘’C 75 °C
Process gas chamber outlet temperature 30 °C 50 °C
Feed pump air pressure control 1.8 bar 1.2 bar
Nozzle atomizer gas flow control 2.5 kg/h 2.5 kg/h
Process gas chamber inlet flow 25.1 kg/h 25.1 kg/h
Bag filter jet pulse cleaning air pressure control 2.1 bar 2.1 bar
Nozzle atomizer gas pressure 1.3 bar 1.2 bar
Process gas heater element surface temperature 111 °C 116 °C
Process gas chamber inlet pressure 2.5 bar 2.5 bar
Bag filter pressure differential 0.7 mbar 5.9 mbar

Table 3.16, Spray drying parameters for Polyvinyl pyrrolidone (batch 3 and 4).
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3.12.4. RESULTS AND DISCUSSION FOR PVP BATCHES THREE AND 

FOUR

SEM images of Figures 3.30 and 3.31 show uniform, spherical and smooth particles. 

Nevertheless, they still exhibit buckling to some extent especially in PVP batch four 

due to the high Mw of PVP. Thus, changes in solvent nature more specifically the 

inclusion of water resulted in smooth spherical particles in comparison to PVP 

batches one and two.

Figure 3.30. SEM images o f Polyvinyl pyrrolidone particles (hatch 3).

f

Figure 3.31. SEM images o f Polyvinyl pyrrolidone particles (batch 4).
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Examining the SEM images 3.30 and 3.31 it can also be noticed that for PVP batch 

three particles appear to have less buckling effect probably due to the lower 

concentration of PVP utilized (5% w/v) when compared to PVP batch four (10% 

w/v) in addition to the lower Tin and Tout utilized whose increased values have been 

correlated with deviations from spherical shapes. These particles were regarded as 

being appropriated to be used as model drugs and will be referred later in Chapter 5.

3.12.5. METHOD FOR PVP BATCHES FIVE AND SIX: EFFECT OF THE 

NATURE OF SOLVENT

Additional attempts were made in order to investigate the effect of the solvent nature 

in the feed formulation with the spray dried particle morphology, specifically the 

effect of using different ratios of ethanol/water taking into consideration the results 

obtained previously from batches three and four. To achieve this PVP batches five 

and six were produced. In the first case a solution of 10% w/v concentration of PVP 

was prepared using as a solvent a mixture of 20:80 of ethanol/water (Table 3.17) and 

a 10% w/v concentration for PVP batch six using a mixture of 80:20 of ethanol/water 

as solvent. The temperatures utilized for PVP batches five and six were 96°C and 

49°C and 75°C and 55°C as inlet and outlet temperatures respectively which are 

directly related with the composition of the solvent used. Therefore, T^ has 

necessarily to be higher when an increased amount of water is employed as solvent 

in order to provide suitable water evaporation, in contrast to the case where ethanol is 

used as the main component of the solvent mixture since it has a lower boiling point 

hence requiring a lower Tm for solvent vaporization. In addition. Tout is directly 

linked with the Ti„ and therefore its values have to be higher for the increased ratio of 

water in solvent composition. The morphology of the resulting particles is shown in 

the SEM Figures 3.32 and 3.33.
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P a r a m e t e r s S e t t i n g s

PVP KIO PVP KIO
(Batch 5) (Batch 6)
10% w/v 10% w/v

20:80 ethanol /water 20:80 wato'/ethanol
Process gas chamber inlet temperature 96 °C 75
Process gas chamber outlet temperature 49 °C 55 °C
Feed pump air pressure control 1.2 bar 0.6 bar
Nozzle atomizer gas flow control 2.5 kg/h 2.5 kg/h
Process gas chamber inlet flow 25.1 kg/h 25.1 kg/h
Bag filter jet pulse cleaning air pressure control 2.1 bar 2.1 bar
Nozzle atomizer gas pressure 1.2 bar 1.3 bar
Process gas heater element surface temperature 153 °C 119°C
Process gas chamber inlet pressure 2.5 bar 2.5 bar
Bag filter pressure differential 10 mbar 11.2 mbar

Table 3.17. Spray drying parameters for Polyvinyl pyrrolidone (batch 5 and 6).

3.12.6. RESULTS AND DISCUSSION FOR PVP BATCHES FIVE AND SIX

SEM images from PVP batches five and six are shown in Figures 3.32 and 3.33 and 

illustrate misshapen and wrinkled particles. Interestingly, the morphology of particles 

from PVP batch six was very similar to the one observed previously for PVP batches 

one and two where the composition of the solvent was totally ethanol.

Thus, the results attained with PVP suggests that when the solvent is composed 

mostly by ethanol the morphology is principally buckled whereas when adding 

percentages of water around 50% v/v the particles surface emerge to be significantly 

more smooth and spherical with lower Tm and Tout conferring a beneficial effect on 

particle morphology in terms of the uniformity of the shape and less extent of 

buckling. However, from the SEM images from PVP batch five (Figure 3.32) where 

the percentage of water is around 80% v/v it can be seen that the higher amount of 

water utilized displayed a negative effect on particle surface with particles presenting 

a “inflated” shape. Additionally, even where smooth spherical shapes were generated 

(batches three and four) a certain degree of crumpling is still evident and this is once 

more connected with the high Mw of PVP since such morphologies were not present 

where low Mw compounds were used (SS, PAA, IMC).
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Figure 3.32. SEM images o f Polyvinyl pyrrolidone particles (batch 5).
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Figure 3.33. SEM images o f Polyvinyl pyrrolidone particles (batch 6).

3.12.7. METHOD FOR PVP BATCH SEVEN: EFFECT OF THE NATURE OF 

SOLVENT

Finally, acetone was used as solvent to detect its impact on surface morphology of 

the spray dried particles compared to ethanol/water systems. PVP was spray dried 

using a solution of 10% w/v concentration of PVP in acetone (Table 3.18) and named 

batch seven. The temperatures utilized for PVP batch seven were 75°C and 49°C as 

inlet and outlet temperatures respectively in order to provide proper acetone
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evaporation. The morphology of the resulting particles is shown in the SEM Figure 

3.34.

P a r a m e t e r s S e t t i n g s  

PVP K30
(Batch 7)
10%w/v
Acetone

Process gas chamber inlet temperature 75 °C
Process gas chamber outlet temperature 49 °C
Feed pump air pressure control 1.2 bar
Nozzle atomizer gas flow control 2.5 kg/h
Process gas chamber inlet flow 25.1 kg/h
Bag filter jet pulse cleaning air pressure control 2.1 bar
Nozzle atomizer gas pressure 1.2 bar
Process gas heater element surface temperature II7°C
Process gas chamber inlet pressure 2.5 bar
Bag filter pressure differential 5.8 mbar

Table 3.18. Spray drying parameters for Polyvinyl pyrrolidone (batch 7).

3.12.8. RESULTS AND DISCUSSION FOR PVP BATCH SEVEN

Observing SEM images of Figure 3.34 it can be recognized that particles exhibit a 

toroid form or “doughnut” shape observed also previously when analysing the 

morphology of PVA particles.

Figure 3.34. SEM images o f Polyvinyl pyrrolidone particles (hatch 7).
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Accordingly, the nature of the solvent greatly influences the morphology of the PVP 

spray dried particles. The outcome of these results is that the combination of water 

and ethanol at 50% v/v leads to a spherical and smooth surface when compared to 

ethanol solutions where a more buckled surface was noticed. In addition, lower 

concentrations (5%) are more advantageous to reach this objective although this will 

in turn have the inconvenience of leading to low yields not providing enough 

sampling to be used for further experiments. It is known that ethanol interacts with 

PVP by binding into its surface. Therefore, presumably when higher percentages of 

ethanol are employed as solvent this effect will influence the evaporation rate. 

Additionally lower Tin and Tout appeared to lead to a less level of surface crumpling 

and this may be linked to alterations on the evaporation rates as well. However, in all 

PVP spray dried batches evidence of crumpled particles was detected and this is 

related to its great Mw.

A summary of the morphologies achieved with the drugs/polymers investigated in 

this chapter according to their respective molecular weights is presented in Table 

3.19. It can be noticed that for lower molecular weights materials such as salbutamol 

sulphate and PAA, spherical particles were achieved more easily than the remaining 

materials characterized by higher molecular weights such as PVA and PVP. All PVP 

batches demonstrated buckled morphologies due to the high molecular weight 

characteristic of this polymer and the extent of buckling varies from spherical to 

toroid forms depending of the solvent employed and related Tin and T o u t -
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M o d e l

D r u g

M o l e c u l a r

W eig h t

P a r t ic l e

M o r p h o l o g y

S a l b u t a m o l  s u l p h a t e 576,7 Slightly corrugated

P o l y a c r y l ic  a c id 1,800 Spherical

P o l y v in y l  ALCOHOL 9,000-10,000 Toroid

P o l y v in y l  p y r r o l id o n e 10,000 Buckled (spherical/wrinkled/toroid 
forms are solvent dependent)

P o l o x a m e r 3 3 8 12,700-17,400 Aggregated

E u d r a g it  S -1 0 0 135,000 No definition/needle shaped

E u d r a g it  E -1 0 0 150,000 Crumpled/buckled

Table 3.19. A review o f the model drugs spray dried in Chapter 3 and respective 

morphologies according to the molecular weight.

3.13. CONCLUSIONS

Summarizing this chapter it was possible to:

1. Set up the process variables by using the SDMicro™ Spray Dryer for the 

manufacture of model drug particles to be explored in the following Chapters 

4 and 5 namely, polyacrylic acid, salbutamol sulphate, polyvinyl alcohol and 

polyvinyl pyrolidone. By SEM, the method employed in this project to 

examine the particle morphology of all the spray dried batches it was possible 

to observe that the model drug particles selected are nearly spherical and with 

a particle size below 5 pm hence having comparable morphology.

2. A range of process variables were recognized to be connected with the spray 

dried particle morphology when product is spray dried using the SDMicro™
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Spray Dryer, particularly the molecular weight of the material, nature of the 

solvent, and inlet and outlet temperatures.

3. Several of the compounds considered generated shapes dissimilar from the 

smooth and globular morphologies that are normally produced by spray 

drying. These materials were not used for further investigations however, 

these experiments provided the possibility of investigating different materials, 

a number of which have not been spray dried previously presenting a 

valuable information. Specifically, it was concluded that the difficulty in 

obtaining smooth spherical particles with some of the compounds tested was 

highly influenced by the high molecular weight, an attribute of some of the 

polymers analyzed. Substances with lower molecular weight were more 

easily and reproducibly spray dried being used for additional experiments. 

These results are supported by recent published papers.

4. The use of Triamterene as an UV marker was shown to be an accurate 

method for the assessment of materials that not absorb in the UV region being 

spray dried along with the model drug particles. This system was used as a 

quantitative method to analyze the in vitro deposition of the model drug 

particles.
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4. CORRELATION OF PHYSICOCHEMICAL PROPERTIES OF 

SALBUTAMOL SULPHATE AND AEROSOL DEPOSITION

4.1. INTRODUCTION

IGC is a method of measurement of the surface characteristics of materials and 

therefore may be used to envisage how DPI particles will perform upon inhalation. 

IGC was a relatively novel technique in the pharmaceutical area when Djordjevic et 

al (1992) primarily used IGC to assess the adsorption of water at zero and infinite 

coverage of cyclosporin. Presently, IGC has potential application in the evaluation of 

the interactions within DPI systems for estimating their in vitro deposition, which is 

the aim in this project. Nevertheless, IGC has the constraint of the dispersive surface 

energy being expressed in mJ/m^ whereas the specific surface energy {Ka and Kd) is 

expressed in unitless values and therefore the combination between these two 

portions of the surface energy is not achievable. However, the concept of basic/acidic 

ratio, Kd/Ka is utilized to express the acidic and basic features of the samples surface 

since Ka and Kd are autonomous variables. Therefore, for Kd/Ka numbers above 1 

the powder surface is essentially basic whereas Kd/Ka numbers below 1 are linked to 

an acidic surface.

Staniforth (1996) has shown the existence of active sites on the surface of carriers to 

which drug particles attach more strongly through the mixing process. It was later 

proposed that smoothing of lactose particles could decrease the extent of these active 

sites at the surface leading to an increased FPF of drugs (El-Sabawi et al, 2006). It 

has also been demonstrated that the surface energies may vary across the surface and 

this can be caused by the existence of diverse crystal habits, polymorphic form and 

amorphous content (Buckton et al, 1999). Consequently, for a certain substance the 

surface energy can vary according to the amorphous or crystalline state in question 

thus, influencing the powder behaviour (Newell et al, 2001) and in the particular 

context of DPI systems this will have an impact on the interactions within the
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formulation elements. Young et al, (2005) anticipated the existence of a critical 

value for the surface energy. Hence, there is a surface energy beyond which the 

interaction between drug and carrier is excessively high leading to an insufficient 

detachment of these components upon inhalation and under which the drug particles 

may not adhere properly to lactose particles limiting several phases of DPI 

development such as the generation of a binary ordered mixture. Therefore, they 

suggested the existence of an “ideal” surface energy of interaction between drug and 

carrier in DPI based systems.

■ C r y st a l l in e  a n d  A m o r p h o u s  F o r m s

Powders exist as crystalline or amorphous states. The amorphous state is 

characterized by an elevated bulk and surface energy, no long range order and can be 

assessed by differential scanning calorimetry (DSC). In contrast, the crystalline state 

is defined by a three dimensional long range order, lower energy, hence more stable 

form and can be identified by X-ray powder diffraction (XRD) (Van Campen and 

Venthoye, 2002). Moreover, the crystalline form displays a distinctive melting point, 

Tm, the temperature at which a solid turns into a liquid, while the amorphous form 

has a glass transition temperature, Tg the temperature at which the glass convert from 

the brittle to the rubbery form. For an amorphous material when temperatures are 

close to the Tg the physicochemical instability is enhanced due to the increase of 

molecular mobility. Since molecules of water may perform as a plasticizer, raising 

the molecular mobility and decreasing the Tĝ  the extent of crystallization for a 

certain substance is dependent on both the temperature and moisture at which the 

substance is stored (Van Campen and Venthoye, 2002).

Since the amorphous form is characterized by an higher energy state having excess 

of enthalpy and free energy, it has a propensity to regress to a lower energy, more 

stable form by either crystallization or structural relaxation so that an equilibrium is 

attained (Tanaka et al, 2005). Structural relaxation or physical aging is the process 

by which the glass relaxes to an equilibrium followed by an increase in the structural 

order and decrease of energy and enthalpy of the glass particles (Figure 4.1).
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Therefore, a glass can display a number of different surface energies through the 

structural relaxation and the initial surface energy is dependent on the technique by 

which the amorphous particles were generated (Buckton and Gill, 2007).
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Figure 4.1. Illustration o f enthalpy o f a substance in the amorphous and crystalline 

forms (reproducedfrom Tanaka et al, 2005).

Tanaka et al (2005) examined the impact of structural relaxation on the physical and 

deposition features of amorphous drug particles. The study was carried out by 

comparing the in vitro performance of two different types of samples of the model 

drug FK888, a NKl antagonist, unaged and aged through heat and humidity stresses. 

The aged and unaged samples were then stored at 70° C for two weeks to assess the 

impact of the storage temperature on the FPF of FK888. The study concluded that 

unaged samples showed aggregation or altered morphology through capsule storage
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leading to a reduction on the FPF. On the other hand, aged samples lead to more 

stable results for the in vitro deposition. The authors concluded that the DPI 

formulation composed of the aged particles of the model drug is more desirable than 

the unaged particles as the formulation is more stable and this is confirmed by the 

higher FPF observed with those particles.
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4.2. OUTLINE OF THE CHAPTER

The principal objective of this chapter was to correlate the surface properties of 

Salbutamol Sulphate (SS) with the aerosol performance, in order to propose a model 

of correlation between these two parameters.

Consequently, this chapter consists of the following aims:

1. To determine the usefulness of inverse gas chromatography (IGC) to 

discriminate intra and inter batch differences for the surface energy during 

structural relaxation from spray dried batches of SS.

2. To determine the different surface thermodynamic properties specifically, 

dispersive surface energy (y/) and specific energy {Ka and Kd) of different 

batches of SS and conclude on the capacity/limitation of IGC to measure the 

reduction of surface energy values with time due to physical aging of the SS 

samples;

3. To establish the in vitro deposition of these SS batches associated with the 

respectively surface energy using the twin stage impinger;

4. To correlate the role of surface energy with the deposition profiles of the 

different batches of SS.
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4.3. MATERIALS AND METHODS

Four different batches of SS were spray dried using the operating parameters 

described previously in Chapter 3. The morphology of the particles from all SS spray 

dried batches was assessed by SEM to ensure that the morphology was kept as 

constant as possible and were shown previously in Chapter 3. The different spray 

dried SS batches were then mixed with a lactose carrier, Respitose® SV008 (100 mg 

SS + 9.9 g lactose) in order to have a final concentration of SS in the formulation of 

1% (w/w) using a three-dimensional Turbula mixer at the speed of 45 revolutions per 

minute for 30 minutes being prepared in 10 g aliquots. The assessment of content 

uniformity was tested using the method described in section 2.6.1 of Chapter 2. The 

post-blend formulation was then left for a period between 24-48 hours prior to 

capsule filling with the intention of reducing the electrostatic forces. This step 

followed the results from preliminary data that showed high variation on the results 

for the in vitro performance possibly due to the electrostatic forces (described on 

section 5.4 of Chapter 5). Powder aliquots, 40±10 mg of formulation were afterwards 

manually loaded into size 3 hard gelatin capsules and then stored for the period of 

time specified in each section preceding the in vitro assessment of three capsules by 

TSI using Aerolizer®. All the samples obtained were analyzed for the concentration 

of SS by Ultraviolet (UV) Spectroscopy using the methodology described in section 

3.7 of Chapter 3. The temperature and relative humidity of the surrounding 

environment was measured using a thermo-hygrometer to record the T/RH 

laboratory conditions to identify any possible interference of these factors on the FPF 

results. The equipment was calibrated by introducing into a dessicator containing a 

sodium chloride saturated solution. The surface properties of all SS batches were 

analysed by IGC which was described in detail earlier in Chapter 2.
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4.4. INVESTIGATION OF SURFACE PROPERTIES AND DEPOSITION 

PROFILES OF SALBUTAMOL SULPHATE

4.4.1. SALBUTAMOL SULPHATE BATCH ONE

With the intention of estimating the surface properties and following the physical 

aging of amorphous spray dried SS, a series of experiments were developed using 

IGC to determine the surface energy of different batches. SS batches were primarily 

confirmed to be amorphous by X-ray powder diffraction. Figure 4.2 represents a 

typical X-ray powder diffraction scan of the SS particles generated where the non

existence of diffraction peaks characteristic of crystalline materials is observed. 

Columns were filled with spray dried SS and studied with the method described 

previously in sections 2.3.4 and 2.3.5. Table 4.1 illustrates ten different samples for 

the first spray dried batch of SS (from SS I (Bl) to SS X (Bl)) named according to 

the time left after spray drying and period of time of storage on size 3 hard gelatin 

capsules. Only samples from (SS V (Bl) 3 days) to (SS VIII (Bl) 13 days) were used 

for further studies using TSI. Therefore, in this section the overall period of capsule 

storage of SS formulation under investigation was selected to be of 13 days.

Sa m p l e T im e  a f t e r  s p r a y  d r y in g  
(days)

P e r io d  o f  s t o r a g e  in  c a p s u l e s  
(days)

S S I(B l) 1 -

SS II (B l) 2 -

SSIII(B l) 5 -

ssrv(Bi) 9 -

SS V (B l) 3 days 23 3

SS VI (B l) 6 days 26 6

SS Vn (B l) 9 days 29 9

SS Vni (B l) 13 days 33 13

SSIX(BI) 38 -

S S X ( B l ) 43 -

Table 4.1. Samples o f SS batch one labelled according to the time after spray drying 

and period o f storage in capsules.
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The surface properties of SS were analysed in relation to the dispersive and specific 

surface energy and are presented in Table 4.2. The probe molecules involved in the 

determination of the polar component of the surface energy of the different SS 

samples were ethanol and chloroform, which are acidic probe molecules and acetone 

and ethylacetate, which are basic probes and was then followed by the Gutmann 

method for the calculation of Ka and Kd values as described earlier in Chapter 2.

Examining Table 4.2 it can be seen that the dispersive surface energy decreased with 

time from 44.8 (2.4) milvc? (SS I (Bl)) to 30.4 (2.0) mJ/m^ (SS VII (Bl) 9 days) as 

expected as the surface energy of amorphous materials has propensity to decrease 

with time due to structural relaxation as previously mentioned. (SS VIII (Bl) 13 

days), SS IX (Bl) and SS X (Bl) showed higher values of surface energy 36.7 (0.7) 

mJ/m^; 37.2 (1.4) mJ/m^ and 37.1 (0.1) mJ/m^ respectively, compared to the previous 

samples nevertheless, the surface energy is lower than the first SS samples. The 

reason behind this increase in the dispersive surface energy for later samples may be 

related to the crystallization of the SS samples following their storage in the hard 

gelatin capsules. Therefore, taking in consideration the low Tg of SS (64°C) it is 

possible that through capsule storage the water uptake from the hard gelatin capsule 

possibly induced the reduction of the already low SS Tg hence inducing 

crystallization of the SS spray dried particles during storage.

The acid/basic nature of the SS samples was also analysed which data is displayed in 

Table 4.2 and show that SS I (Bl) apart from having the highest value of dispersive 

surface energy has also the highest Ka 0.109 (0.005) meaning that it will interact 

more with basic materials and this feature is decreased with time. Ka values have 

shown a correlation with the dispersive surface energy for this batch of SS. Thus, Ka 

values accomplish the reduction of the dispersive surface energy from SS I (Bl) to 

(SS VII (Bl) 9 days) dropping from 0.109 (0.005) to 0.087 (0.003). The further 

increase on the dispersive surface energy for (SS VIII (Bl) 13 days), SS IX (Bl) and 

SS X (Bl) was followed by an increase of the Ka values. However, this trend was not 

observed for Kd values presenting negative values in some cases an event which has 

also been observed in previous investigations (Al-Hadithi, 2004; Schueller, 2005;
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Khalid, 2006) and an occurrence that may be explainable by a poor interaction 

between the probe molecules and the SS powdered surface. Hence, the results for SS 

batch one show that the dispersive surface energy shows a trend with the Ka values. 

Samples with higher dispersive surface energy also demonstrated higher values of Ka 

being proportional hence, more energetic SS samples are related to more acidic SS 

surfaces.

Counts
salbutamol sulpahte amorphous

4 00 -

100 -

10 15 20
Position l°2Theta]

25 30

Figure 4.2. Typical X-ray powder diffractiori scan o f SS spray dried particles.
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S a m p l e y s \
(mJ/m )

S p e c i f i c  p o l a r  i n t e r a c t i o n  

(J/mol)
A c i d - B A S E  P R O P E R T I E S

A cetone Chloroform Ethanol Ethyl
Acetate

K a K d

S S I ( B l ) 44.8

(2.4)

6678

(264)

870

(193)

9169

(292)

8201

(318)

0.109

(0.005)

-0.002

(0.005)

-0.01

(0.05)

s s n ( B i ) 41.8 6419 1552 9415 8162 0.106 0.016 0.15

(1.0) (163) (239) (209) (148) (0.002) (0.009) (0.09)

s s n i (B i ) 42.0 6096 1627 9314 8041 0.104 0.015 0.14

(0 .4) (336) (48) (99) (86) (0.002) (0.004) (0.04)

S S IV (B 1 ) 39.9 6242 1469 9020 7797 0.102 0.016 0.16

(0 .3) (103) (151) 849) (134) (0.001) (0.002) (0.02)

SS V  (B l) 37.6 6233 1494 8885 7737 0.095 0.018 0.19

3 days (0 .8) (271) (219) (67) (128) (0.011) (0.008) (0.1)

SS VI (B l) 33.0 5416 1199 8337 6962 0.091 0.013 0.14

6 days (2.4) (299) (154) (284) (283) (0 .003) (0.001) (0.01)

SS Vn(Bl) 30.4 5726 1131 7895 6577 0.087 0.020 0.23

9 days (2 .0) (723) (381) (281) (397) (0.003) (0.016) (0.2)

SS V Ill (B l) 36 .7 3362 -2520 2987 7172 0.104 -0.169 -1.63

13 days (0 .7) (325) (342) (156) (157) (0.002) (0.010) (0.06)

S S I X (B I ) 37.2 6348 1396 8579 7439 0.098 0.020 0.20

(1 .4) (217) (180) (139) (280) (0.004) (0.013) (0.1)

S S X (B 1 ) 37.1 3272 -2942 3087 7041 0.103 -0.177 -1.72

(0 .1) (463) (35) (254) (94) (7.1 E") (0.007) (0.07)

Table 4.2. IGC data for SS batch one with dispersive surface energy, specific polar 

interactions and acid-base properties. Values are mean (n=3) and (standard 

deviation).

Considering the values of the interaction of each polar probe with the SS surfaces for 

the assessment of the Ka and Kd numbers (Figure 4.3) it can be noted that acetone, a 

basic probe interacted in a great extent with SS I (Bl) and this interaction diminished 

for the remaining samples. Being a basic probe the highest interactions with SS I 

(Bl) surfaces reveal the most acidic behaviour of these surfaces (since a base 

interacts with an acid) compared to all the other samples. This correlates with higher 

Ka values noticed for SS I (Bl) and which values dropped for all the other samples.
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Ethyl acetate, another basic probe also interacted extremely with SS I (Bl) and this 

interaction decreased for other samples confirming the results described previously 

where SS I (Bl) surfaces are more acidic (higher Ka values) and this characteristic 

drops for all other samples along with time. Chloroform, an acidic probe has led to 

results that were not correlated with the Kd values since with this probe a number of 

negative values were achieved and this is probably linked to a low interaction among 

chloroform and SS particles as previously explained. Finally, ethanol, another acidic 

probe, showed a strong affinity to SS I (Bl) confirming also the basic features of its 

surface. Interestingly, the interaction of each polar probe with the samples (SS VIII 

(Bl) 13 days), SS IX (Bl) and SS X (Bl) show a disparity in relation to the 

remaining samples and this is most probably linked to the crystallization of these 

samples.
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Figure 4,3, Values o f SS batch one specific interactions with polar probes. Values are 

mean and based on at least three measurements.
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Figures 4.4 and 4.5 refer to alterations in the dispersive surface energy and Kd/Ka 

values with time in order to display a different representation of the results.
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Figure 4.4. Changes in dispersive surface energy with time for SS hatch one. Values 

are mean (n=3) and standard deviation.
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Figure 4.5. Changes in Kd/Ka with time for SS batch one (negative values for SS I 

(Bl), SS VIII (Bl) IS days and SS X  (Bl) are not represented, values are mean, 

n=3).
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An effort to show a relationship between the surface energy and the deposition 

profiles of the different samples of SS batch one was made. The following Table 4.3 

shows the results for the in vitro assessment of different SS samples.

S a m p l e ED
(lig)

T h e o r e t i c a l

E D (iig )
FPD
(gg)

FPF
(%)

L a b  c o n d i t i o n s

(°C/%RH)
SS V (B 1 ) 931.7 1200 130.3 14.0 26

3 days (31.3) (300) (15.7) (1.2) 62

SS VI (B l) 922.3 1200 164.4 17.7 23

6 days (109.6) (300) (32.5) (1.4) 51

SS V II (B l) 895.9 1200 195.3 21.5 23

9 days (143.6) (300) (54.8) (2.6) 56

SS VIII (B l) 1439.8 1200 386.1 26.7 23

13 days (272.7) (300) (87.4) (1.2) 52

Table 4.3. In vitro aerosol deposition values for SS batch one. Values are mean 

(n=3) and (standard deviation).
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Figure 4.6. Relationship between dispersive surface energy and fine particle fraction

for SS batch one. Values are mean (n=3) and standard deviation.
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Figure 4.5 displays the data for the changes of surface properties in terms of Kd/Ka 

values with time. Only positive values were considered as negative results are 

presumed not to have considerable meaning. For SS batch one most of the results 

reveal that the ratio Kd/Ka increased with time contrary to the dispersive surface 

energy (Figure 4.4). Therefore, the dispersive surface energy was shown to decrease 

until 29 days after spray drying (or 9 days of storage in capsules) and the increased 

values observed for (SS VIII (Bl) 13 days), SS IX (Bl) and SS X (Bl) are probably 

linked to crystallized SS samples subsequent to capsule storage. The confirmation of 

the crystallization of these samples was not carried out since it was considered not to 

be relevant to the aim of the project which was to relate the surface energy of SS 

samples with their FPF at comparable morphology. Figure 4.6 represents the effort to 

show the relationship of the dispersive surface energy with the in vitro deposition 

patterns for SS batch one. Despite of having only four points, it appears that the 

deposition follows an inverse trend with the dispersive surface energy. Moreover, the 

increased values for FPF and dispersive surface energy observed for SS sample (SS 

VIII (Bl) 13 days), in addition to an increased value of the respective ED when 

compared to the remaining samples (Table 4.3) is presumably related to the 

crystallization of the SS formulation during storage on the hard gelatin capsules as a 

consequence of the moisture uptake as mentioned previously. Hence, despite the 

value for the ED of sample (SS VIII (Bl) 13 days), is within the standard deviation 

of the theoretical ED the enhanced value for this sample is probably a result of the 

crystallization of the SS particles prior to capsule filling (33 days after spray drying 

could have led to this situation) resulting in a lower surface energy and affecting the 

release of the formulation from the capsule or ultimately a result of an experimental 

error. Therefore, it is possible that the value for the dispersive surface energy and 

FPF measured for this sample by IGC and TSI is related to a crystallized SS sample 

leading to a deviation of this point in relation to the other three initial points. The 

results from the SS batch one of this section allow the conclusion that by IGC it is 

possible to follow the decrease on the dispersive surface energy due to physical aging 

of amorphous SS within a period of 29 days post spray drying or 9 days of storage in 

capsules. An increase on surface energy was however observed following the 

introduction of the formulation in hard gelatin capsules (after 13 days of storage) 

possibly due to crystallization of SS powders through water uptake dropping the low
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Tg of SS (64°C) and also taking in consideration that being a low molecular weight 

drug (576,7) it is more susceptible to crystallization.

4.4.2. SALBUTAMOL SULPHATE BATCH TWO

Following the results for SS batch one a new batch of amorphous spray dried SS was 

prepared to track the physical aging and assess the surface properties. The same 

protocol was used but some differences were made in the times after spray drying 

and storage in capsules. This was due to the fact that when using IGC some problems 

arise such as bad shape peaks (non-Gaussian peak shapes) which leads to the 

repetition of experiments or impossibility of using the machinery because of 

schedules issues. Table 4.4 illustrates three different samples for batch two of SS 

(from SS I (B2) 1 day to SS III (82) 6 days) named according to the time left after 

spray drying and period of time of storage on size 3 hard gelatin capsules. Therefore, 

comparative to the SS batch one investigated in the previous section the total time of 

SS formulation storage in hard gelatin capsules was decrease from 13 to 6 days.

S a m p l e T i m e  a f t e r  s p r a y  d r y i n g  

(days)
P e r i o d  o f  s t o r a g e  i n  c a p s u l e s  

(days)
SS I (B2) 1 day 2 1

SS n  (B2) 3 days 4 3

SS III (B2) 6 days 7 6

Table 4.4. Samples o f SS batch two labelled according to the time after spray drying 

and period o f storage in capsules.

The surface characteristics of SS were again investigated and the results for the 

dispersive and polar components of the surface energy are shown in Table 4.5. The 

elutants that were used for the assessment of the acid-base properties of the SS 

samples were unchanged: ethanol and chloroform, as acidic probes and acetone and 

ethylacetate, as basic probes. The data achieved was then converted in Ka and Kd 

numbers (Table 4.5) by use of the Gutmann process as explained in detail in Chapter 

2 .
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Looking at Table 4.5 it can be observed that for this batch the dispersive surface 

energy decreased with time from 38.1 (0.3) mJ/m^ (SS I (B2) 1 day) to 34.2 (1.2) 

mJ/m^ (SS III (B2) 6 days) due to structural relaxation of the amorphous SS samples 

represented by the decrease of the dispersive surface energy with time.

The acid/basic characteristics of the SS batch two powders were again examined and 

the results are shown in Table 4.5 and reveal that (SS I (B2) 1 day) presents the 

highest dispersive surface energy values and has also the highest Ka 0.102 (0.002) 

and Kd 0.012 (0.007) values compared to the remaining samples, involving that it 

will interact more with both acidic and basic materials. Interestingly, the results for 

SS amorphous batch two shows that the dispersive surface energy shows a trend with 

the Ka and Kd values. Samples with higher dispersive surface energy also show 

higher values of Ka and Kd hence being proportional. The dispersive surface energy 

decreased from (SS I (B2) 1 day) to (SS III (B2) 6 days) from 38.1 (0.3) mJ/m^ to 

34.2 (1.2) mJ/m^ along with the decrease of Ka from 0.102 (0.002) to 0.095 (0.001) 

and decrease of Kd from 0.012 (0.007) to 0.002 (0.01). Thus, it can be observed that 

(SS I (B2) 1 day) apart from having a higher dispersive surface energy, its surface 

reflects a more acid and basic character and this characteristic is reduced with the 

time after spray drying and storage in capsules within 6 days.

Sa m p l e y s \
(mJ/m )

Sp e c if ic  p o l a r  in t e r a c t io n  
(J/mol)

ACID -BASE PROPERTIES

Acetone Chloroform Ethanol Ethyl
Acetate

K a K d K d/K a

SS I (B2) 38.1 6196 1417 8854 7832 0.102 0.012 0.12

1 day (0.3) (278) (218) (91) (125) (0.002) (0.007) (0.07)

SS n  (B2) 37.2 5841 1382 8791 7665 0.100 0.010 0.10

3 days (1.1) (292) (213) (156) (59) (0.001) (0.003) (0.03)

SS m  (B2) 34.2 5274 1196 8392 7317 0.095 0.002 0.02

6 days (1.2) (653) (29) (190) (105) (0.001) (0.01) (0.1)

Table 4.5. IGC data for SS batch two with dispersive surface energy, specific polar

interactions and acid-base properties. Values are mean (n=3) and (standard

deviation).
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Figure 4.7 display the data related to the interaction of each polar elutant with SS 

batch two samples and as can be distinguished acetone, a basic probe interacted the 

most with (SS I (B2) 1 day) and this interaction has reduced along with the 

remaining samples. Since acetone is a basic molecule the great interactions with (SS

I (B2) 1 day) surfaces show the most acidic nature of these surfaces compared to (SS

II (B2) 3 days) and (SS III (B2) 6 days). Once more, this correlates with higher Ka 

values observed in (SS I (B2) 1 day) and which values have reduced for all the other 

samples. Ethyl acetate, another basic molecule also interacted greatly with (SS I (B2) 

I day) and this interaction decreased for other samples validating the results 

described earlier for the acetone values. Chloroform an acidic molecule interacted 

the most with (SS I (B2) 1 day) revealing the higher basic nature of this sample 

compared to the others correlated with the higher Kd values demonstrated by this 

sample. For this SS batch no negative values were achieved in comparison to the SS 

batch one where presumably an error in the estimation of the interactions of this 

probe with SS may have occurred. Finally, ethanol another acidic molecule validates 

all the correlations detected previously. Ethanol showed a strong affinity to (SS I 

(B2) 1 day) confirming the basic nature of its surfaces showing a trend with the 

higher values of Kd and with the results displayed from the other basic molecule, 

chloroform.
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Figure 4.7. Values o f SS batch tM>o specific interactions with polar probes. Values are 

mean and based on at least three measurements.
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The following Figures 4.8 and 4.9 demonstrate the modifications in the dispersive 

surface energy and Kd/Ka with time showing the general reduction in these 

parameters with time as described earlier.
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Figure 4.8. Changes in dispersive surface energy with time for SS hatch two. Values 

are mean (n^3) and standard deviation.
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Table 4.6 illustrates the results for the in vitro deposition of the SS batch two 

samples in order to show any relationship between these data (FPF) and the surface 

energy (Figure 4.10).

Sa m p l e ED
(Mg)

T h e o r e t ic a l  
ED (Mg)

FPD
(Mg)

FPF
(%)

L ab  CONDITIONS
(°C/%RH)

SS I (B2) 786.4 1200 242.4 31.3 21

1 day (275.4) (300) (72.0) (2.1) 61

SS II (82) 927.2 1200 248.1 26.7 24

3 days (102.6) (300) (28.8) (0.2) 53

SS III (82) 1470.5 1200 476.9 32.4 22

6 days (117.7) (300) (41.3) (0.4) 62

Table 4.6. In vitro aerosol deposition values for SS batch two. Values are mean 

(n=2) and (standard deviation).
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Figure 4.10. Relationship between dispersive surface energy and fine particle

fraction for SS batch two. Values are mean (n-3) and standard deviation.
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Figure 4.11 represents the results for the relationship of the acidic/basic parameter 

ratio {Kd/Ka) with FPF.
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Figure 4.11. Relationship between Kq/Ka and fine particle fraction for SS batch two. 

Values are mean (n=3) and standard deviation.

From Table 4.6 which displays the in vitro deposition performance for SS batch two 

it can be recognized that the value for the ED for sample (SS III (B2) 6 days) is 

increased when compared to the remaining samples from the same batch (but within 

the standard deviation of the theoretical ED). This evidence was also observed 

previously for sample (SS VIII (Bl) 13 days) where the value for the ED was also 

enhanced in contrast to the samples from the equivalent batch. This occurrence is 

probably due to the crystallization of the samples through storage as this event is 

related to aged samples in both cases or due to an error when weighting the SS into 

the capsules. From the data concerning the correlation between dispersive surface 

energy and Kd/Ka with FPF it can be concluded that no obvious trend can be 

observed. This occurrence is probably related to the short period of time under 

investigation (7 days after spray drying or 6 days of storage in capsules) not allowing 

a proper relaxation of the SS samples. Therefore, in the case of SS batch one 

structural relaxation was possible to follow in a period within 29 days post spray
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drying (or 9 days of storage in hard gelatin capsules) thus permitting the fine 

particles to relax appropriately. Moreover, the short period of time under study in the 

case of SS batch two resulted in a small surface energy difference from only 38.1 

(0.3) mJ/m^ to 34.2 (1.2) mJ/m^ (SS I (B2) 1 day to SS III (B2) 6 days) compared to a 

superior difference on the dispersive surface energies from 37.6 (0.8) mJ/m^ to 30.4 

(2.0) mJ/m^ (SS V (Bl) 3 days to SS VII (Bl) 9 days) for SS batch one. Therefore, 

the reduction of the period of time under examination for the physical aging of SS 

was reduced from batch one to batch two and this was correlated with surface energy 

values differences in the first case of around 7 units in contrast to only 4 units in SS 

batch two. In addition, the increased time post spray drying observed for SS batch 

one (29 days) in relation to SS batch two (7 days) is clearly linked to the higher 

decrease in dispersive surface energy detected in the first batch. Consequently, the 

low variation on the dispersive surface energy values observed for SS batch two did 

not have a major impact on the SS FPF explaining the lack of correlation between 

surface energy/FPF observed for this batch. These results suggest that the impact of 

surface energy on deposition profiles of inhaled drug particles should only be evident 

for wider variations on surface energy values. Despite of this fact from IGC data it 

can be seen that within the time of study, 6 days, it was possible to detect changes in 

the surface energetics of the SS samples and this was due to structural relaxation.

4.4.3. SALBUTAMOL SULPHATE BATCH THREE

A fresh batch of SS was spray dried in order to measure the surface thermodynamic 

properties and follow the physical aging. The same procedure was followed despite 

some variations on the times after spray drying and storage in capsules due to testing 

repetition/timetable reasons as previously mentioned. Table 4.7 shows four different 

samples for batch three SS amorphous powders (from SS I (B3) 2 days to SS IV (B3) 

14 days) labelled according to the time left after spray drying and period of time of 

storage on size 3 hard gelatin capsules. The objective of this section was to increase 

the overall period of formulation storage in capsules under examination to 14 days 

(in comparison to 13 days and 6 days from previous SS batch one and two, 

respectively).
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Sa m p l e T im e  a f t e r  s p r a y  d r y in g  
(days)

P e r io d  o f  s t o r a g e  in  c a p s u l e s  
(days)

SS I (B3) 2 days 6 2

SS n  (B3) 6 days 10 6

SS m  (B3) 15 -

SS IV (B3) 14 days 18 14

Table 4.7. Samples o f SS batch three labelled according to the time after spray 

drying and period o f storage in capsules.

Table 4.8 represents the data for the dispersive and specific surface energy of SS 

batch three samples using identical probe molecules as used to analyse the previous 

SS batches: ethanol and chloroform, as acidic probes and acetone and ethylacetate, as 

basic probes then using Gutmann method for the calculation of the electron-donor 

electron-acceptor numbers, Ka and Kd. The results displayed in Table 4.8 show that 

no major differences exist between the dispersive surface energy from 40.4 (0.7) 

mJ/m^ (SS I (B3) 2 days) to 39.4 (1.0) mJ/m^ (SS IV (B3) 14 days). Therefore, in this 

case the surface energy did not noticeably decrease with time due to structural 

relaxation as earlier demonstrated for SS batch one and two.

Considering the acid/basic nature of the SS batch three samples, the data displayed in 

Table 4.8 show that (SS I (B3) 2 days) apart from having the highest dispersive 

surface energies values has also the highest Ka 0.101 (0.002) and Kd 0.016 (0.007) 

values compared to the (SS II (B3) 6 days) and SS III (B3), meaning that it will 

interact more with both acidic and basic materials than these latter samples. (SS IV 

(B3) 14 days) shared with (SS I (B3) 2 days) the high Æx 0.101 (0.002) values even 

though the first having slightly lower dispersive surface energy. The results for 

amorphous SS batch three shows that the dispersive surface energy decreased from 

(SS I (B3) 2 days) to (SS IV (B3) 14 days) from 40.4 (0.7) mJ/m^to 39.4 (1.0) mJ/m^ 

along with the decrease of Kd from 0.016 (0.007) to 0.008 (0.002). This decrease on 

the dispersive surface energy is however, minor. Moreover, for SS batch three the Ka 

values are equivalent for all the samples, hence it is not possible to make any 

conclusions using this parameter. However, it can be observed that (SS I (B3) 2
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days) apart from having higher dispersive surface energy, has also a more acid and 

basic surface nature (since it has higher Ka and Kd values) and this feature is slightly 

reduced with the time after spray drying and storage in capsules. Therefore, the 

increase of the formulation storage time used in this section linked to no important 

changes on the surface energy values with time by physical relaxation raises the 

question of the structural relaxation rate being dependent on the formulation storage 

conditions (T/RH) of the hard gelatin capsules which may lead to the crystallization 

of the SS particles. It is evident from previous sections that SS batch one and two 

have shown reductions in surface energy due to structural relaxation related to 

storage periods of 13 and 6 days, respectively. In this case (SS batch three) where the 

period of time under investigation was of 14 days of storage (or 18 days post spray 

drying) the values for the dispersive surface energy and Ka have shown to be nearly 

equivalent (despite Kd values have shown a marked decrease).

S a m p l e y s \
(mJ/m )

S p e c i f i c  p o l a r  i n t e r a c t i o n  

(J/mol)
A C I D - -B A S E  P R O P E R T I E S

Acetone Chloroform Ethanol Ethyl
Acetate

K a K d

SS I (B3) 40.4 6141 1548 8818 7759 0.101 0.016 0.16

2 days (0.7) (170) (207) (162) (100) (0.002) (0.007) (0.07)

SS II (B3) 39.2 6007 1441 8471 7656 0.100 0.014 0.14

6 days (0.1) (416) (199) (57) (51) (0.001) (0.007) (0.07)

SS m  (B3) 39.4 6144 1691 8535 7593 0.098 0.011 O.Il

(0.6) (169) (78) (204) ( 6 8 ) (0) (0.013) (0.13)

SS IV (B3) 39.4 6178 1273 8516 7674 0.101 0.008 0.08

14 days (1.0) (136) ( 9 2 ) (182) (189) (0.002) (0.002) (0.02)

Table 4.8. IGC data for SS batch three with dispersive surface energy, specific polar 

interactions and acid-base properties. Values are mean (n=3) and (standard 

deviation).

Looking at the interaction of the polar probe molecules with SS batch three surfaces 

(Figure 4.12): acetone, a basic probe interacted nearly equally with all SS batch three 

samples which is linked to the fact that all the samples have comparable Ka values 

and thus have similar acidity. Ethyl acetate, an additional basic probe has shown the
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same comparable interactions with all SS batch three samples confirming the results 

obtained previously with acetone where all these samples have analogous acidity and 

Ka numbers. Chloroform an acidic probe interacted the most with SS III (B3) but this 

does not link to the higher values of Kp. However, other samples (SS I (B3) 2 days), 

(SS II (B3) 6 days), and (SS IV (B3) 14 days) displayed a trend of interaction with 

chloroform and Kp values. Finally, ethanol another acidic molecule, showed a strong 

affinity to (SS I (B3) 2 days) correlating with the high Kp values distinguished by 

this sample.
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Figures 4.13 and 4.14 exhibit the relationship between the dispersive surface energy 

and Kp/Ka with time presenting comparable numbers for the dispersive surface 

energy in contrast to a clear diminution of the Kp/Ka with time.
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In terms of the relationship surface energy/FPF for SS batch three samples the 

following Table 4.9 show the results for the in vitro assessment of the different 

samples.

S a m p l e ED
(H8)

FPD
(Pg)

FPF
(%)

L a b  c o n d i t i o n s

(°C/%RH)
SS 1 (B3) 949.8 276.6 29.5 24

2 days (166.5) (16.5) (3 .3 ) 56

SS II (B3) 812.8 212.7 26.2 23

6 days (410.8) (108.9) (0.7) 52

SS IV (B3) 773.0 235.7 27.0 23

14 days (742.1) (256.2) (7.2) 62

Table 4.9. In vitro aerosol deposition values for SS batch three. Values are mean 

(n=2) and (standard deviation).

Figure 4.15 represents the correlation of the dispersive surface energy with the in 

vitro deposition patterns for SS batch three.
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Figure 4.15. Relationship between dispersive surface energy and fine particle

fraction for SS batch three. Values are mean (n=3) and standard deviation.
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Analysing Figures 4.13 and 4.14 it can be distinguished that for this specific batch 

the dispersive surface energy has shown minor differences with time on the contrary 

to the Kc/Ka which has shown a linear decrease with time due to physical aging of 

SS samples. In terms of the relationship between surface energy and deposition 

patterns (Figure 4.15) no obvious differences again could be recognized due to the 

fact that the values for the dispersive surface energy only changed from 40.4 (0.7) 

mJ/m^ (SS I (B3) 2 days) to 39.4 (1.0) mJ/m^ (SS IV (B3) 14 days) hence leading to 

dispersive surface energy differences of merely 1 unit (in contrast to 7 and 4 units 

from SS batch one and two) and this minor alteration on the surface energy values is 

not expected to have an impact on FPF. Moreover, in this section the intention was to 

increase the period of formulation storage under study (14 days of storage or 18 days 

post spray drying) in relation to SS batch one and two (33 days post spray drying or 

13 days of storage; 7 days post spray drying or 6 days of storage, respectively). 

Despite of these efforts the numbers for the dispersive surface energy were 

equivalent within SS batch three samples suggesting that the particular conditions in 

terms of T and RH of storage may influence the physical aging rate and therefore the 

surface properties of the SS particles. In addition, the time post spray drying seem to 

play an important role on surface energy reduction since the most considerable 

differences on these values were attained with SS batch one related to the higher 

period post spray drying of 29 days. Hence, this increased post spray drying time 

probably allowed a proper structural relaxation of the formulation suggesting that 

once the formulation is introduced on hard gelatin capsules these may offer 

conditions to a higher formulation stability revealed by a lower decrease on the 

dispersive surface energy.

4.4.4. SALBUTAMOL SULPHATE BATCH FOUR

The last SS amorphous batch (fourth different spray dried batch) was followed with 

time with the same objective as the other three previous batches: to determine the 

surface properties and track the physical aging of SS samples. Once more, the 

protocol was maintained apart from the times after spray drying and storage in 

capsules. Table 4.10 shows the labelling of four different samples for batch four of
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SS (from SS I (B4) to SS IV (B4) 14 days) named according to the time left after 

spray drying and period of time of storage on size 3 hard gelatin capsules. The 

purpose of this section was to repeat the storage time (14 days) of the SS formulation 

using similar post spray drying period (15 days) as SS batch three in order to detect 

any major differences on the dispersive surface energy values of SS particles.

Sa m p l e T im e  a f t e r  sp r a y  d r y in g  
(days)

P e r io d  o f  s t o r a g e  in  c a p s u l e s  
(days)

SS I (B4) 2 -

SS n (B4) 7 days 8 7

SS m  (B4) 10 days 11 10

SS IV (B4) 14 days 15 14

Table 4.10. Samples o f SS batch four labelled according to the time after spray 

drying and period o f storage in capsules.

Table 4.11 presents the results for the surface properties of SS batch four using 

unaltered polar elutants: ethanol and chloroform, as acidic probes and acetone and 

ethylacetate, as basic probes then allowing the determination of Ka and Kd values by 

use of the Gutmann approach. Observing Table 4.11 it can be distinguished that the 

dispersive surface energy decreased with time from 37.8 (0.6) mJ/m^, SS I (B4) to 

32.8 (0.4) mJ/m^ (SS IV (B4) 14 days) this fact being due to the structural relaxation 

of SS samples, validating the results obtained with SS batch one and two previously 

investigated. Therefore, using the same period of formulation storage on hard gelatin 

capsules and similar post spray drying time as in batch three (which was the intention 

of this section) it was possible here to follow the physical aging of amorphous SS 

proposing that the formulation storage conditions on gelatin capsules will determine 

the mode SS particles relax with time.

Examining the acid/basic character of the SS batch four particles which data is 

displayed in Table 4.11 it can be noticed that SS I (B4) has the highest dispersive 

surface energy values and also has the highest Ka 0.099 (0.002). However, once 

more, for this batch the values for Ka appear to be comparable among the SS batch
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four samples thus, samples emerge to have analogous acidity. In addition, for this 

batch no trend was obtained for the dispersive surface energy and Ka and Kd values 

being independent of each other. Moreover, Kd values neither seem to correlate with 

the time after spray drying nor with storage in capsules and this is due to the fact that 

Kd numbers did not show an important variation with time. Hence, comparative to 

SS batch three, SS batch four has displayed a reduction on the dispersive surface 

energy values with time which did not link to an alteration on the specific 

components of the surface energy {Ka values are nearly constant and Kd values have 

shown no consistent variation) whereas in SS batch three the data for the dispersive 

surface energy and Ka values were practically invariable with a clear decrease on the 

Kd numbers.

Sa m p l e

(mJ/m )
Sp e c if ic  p o l a r  in t e r a c t io n  

(J/moi)
A CID --BASE PROPERTIES

Acetone Chloroform Ethanol Ethyl
Acetate

Ka Kd Kd/Ka

SS I (B4) 37.8 6079 1634 8471 7585 0.099 0.018 0.18

(0 .6) (197) (93) (61) (152) (0.002) (0.006) (0.06)

SS II (B4) 36.2 5943 1538 8302 7445 0.097 0.016 0.16

7 days (0.6) (458) (88) (58) (146) (0 .002) (0.005) (0.05)

SS III (B4) 36.5 6278 1341 9131 7474 0.098 0.023 0.23

10 days (0.6) (201) (196) (129) (214) (0.002) (0.003) (0.03)

SS IV (B4) 32.8 5900 1068 10125 7620 0.099 0.018 0.18

14 days (0.4) (286) (43) (272) (170) (0.003) (0.001) (0.01)

Table 4.11. IGC data for SS batch four with dispersive surface energy, specific polar 

interactions and acid-base properties. Values are mean (n=3) and (standard 

deviation).

In terms of the interaction of the polar probes with SS batch four samples (Figure 

4.16) since all the samples reflect similar Ka values, thus it is accepted that all the 

samples appear to have similar acidity and this correlates with similar interaction 

with acetone and ethyl acetate the basic elutants. Chloroform, an acidic elutant 

interacted the most with SS I (B4) but this does not link to higher values of Kd. 

Ethanol another acidic elutant, showed a strong affinity to (SS III (B4) 10 days) and
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(SS IV (B4) 14 days) and this just correlates with the high Kd values seen with these 

two samples.
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! DSS 111 (B4) 10 days
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Acetone Chloroform Ethanol Ethyl acetate 

Probe

Figure 4.16. Values o f SS batch four specific interactions with polar probes. Values 

are mean and based on at least three measurements.

Figures 4.17 and 4.18 show the correlation of the dispersive surface energy and 

Kq/Ka with time being possible to discriminate a decrease on the dispersive surface 

energy with time. On the other hand, no apparent correlation with time was achieved 

with the acidic-basic parameter ratio {Kq/Ka).
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With the purpose of correlating the surface energy with the deposition profiles of the 

SS batch four samples, Table 4.12 illustrates the results for the aerosol performance 

of the different SS samples.

Sa m p l e ED
(Mg)

FPD
(Mg)

FPF
(%)

La b  c o n d it io n s

(°C/%RH)
SS II (B4) 1004.8 318.3 32.00 23

7 days (51.3) (74) (8.7) 52

SS III (B4) 536.28 191.2 35.7 24

10 days (93.8) (28.3) (0.1) 59

SS IV (B4) 987.2 350.3 35.5 23

14 days (219.6) (76.0) (0.6) 80

Table 4.12. In vitro aerosol deposition values for SS batch four. Values are mean 

(n=2) and (standard deviation).

Figure 4.19 displays the attempt to draw a relationship between the dispersive 

surface energy and the in vitro deposition for SS batch four.
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Figure 4.19. Relationship between dispersive surface energy and fine particle

fraction for SS batch four. Values are mean (n=3) and standard deviation.
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Considering Figures 4.17 and 4.18 it can be seen that for this particular batch the 

dispersive surface energy shows a decrease with time due to physical aging of SS 

particles as observed beforehand in previous sections for SS batch one and two 

whereas Kd/Ka numbers have shown an almost constant behaviour (Figure 4.18).

The aim of this section was to investigate equivalent storage period on gelatin 

capsules and post spray drying time as in SS batch three and the results demonstrate 

that the dispersive surface energy reduced in this case from 36.2 (0.6) mJ/m^ (SS II 

(B4) 7 days) to 32.8 (0.4) m jW  (SS IV (B4) 14 days) by physical aging related to 

differences in dispersive surface energy values in the order of 4 units. In contrast, for 

SS batch three differences of just 1 unit were accomplished (from 40.4 (0.7) mJ/m^ 

(SS I (B3) 2 days) to 39.4 (1.0) mJ/m^ (SS IV (B3) 14 days) even though the storage 

period on gelatin capsules and post spray drying time is comparable, suggesting once 

more that the storage conditions (T/RH) will control the structural relaxation rate of 

SS particles and hence, their dispersive surface energy values. In addition, as in SS 

batch three the Ka numbers assumed comparable values contrary to Kd numbers 

which have shown a reduction in SS batch three and no coherent alteration for SS 

batch four was found. In terms of the relationship between surface energy and FPF 

(Figure 4.19) once more no evident differences could be recognized and this 

occurrence is explainable by the fact that the variations on the dispersive surface 

energies analysed in SS batch four are still not sufficient to have an impact on the 

FPF of SS. Moreover, the results from SS batch four show similar data to SS batch 

two where the same 4 units of dispersive surface energy difference was noticed (from 

38.1 (0.3) mJ/m^ to 34.2 (1.2) mJ/m^ (SS I (B2) 1 day to SS III (B2) 6 days) and 

where the data points for the correlation surface energy/FPF appear also to be very 

consistent.

4.5. SUMMARY OF ALL SS DATA POINTS AND DISCUSSION

With the purpose of summarizing the data for SS batches analysed individually on 

previous sections a graph was plotted in order to discern the general trend achieved. 

Figure 4.20 exhibit the deposition performance of all the SS batches analysed in
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relation to the dispersive surface energy. It can be observed the consistency in the 

data produced as variations on surfaces energies values between approximately 30- 

40 mJ/m" gave a reproducible FPF between the range 25-40%.
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Figure 4.20. Relationship between dispersive surface energy and fine particle 

fraction o f all samples o f SS analysed in Chapter 4. Values are mean (n=3) and 

standard deviation.

It may be concluded that by IGC it is possible to detect small differences in the 

dispersive surface energy and Kd/Ka values intra and inter batches due to structural 

relaxation. However, no major correlation was detected between these reductions on 

surface energy and deposition profiles for SS intra batches. This may arise from the 

fact that the dispersive surface energy to have an impact on the FPF requires higher 

variation values on this parameter. This is to say that differences on the dispersive 

surface energy between 30-40 mJ/m^ were not ample enough to have a major 

influence on the aerosol performance. Therefore, the results from SS batches
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investigated in this chapter show consistent values for the dispersive surface 

energy/FPF which is considered to be both an advantage (due to the repeatability of 

the data) and a limitation (due to the inability to make any clear conclusion about the 

role of surface energy in deposition performance). Nevertheless, analysing Figure

4.20 that represents the summary of all the data it can be noticed that most of points 

suggest a trend between the increase on dispersive surface energy and decrease on 

FPF (however, not a linear correlation). These results are in accordance with most of 

the recent publications around this subject (Feeley, 2002; Sethuraman and Hickey, 

2002; Jiang et al, 2005; Thielmann et al, 2006) and analysed previously in Chapter 

1 which relate the higher dispersive surface energy of materials with an increase of 

adhesive and cohesive forces drug-lactose/drug-device and drug-drug, respectively. 

Thus, the surface energy of pharmaceutical powders can be employed as a 

formulation tool to illustrate the surface properties of these substances and in general, 

a high surface energy is linked to an enhanced activity at the powder surface with 

major impact in the specific case of a DPI formulation in the deposition of these 

particles in the respiratory tract.

Interestingly, similar spray diying processing variables lead to different starting 

dispersive surface energies. This occurrence was observed all through this project 

and this is probably due to different residual solvent content of the spray dried SS (in 

spray drying is expected to be around 1-2 %) depending of the particular external 

environmental conditions of T and RH of the particular day at which the spray drying 

has been performed hence resulting in differences on the initial dispersive surface 

energy.

On the other hand, the results from the different SS batches analysed suggests that 

the discrepancy on FPF values (in terms of FPF standard deviations) for the in vitro 

measurements are not correlated with the laboratory environmental conditions 

(T/RH) as no clear conclusion could be reached. Analysing the inconsistency on FPF 

performances with T/RH parameters no correlation was achieved on this matter. 

Thus, these variations on FPF are most likely related to the specific storage 

conditions in the gelatin capsules (T and RH) and that should be subject of further 

investigation.

164



Chapter 4. Correlation of Physicochemical Properties ofSalbutamol Sulphate and Aerosol Deposition

In addition, the results from three samples of SS batch one show a deviation from the 

remaining SS batches displaying a considerable reduction of the FPF observed 

(despite having equivalent values of the dispersive surface energy as SS batch two, 

three and four) and this is probably linked to an error in weighing of the formulation 

into the capsules as the values achieved for the FPF are much lower than those 

expected for a DPI formulation. However, for this exact SS batch it can also be 

distinguished similar trend as for the remaining batches where the diminution of the 

dispersive surface energy is correlated to an enhanced in vitro deposition of SS 

particles.

Additionally, Figure 4.21 displays the alteration on dispersive surface energy with 

time for all SS batches. A general reduction of the dispersive surface energy with 

time was distinguished for the majority of the samples as a result of the structural 

relaxation of SS amorphous samples. In the case of SS batch one samples: (SS VIII 

(Bl) 13 days), SS IX (Bl) and SS X (Bl) appear to be out of this trend probably 

related to the crystallization of the theses samples following their storage in hard 

gelatin capsules as earlier explained. In addition, SS batch three samples also 

presented minor reductions on the dispersive surface energy values with time. These 

results suggest that the manner by which amorphous materials relax is not uniform 

and the storage circumstances under which the formulation is kept may manipulate 

the physical aging rate.
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Figure 4.21. Changes in dispersive surface energy with time of all samples o f SS 

analysed in Chapter 4. Values are mean (n=3).

Moreover, Figures 4.22, 4.23 and 4.24 show the relationships between the acid-base 

properties Ka, Kd and Kq/Ka with FPF for all the SS batches analysed in Chapter 4. 

Analysing Figure 4.22 for the Ka! FPF results a similar trend was achieved to Figure

4.20 for the dispersive surface energy/FPF results. This suggests that for SS batches a 

trend between the decrease in Ka and the increase on FPF can be also recognized 

similarly to the trend obtained for the dispersive surface energy values. This is to say 

that the in vitro deposition of SS particles increases with both reduced dispersive 

surface energy and acidity of the involved particles in a DPI formulation. On the 

other hand, considering Figure 4.23 for the Æg/FPF results and Figure 4.24 for the 

Kd/KaIV?V no apparent correlation can be observed therefore, these parameters are 

not considered to be valuable to conclude on their impact on the aerosol performance 

of SS particles.
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Figure 4.22. Relationship between Ka values and fine particle fraction o f all samples 

ofSS analysed in Chapter 4. Values are mean (n=3) and standard deviation.
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Figure 4.23. Relationship between Kd values and fine particle fraction o f all samples 
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represented). Values are mean (n=3) and standard deviation.
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Figure 4.24. Relationship between Kd/Ka values and fine particle fraction o f all 

samples o f SS analysed in Chapter 4 (negative value for (SS VIII (Bl) 13 days) is not 

represented). Values are mean (n=3) and standard deviation.

4.6. CONCLUSIONS

Summarizing this chapter it was possible to:

1. Demonstrate the usefulness of inverse gas chromatography (IGC) in 

distinguishing variations intra and inter batch for the surface energy occurred 

by physical aging from amorphous spray dried batches of SS. This 

occurrence was specifically discerned for SS batches one, two and four.

2. Determine the different surface properties specifically, dispersive surface 

energy (y/) and specific energy {Ka and Kd) of different batches of SS and 

their deviation from the initial value with time;
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3. Establish the in vitro deposition of these SS batches linked with their 

respective surface energy using the twin stage impinger;

4. Relate the importance of surface energy with the deposition profiles of the 

different batches of SS. The data achieved from this chapter suggest that to 

obtain a linear correlation between these two parameters it is necessary to 

have a wider difference in the surface energy values for the SS batches so that 

a greater impact on FPF values may be attained. This may be achieved by 

using model drug particles with more extensive physicochemical properties 

hence with more diverse range of surface energies an effort described in the 

following Chapter 5. However, in this chapter, a trend could be detected, 

particularly for the dispersive surface energy and Ka values. As a result, the 

deposition patterns of SS appear to increase in both less energetic and acidic 

SS surfaces.

169



Chapter 5

Correlation of Physicochemical 
Properties of Model Drugs and 

Aerosol Deposition

170



Chapter 5. Correlation of Physicochemical Properties of Model Drugs and Aerosol Deposition

5. CORRELATION OF PHYSICOCHEMICAL PROPERTIES OF 

MODEL DRUGS AND AEROSOL DEPOSITION

5.1. INTRODUCTION

The surface energy of the components of a formulation greatly influence the 

performance of powders throughout their utilization (Kunaver et al, 2004). The 

surface free energy of materials, y describes the energy necessary to break up 

substances or surfaces (Fowkes, 1964) hence, the assessment of the surface energy of 

substances may indicate the force of interaction among materials. Recently, IGC has 

become a much applied method to give information regarding the difficulties which 

come across in the use of pharmaceutical powders (Kunaver et al, 2004).

As expressed beforehand in Chapter 4, glass materials due to their increased mobility 

may undergo to an equilibrium state structural relaxation. The degree by which this 

process occurs is dependent on the storage conditions such as the temperature and 

RH and also of the physicochemical properties of the materials involved such as the 

molecular weight (Allison, 2008).

In this chapter the structural relaxation of several model drugs (PAA, PVA and PVP) 

is investigated. This chapter also attempts to correlate some of the physicochemical 

properties of these materials, namely the dispersive surface energy and acid-base 

parameters {Ka and Ai>), with their in vitro deposition.
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5.2. OUTLINE OF THE CHAPTER

The main purpose of this chapter is to explore any relationship between the surface

energy of a series of model drugs with their fine particle fraction.

The aims of this chapter are:

1. To assess the value of inverse gas chromatography (IGC) to distinguish 

differences in the surface energy between different batches of spray dried 

model drugs specifically, PAA, PVA and PVP;

2. To establish appropriate experimental parameters in IGC in order to generate 

reproducible results for the surface energy of different model drugs (PAA, 

PVA and PVP);

3. To determine the different surface thermodynamic properties particularly, 

dispersive surface energy {ys )̂ and specific energy {Ka and Kd) of a range of 

model drugs (PAA, PVA and PVP) by IGC;

4. To relate the surface energy data to the in vitro deposition performance of the 

different model drugs.
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5.3. MATERIALS AND METHODS

The different model drugs, PAA, PVA and PVP were spray dried with the addition 

of 0.040% w/v of Triamterene as a UV marker, applying the variable parameters 

explained previously in Chapter 3. The morphology of all model drug particles was 

determined by SEM to certify that the morphology was essentially spherical. The 

SEM pictures of the model drugs used in Chapter 5 were shown earlier in Chapter 3. 

A slightly different technique was utilized for the preliminary experiments 

(explained in section 5.4.1.1) compared to the methodology used for the remaining 

experiments which is described here. The different spray dried model drugs were 

then mixed with a lactose carrier, Respitose® SV008 (100 mg model drug + 9.9 g 

lactose), so that the final concentration of polymer in the formulation was 1% (w/w), 

using a three-dimensional Turbula mixer at the speed of 45 revolutions per minute 

for 30 minutes. Each formulation was prepared in 10 g aliquots. The content 

uniformity was analysed using the method explained in section 2.6.1 of Chapter 2. 

The post-blend formulation was then left for a period between 24-48 hours prior to 

capsule filling. Powder aliquots, 105±10 mg of formulation were later manually 

loaded into size 3 hard gelatin capsules and then stored for the period of time 

described in each section prior to the in vitro assessment of ten capsules by TSI using 

the Aerolizer® inhaler. All the samples obtained were analyzed for the concentration 

of Triamterene using ultraviolet (UV) spectroscopy using the technique described in 

section 3.7 of Chapter 3. It was then assumed that the TAT FPF percentage is related 

to the model drug FPF percentage as described earlier in section 3.7 of Chapter 3 in 

terms of the quantitative method for model drug concentration analysis. The 

temperature and relative humidity of the surrounding environment was recorded 

using a thermo-hygrometer to record the T/RH laboratory conditions. The surface 

properties of all batches were analysed by IGC which was explained in detail 

previously in Chapter 2.
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5.4. CORRELATION OF PHYSICOCHEMICAL PROPERTIES OF MODEL 

DRUGS AND AEROSOL DEPOSITION: PRELIMINARY EXPERIMENTS

5.4.1. PRELIMINARY EXPERIMENTS OF PVP

One of the “model drugs” selected for this project was PVP. A series of preliminary 

experiments was carried out in order to establish the most appropriate procedure in 

the IGC to evaluate the surface properties of PVP and also to control the formulation 

variables (time of post-blend formulation and capsule storage).

5.41.1. MATERIALS AND METHODS

The technique carried out for the preliminary experiments followed the one 

explained on section 5.3 with the difference that the in vitro assessment was 

performed immediately following the capsule filling, therefore the formulation was 

not subject to any storage time in the capsule. In addition, the post-blend formulation 

was not controlled regarding the time the formulation was left between blending and 

filling. Moreover, the surface properties of the PVP samples were directly estimated 

subsequent to the spray drying of each batch and the IGC columns were filled with 

PVP only using the technique described in sections 2.3.4 and 2.3.5. The laboratory 

conditions, the storage time and the time post-blend were not monitored in this 

section being regarded as preliminary experiments.

Therefore, a small number of PVP batches were investigated. PVP samples from 

PVP I to PVP V represent 5 different spray dried batches of PVP produced using the 

same spray drying conditions. The parameters utilised in the spray drying and the 

SEM pictures were explained in Chapter 3. Table 5.1 displays the results for both the 

dispersive surface energy and polar components of the surface energy for PVP 

batches. Table 5.2 shows the results for the in vitro assessment of three of the batches 

analyzed.
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Sa m pl e ys  
(mJ/m )

Spe c if ic  po l a r  in t e r a c t io n  
(J/mol)

ACID--BASE PROPERTIES

Acetone Chloroform Ethanol Ethyl
Acetate

K a K d

PVP I 51.5 9528 3993 14649 9871 0.12 0.13 1.1

(0.6) (100) (45) (54) (95) (0.001) (0.001) (0.03)

pvpn 45.5 9096 3918 5754 9099 0.12 0.05 0.4

(0.1) (111) (45) (90) (63) (0.001) (7. IE") (0.01)

pvpm 42.3 8156 3610 12737 8858 0.11 0.11 1.0

(0.5) (66) (64) (77) (74) (0.001) (0.003) (0.04)

PVP IV 40.8 8197 3515 12774 8534 0.11 0.11 1.0

(0.9) (169) (155) (300) (229) (0.003) (0.001) (0.04)

P V P V 31.8 4820 1259 5168 6556 0.09 -0.02 -0.2

(1.2) (293) (297) (291) (188) (0.002) (0.011) (0.14)

Table 5.1. IGC data for PVP with dispersive surface energy, specific polar 

interactions and acid-base properties. Values are mean (n=3) and (standard 

deviation).

Sa m pl e ED
TAT
(Pg)

FPD
TAT
(Pg)

FPF
PVP
(%)

P V P l 34.5 13.1 37

(8.2) ( i% (7.7)

PVP 11 26.8 8.4 34.5

(18.8) (4.2) (8.5)

PVP 111 24.7 7.5 29.9

(18.7) ( i% (1.2)

Table 5.2. In vitro aerosol deposition values for PVP. Values are mean (n=3) and 

(standard deviation).
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Figure 5.1. Values o f PVP specific interactions with polar probes. Values are mean 

and based on at least three measurements.

The values for the interaction of polar molecules with PVP samples are shown in 

Figure 5.1. Acetone, a basic molecule interacted greatly with PVP I and this 

interaction decreased for the rest of the samples. This fact reveals the acidic 

characteristic of the PVP I particle surface when compared with the remaining PVP 

samples and this is linked with the highest Ka values observed in PVP I. Ethyl 

acetate, an additional basic molecule, has also shown a high interaction with PVP I 

and this interaction decreased for all the other samples which is in agreement with 

the results explained previously for acetone where PVP 1 surfaces are more acidic. 

Additionally, chloroform is an acidic molecule and interacted highly with both PVP I 

and PVP II and hence, these should be the most basic samples, however, this does 

not correlate with the values for PVP II. Finally, ethanol, another acidic molecule, 

displayed a high affinity to PVP I and this was correlated with the highest values of
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Kd for PVP I. In addition, an error may have occurred in the assessment of PVP II as 

the values achieved with ethanol for this particular batch are lower than those 

obtained for other batches showing a divergence from other values.

A conclusion that can be made from these results is that PVP has a basic character. 

This can be detected by the high Kd/Ka observed by these samples, around 1 (Table 

5.1). In general, as the dispersive surface energy of the PVP samples decreases a 

decrease of the Kd is also noted and hence, the basicidity of their surfaces is in 

addition reduced. This suggests that PVP could be regarded as a good model drug as 

it presents basic surface properties with wide differences on the dispersive surface 

energies (from 51.5 (0.6) mJ/m^ to 31.8 (1.2) mJ/m^). However, since PVP has high 

molecular weight, difficulties on the spray drying of this material arose according to 

the hypothesis considered in Chapter 3. Therefore, by using this polymer it could not 

be ensure that the morphology was kept constant continually between batches.

In terms of the relationship between the dispersive surface energy and FPF the huge 

variance on the error bars for the FPF does not permit any conclusion to be made 

about this subject. For the 5 different spray dried PVP batches, equivalent spray 

drying parameters were used ,but diverse starting points for the dispersive surface 

energy (from 51.5 mJ/m^ to 31.8 mJ/m^) and Kd, Ka numbers were recorded. This 

may be correlated to dissimilar residual solvent contents for each spray dried batch. 

This occurrence of having similar spray drying processing settings leading to 

different starting dispersive surface energies numbers was observed all through this 

project in different “model drugs” but the investigation of this evidence was not 

performed. This was due to the fact that the aim of this project was to correlate the 

surface energy of model drugs with their FPF therefore the knowledge of the cause 

behind each value of dispersive surface energy was not considered to be relevant to 

this work.
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5.4.2. PRELIMINARY EXPERIMENTS OF PAA

Additionally, a number of PAA batches were investigated using the same technique 

as the preliminary experiments of PVP explained in section 5.4.1.1. The surface 

properties of all samples were analysed by IGC and arranged in decreasing order of 

dispersive surface energy values (Table 5.3). Hence, samples from PAA I to PAA 

XVI of Table 5.3 refer to 16 different spray dried batches of PAA using equal 

parameters in the spray dryer (explained in section 3.10.1) that resulted in the 

production of particles with comparable morphology and the surface properties of the 

samples were directly evaluated following the spray drying of each sample. 

Additionally, IGC columns were filled with the model drug (PAA) alone and 

assessed with the technique explained previously in sections 2.3.4 and 2.3.5. From 

PAA I to PAA VIII both the dispersive surface energy and specific parameters were 

determined whereas from PAA IX to PAA XVI only the dispersive component was 

measured. The probes that were employed for the assessment of the specific surface 

energy of the different samples of PAA (from PAA I to PAA XVI) were ethanol and 

chloroform, which are acidic probes and acetone and ethylacetate, which are basic 

probes. The method utilized for the calculation of the acidic constant, Ka and base 

constant, Kd was the Gutmann assumption as described earlier in Chapter 2.

Taking into account Table 5.3 and both the dispersive and the acid-basic character of 

the surface energy it can be concluded that for the preliminaiy data the dispersive 

surface energy decreases along with the decrease with Ka values. The decrease in the 

dispersive surface energies values from PAA I (41.9 (0.2) mJ/m^) to PAA VIII (32.2

(1.1) mJ/m^) is accompanied by a reduction in the Ka values from 0.124 (0.001) to 

0.101 (0.002). Thus, the most energetic sample is also the most acidic. On the other 

hand, the results for the Kd values do not exhibit any trend as a result no conclusion 

can be achieved considering this parameter. Samples from PAA I to PAA VIII were 

analysed for the dispersive and specific components of the surface free energy 

whereas samples from PAA IX to PAA XVI were analysed for the dispersive surface 

energy only. This was due to the fact that it was concluded that the assessment of 

specific component of the surface energy was unlikely to have a substantial effect on 

the FPF as the dispersive surface energy values were proportional to the values of Ka
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(and not major the decrease of Ka from 0.124 (0.001) to 0.101 (0.002)) and with no 

correlation with Kd.

Interestingly, is once more the evidence (from the 16 different spray dried batches of 

PAA) that the same PAA material when spray dried under the same spray drying 

parameters leads to powders with different starting dispersive surface energies (from 

42.2 mJ/m^ to 32.2 mJ/m^) and Ka, Kd values and this is probably caused by powders 

having different residual solvent content impacting on the initial surface energy. 

Again, the measurement of the residual solvent content was not carried out as this 

was not regarded as important for the target of this project. Previously, Ohta and 

Buckton (2005) have shown that different spray drying conditions are associated 

with different starting surfaces energies.
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Sa m p l e ys
(mJ/m )

S p e c if ic  p o l a r  in t e r a c t io n  
(J/mol)

ACID -BASE PROPERTIES

Acetone Chloroform Ethanol Ethyl
Acetate

K a K d

PAA I 41.9 7880 1342 10780 9332 0.124 0.014 0.11

(0.2) (168) (19) (85) (26) (0.001) (0.002) (0.01)

PAA II 38.5 7582 1562 10196 8961 0.118 0.019 0.16

(0.5) (108) (53) (109) (83) (0.001) (0.001) (8. 7E-3)

PA A m 36.9 7245 1383 9687 8629 0.114 0.013 0.11

(0.5) (192) (39) (85) (41) (0.001) (0.001) (5.7E-3)

PAA IV 36.4 7187 1117 9860 8471 0.113 0.012 0.11

(1.9) (267) (212) (297) (307) (0.004) (0.006) (0.06)

PAA V 36.1 6921 1267 9418 8297 0.110 0.012 0.11

(0.9) (643) (22) (755) (754) (0.010) (0.003) (0.04)

PAA VI 35.6 7154 1267 9503 8358 0.111 0.014 0.13

(1.1) (166) (12) (205) (144) (0.002) (0.001) (0.01)

PAA VII 33.6 6215 1125 8810 7979 0.105 0.001 9.5 E "

(0.3) (68) (59) (43) (31) (0.0002) (0.001) (9.5 E )̂

PAA VIII 32.2 6433 1364 8687 7669 0.101 0.016 0.16

(1.1) (258) (238) (180) (164) (0.002) (0.006) (0.06)

PAA IX 42.2

(0.6)

PAAX 40.6

(0.4)

PAA XI 40.4

(1.2)

PAA XU 39.6

(0.8)

PAAXIU 39.2

(0.3)

PAA XIV 38.6

(1.2)

PAA XV 37.2

(0.4)

PAA XVI 37.0

(0.6)

Table 5,3. IGC data for PAA preliminary experiments with dispersive surface energy

{ordered by decreasing order o f values), specific polar interactions and acid-base

properties. Values are mean (n=3) and (standard deviation).
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Figure 5.2. Values o f PAA preliminary experiments specific interactions with polar 

probes. Values are mean and based on at least three measurements.

Figure 5.2 demonstrates the interaction of each polar probe with the surface of the 

PAA particles in order to correlate these values with the numbers obtained for Ka and 

(Table 5.3). It can be observed that PAA V displayed the highest deviation for the 

majority of the probe molecules as can be seen from the larger standard deviations 

achieved. Acetone, is a basic probe and displayed a high interaction with PAA I and 

this interaction then diminished for the remaining samples. Since acetone is a basic 

probe the high values obtained for this probe reveal the highly acidic character of the 

PAA I surface compared to all other PAA samples (since an acid interacts with a 

base). This fact then correlates with the higher Ka values noticed in PAA I and which 

values dropped for all the other model PAA particles. Ethyl acetate, is another basic 

probe and also displayed a high interaction with PAA 1 with the strength of 

interaction decreasing for the remaining samples. The combination of the results 

from these basic probes confirms the results explained previously on Table 5.3,
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where PAA I surfaces have an acidic character (higher Ka values) and this 

characteristic is reduced for all other following PAA samples. In addition, 

chloroform is an acidic probe and exhibited a high interaction with both PAA II and 

PAA VIII revealing the higher basic character of these samples compared to all other 

PAA samples correlating with the higher Kd values verified by these samples. Lastly, 

ethanol, an additional acidic probe displayed a higher interaction with PAA I but this 

was not correlated with either the higher values of Kd nor with the results displayed 

from the other basic probe, chloroform.

In Table 5.4 the results for the in vitro assessment of PAA are presented with the 

purpose of correlating the surface energy of some of the previous samples with the 

deposition performance. Table 5.4 displays the individual values obtained directly 

from TAT from the TSI assessment which are then related with the concentration of 

PAA in terms of FPF (section 3.7 of Chapter 3).
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S a m p l e ED
TAT
( P g )

FPD
TAT
( P g )

FPF
PAA
(%)

PA A m 37.9 8 . 4 22

( 3 . 8 ) # 6 ) (4.6)

PAA IV 42.4 10.1 23.9

(0.7) (0.7) (1.3)

PAA VI 43.4 13.9 32.1

( 3 . 2 ) (2.7) (5.2)

PAA VII 37.4 9.5 25.5

(5.9) (1.2) (0.9)

PAA VIE 41.5 12.1 29

(6.1) ( 2 % (1.0)

PAA IX 34.4 6.8 19.7

(3.4) (1.2) (1.5)

PAAX 35.4 10.7 30.2

(2.7) (1.8) (3.4)

PAA XI 37.2 8.1 21.8

( 2 . 9 ) (0.6) (0.1)

PAA XII 33.9 11.1 32.8

(9.1) (3.1) (0.4)

PAA XIII 35.2 8.8 24.7

(5.2) (2.4) (3.0)

PAA XIV 32.7 12.4 37.2

(5.4) (4.7) (8.1)

PAA XV 43.9 18.1 41.2

(0.4) (0.3) (0.3)

PAA XVI 38.0 13.5 35.6

(2.1) (0.7) (0.0)

Table 5.4. In vitro aerosol deposition values for PAA preliminary experiments. 

Values are mean (n=3) and (standard deviation).
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Figure 5.3 demonstrates the summation of all data points for the preliminary data of 

PAA aiming to relate the dispersive surface energy with the FPF.

eW
a " :
sy)<u
£
a.

E

60

50 -

40 -

30

20

10

10

K--V

20 30 40

FPF (%)

50 60

■ PAA III 

PAA IV 

PAA VI

♦ PAA VII

♦ PAA VIII 

▲ PAA IX

♦ PAAX

♦ PAA XI 

PAA XII

♦ PAA XIII

■ PAA XIV 

A  PAA XV

PAA XVI

Figure 5.3. Trend between dispersive surface energy and fine particle fraction for 

PAA preliminary experiments. Values are mean (n=3) and standard deviation.

The IGC data of samples from preliminary experiments show no correlation between 

the surface energy data and the deposition performance. The data points are scattered 

through the plot and although the dispersive surface energy varies from around 30-42 

mJ/m^ the FPF varies in the region of 20-40% and such variations were subject of 

investigation. This disparity on FPF results were a concern in terms of consistency of 

the data achieved. It appeared that the formulation factors were not controlled thus 

impacting the FPF deviation. These adjustments on the method included the post

blend formulation to be left for at least 24 hours to reduce the influence of 

electrostatic charges and the storage of the formulation in hard gelatin capsules, 

(explained in section 5.3) and this technique was applied in the following sections.
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Therefore, these preliminary experiments with PAA and PVP were valuable for 

determining of the best strategy for the experimental design.

5.5. CORRELATION OF PHYSICOCHEMICAL PROPERTIES OF MODEL 

DRUGS AND AEROSOL DEPOSITION: INVESTIGATION OF SURFACE 

PROPERTIES OF POLYACRYLIC ACID/ LACTOSE (PAA/L) AND 

DEPOSITION PERFORMANCE

Following the results from the preliminary data a sequence of experiments were 

carried out with the goal of estimating the surface properties and deposition 

performance of PAA. The powder samples were prepared following the technique 

explained in section 5.3 and the IGC columns were filled with both PAA and lactose 

to study the influence of the addition of lactose particles on the dispersive surface 

energy values of the PAA/L system. Two different spray dried batches of PAA were 

investigated (B1 and B2) and the storage time of each formulation in capsules was 

scrutinized with time. Table 5.5 describes the samples labelling, from (PAA/L (Bl) 2 

days) to (PAA/L (B2) 11 days), according to the extent of time samples have been 

stored in size 3 hard gelatin capsules. The dispersive surface energy of the lactose 

alone was determined to 39.4 (0.7) mJ/m^.

Sa m p l e P e r io d  o f  s t o r a g e  in  c a p s u l e s  
(days)

PAA/L (B l) 2 days 2

PAA/L (B l) 20 days 20

PAA/L (B2) 4 days 4

PAA/L (B2) 6 days 6

PAA/L (B2) 11 days 11

Table 5.5. Batches o f PAA/L labelled according to the period o f storage in capsules.
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The data from aerosol performance along with the dispersive surface energies of the 

PAA/Lactose samples are presented in Table 5.6. Figure 5.4 shows the correlation 

obtained from the dispersive surface energy and FPF of the two batches of 

PAA/Lactose analysed. From these results it can be seen that the data are much more 

consistent (compared with the preliminary data reported in Section 5.4, Figure 5.3) 

and show that it is advantageous to control the time post-blend and storage of 

formulation in capsules The in vitro performance varies in this case from around 29- 

35% compared with the variation of approximately 20-40% from preliminary 

experiments. As a consequence, both the fact that powder blend was left for at least 

24 h and the formulation storage in capsules appear to have a strong impact on the 

FPF reproducibility as can be made out from these two batches investigated.

Sa m pl e La b

CONDITIONS
(°C/%RH)

ED
TAT
(Pg)

FPD
TAT
(Pg)

FPF
PAA
(%)

y s \
(mJ/m )

PAA/L (B l) 21 45.2 15.6 34.7 43.2

2 days 57 (3.6) (0.7) (4.3) (0.8)

PAA/L (B l) 22 39.6 11.5 29.3 42.2

20 days 66 (4.0) (1.2) (5.9) (1.7)

PAA/L (B2) 20 27.8 9.6 34.5 42.7

4 days 48 (1.8) (0.8) (0.5) (1.3)

PAA/L (B2) 22 33.8 12.6 33.4 42.0

6 days 51 (9.2) (0.6) (1.6) (0.6)

PAA/L (B2) 23 37.2 12.4 33.1 41.3

11 days 56 (6.0) 0 ^ ) P ^ ) (0.4)

Table 5.6. In vitro aerosol deposition values for PAA/L and dispersive surface 

energy o f the same samples. Values are mean (n=3) and (standard deviation).
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Figure 5.4. Relationship between dispersive surface energy and fine particle fraction 

for PAA/L. Values are mean (n=3) and standard deviation.

The results for the surface energy of PAA/Lactose show a greater consistency of 

results compared with the preliminary data of previous sections. As mentioned 

previously, the dispersive surface energy of the lactose is 39.4 mJ/m  ̂ and the 

dispersive surface energy of the PAA particles, taking into account the data from 

preliminary experiments, is between 32-42 mJ/m .̂ Consequently, it is likely that the 

inclusion of lactose with the PAA on the IGC protocol would make the overall 

dispersive surface energy increase since the inclusion of the lactose on the IGC 

columns will add its own surface energy increasing the general surface energy.
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Moreover, the inclusion of lactose on IGC columns along with the PAA displayed 

the highest values for dispersive energy from all the samples analysed.

In terms of the role of the surface energy on aerosol deposition the consistency of 

results make this point not conclusive due to the fact that both the values of FPF and 

surface energy are too similar as seen in Figure 5.4 hence not permitting to conclude 

on this matter.

On the other hand, some considerations can be made in terms of the impact of 

technique changes on the reproducibility of the data achieved. The fact that the post

blend formulation was left for at least 24 hours in order to decrease the electrostatic 

forces and capsule storage had a major impact in FPF variation. These results suggest 

the importance of the electrostatic charges (despite not have been measured in this 

project since it was not the aim of the project) on DPI performance which has been 

recently investigated by other researchers. It emerged that electrostatic forces along 

with the surface energy have an important role in DPI formulation design. These 

charges may arise from several handling stages such as spray-drying, powder mixing 

and DPI actuation for instance impacting in the performance of DPI formulations 

(Elajnaf et al, 2007). As mentioned previously in Chapter 1 the extent by which 

charge dissipation occurs is dependent on the RH that tends to increase the decay 

rates by an increase in charge decay linked to the adsorption of the environmental 

moisture. In the present work, this is probably related to the water uptake from the 

hard gelatin capsules that possibly lead to a decrease on electrostatic forces besides 

the time post-blend preparation.

5.6. CORRELATION OF PHYSICOCHEMICAL PROPERTIES OF MODEL 

DRUGS AND AEROSOL DEPOSITION: INVESTIGATION OF SURFACE 

PROPERTIES OF TWO BATCHES OF PAA AND DEPOSITION 

PERFORMANCE

To finalise the studies with PAA as a model drug two runs of experiments were 

completed to test the consistency of the data achieved in the previous section.
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The powder sample preparation followed the technique explained in section 5.3 and 

the IGC columns were filled with PAA particles only. Three different spray dried 

batches of PAA were investigated (from Bl to B3) and the storage time of each 

formulation in capsules was studied with time. Table 5.7 describes the samples 

labelling, from (PAA (Bl) 4 days) to (PAA (B3) 4 days) according to the period of 

time samples have been stored on size 3 hard gelatin capsules.

Sa m p l e P e r io d  o f  s t o r a g e  in  c a p s u l e s  
(days)

PAA (B l) 4 days 4

PAA (B l) 6 days 6

PAA (B l) 8 days 8

PAA (B l) 12 days 12

PAA (B2) 4 days 4

PAA (B2) 6 days 6

PAA (B2) 8 days 8

PAA (B2) 12 days 12

PAA (B3) 4 days 4

Table 5.7. Labelling o f three different batches o f PAA according to the period o f  

storage in capsules.

The data from the in vitro assessment along with the dispersive surface energies of 

the three PAA batches are shown in Table 5.8. Figure 5.5 shows the correlation 

obtained with the dispersive surface energy and FPF from the PAA batches 

considered.

It can be seen that the results are largely consistent. From these three PAA batches 

the dispersive surface energy varied from 35-40 mJ/m^ and this was correlated with a 

FPF variation around the range 30-40%. Once more, it is suggested that the 

electrostatic charges may have a major impact on the FPF disparity as can be 

discerned from the results of these PAA batches.
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S a m p l e L a b

C O N D IT IO N S
( ° C / % R H )

ED
TAT
(Pg)

FPD
TAT
(pg)

FPF
PAA
(%)

ys
( m J / m  )

PAA (B l) 4 days 21 36.2 11.4 31.6 39.1

53 (1.7) (0.2) (0.9) (2.1)

PAA (B l) 6 days 21 36.3 11.5 31.7 36.2

45 (1.4) (0.2) (0.6) (1.9)

PA A (B l) 8 days 21 41.7 15.0 36.0 36.5

53 ( 2 . 3 ) (1.2) (0.8) (2.0)

PAA (B l) 12 days 22 41.9 15.8 37.5 35.4

58 (6.7) ( 4 . 3 ) (4.3) (1.0)

PAA (B2) 4 days 23 44.0 15.1 34.3 40.3

56 (1.9) (0.5) (1.3) (0.5)

PAA (B2) 6 days 23 35.1 13.4 38.1 40.1

56 ( 2 . 8 ) (1.8) (1.9) ( L %

PAA (B2) 8 days 22 43.0 15.3 36.2 35.9

54 (10.0) (1.7) (4.7) (0.1)

PAA (B2) 12 days 22 42.5 16.2 38.0 36.3

54 (3.1) (1.5) (1.7) (1.7)

PAA (B3) 4 days 24 38.6 11.8 30.6 39.9

50 (1.3) # U ) ( O J ) ( 2 . 3 )

Table 5.8. In vitro aerosol deposition and dispersive surface energy values for PAA 

hatches I, II, and III. Values are mean (n=3) and (standard deviation).

Consequently, the results from these three batches of PAA analysed validate the 

theory advanced in section 5.5. The great consistency on the results achieved are 

almost certainly correlated with a decrease on interparticulate forces by electrostatic 

charges due to both the time required for charge dissipation provided by the time 

post-blend preparation and the moisture uptake from capsule storage. Moreover, 

Sharma et al. (2001) working with polymers, hence with more significance to this 

particular case of PAA, verified the reduction on electrostatic charges following 

water uptake. However, this consistency does not permit to conclude in relation to 

the role of surface energy on FPF due to the large similarity of the values achieved.
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Figure 5.5. Relationship between dispersive surface energy and fine particle fraction 

for PAA hatches /, II and III. Values are mean (n^3) and standard deviation.

5.7. SUMMARY OF ALL DATA POINTS FROM PAA

With the intention of summarizing the data from PAA batches investigated 

previously (data from sections 5.4.1 and 5.6) a graph was plotted so that some 

conclusions could be made. In Figure 5.6 the deposition performance of PAA 

batches analysed in relation to the dispersive surface energy is presented. It can be 

observed a great difference between the results from the initial method from 

preliminary experiments (from PAA III to PAA XVI, technique of section 5.4.1.1, 

data of section 5.4.1) and from the results from the technique adopted after these 

have been completed (from PAA (Bl) 4 days to PAA (83) 4 days), method 

explained in section 5.3, data of section 5.6). Results from section 5.5 are not
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included since the measurements on the IGC were performed with PAA and lactose 

jointly, therefore the values for the dispersive surface energy are not comparable to 

the remaining set of data of PAA.
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Figure 5.6. Relationship between dispersive surface energy and fine particle fraction 

of samples o f PAA analysed in section 5.4.1 and 5.6. Data points included on the red 

square represents data from section 5.6. Values are mean (n=3) and standard 

deviation.
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The red square represents the data from section 5.6 where two batches of PAA were 

analysed, showing definitely more consistent data than those obtained for the 

preliminary experiments where scattered points along the graph were seen. 

Therefore, it can be observed a great consistency in the data produced after the 

implementation of the method explained in section 5.3 as variations on surfaces 

energies values between approximately 35-42 mJ/m^ gave a reproducible FPF 

between the range 30-40%.

These results are in agreement with the ones obtained previously in Chapter 4 for SS 

samples, where possibly the decrease of the electrostatic charges occurred after 

powder mixing and prior to capsule filling, correlated to a superior formulation and 

performance of the DPI. Despite the measurement of the charge decay was not 

assessed in this project this is what possibly may have occurred on PAA particles 

during their storage on gelatin capsules.

5.8. CORRELATION OF PHYSICOCHEMICAL PROPERTIES OF MODEL 

DRUGS AND AEROSOL DEPOSITION: INVESTIGATION OF

PHYSICOCHEMICAL PROPERTIES OF PVA AND DEPOSITION 
PERFORMANCE

PVA was employed as an extra model drug which presents different physicochemical 

properties than other model drugs presented previously (PAA and PVP) in order to 

evaluate its surface properties in relation with FPF. With the purpose of estimating 

the surface features of PVA a series of experiments were developed by IGC. To 

achieve this, IGC columns were filled with the model drug only and analysed with 

the technique explained previously in sections 2.3.4 and 2.3.5. Due to the fact that 

two different spray dried batches of PVA were investigated (Bl and B2) and batch 

two (B2) was monitored for a period of time the samples were named from (PVA 

(Bl) 0 days) to (PVA (B2) 15 days) (Table 5.9). Batch I (Bl) was directly assessed 

by IGC subsequent to spray drying while batch 2 formulation was stored on size 3 

hard gelatin capsules for a period between 3 and 15 days.
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Sa m p l e P e r io d  o f  s t o r a g e  in  c a p s u l e s  
(days)

PVA (B l) 0 days 0

PVA (B2) 3 days 3

PVA (B2) 6 days 6

PVA (B2) 9 days 9

PVA (B2) 12 days 12

PVA (B2) 15 days 15

Table 5.9. Batches o f PVA labelled according the time after spray drying and period 

o f storage in capsules.

The surface characteristics of PVA particles were also investigated and the results for 

the dispersive surface energy, specific surface energy and acid-base properties are 

presented in Table 5.10. Again, the probes molecules utilized for the determination 

of the polar component of the surface energy of the different samples of PVA were 

ethanol and chloroform, as acidic probes and acetone and ethylacetate, as basic 

probes molecules. The Ka and Kd values (Table 5.10) were then calculated using the 

Gutmann method explained in section 2.3.3. Taking into account Table 5.10 it can be 

observed that for batch two the dispersive surface energy decreased from PVA (B2) 

3 days (37.7 (2.1) mJ/m^) to PVA (B2) 9 days (33.1 (0.4) mJ/m^) as expected as 

surface energy is likely to decrease with time as particles tend to age due to physical 

aging. PVA (B2) 12 days (35.0 (1.4) mJ/m^) and PVA (B2) 15 days (35.23 (0.3) 

mJ/m^) displayed slightly higher values than the previous samples, probably due to 

the partial crystallization of the PVA particles, however, the surface energy is lower 

than the initial (PVA (B2) 3 days). The acid-basic character of the PVA samples was 

also assessed and the results displayed in Table 5.10 show that (PVA (B2) 3 days) 

has also the highest Ka 0.110 (0.005) and Kd 0.057(0.003) values compared to the 

remaining samples, meaning that it will interact greatly with both acidic and basic 

materials. Interestingly, the results for PVA show that the dispersive surface energies 

show a trend with the Ka and Kd values. Samples with higher dispersive surface 

energy also show higher values of Ka and Kd being proportional. The dispersive
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surface energy decreased from (PVA (B2) 3 days) to (PVA (B2) 9 days) from 37.7

(2.1) mJ/m^ to 33.1 (0.4) mJ/m^ along with the decrease of Ka from 0.110 (0.005) to 

0.099 (0.001) and decrease ofA^ from 0.057 (0.003) to 0.041(0.004). (PVA (B2) 12 

days) and (PVA (B2) 15 days) displayed slightly higher values of surface energy 

35.0 (1.4) mJ/m^ and 35.23 (0.3) mJ/m^ respectively than previous samples, followed 

by an increase of the individual Ka (0.102 (0.003); 0.104 (0.002)) and Kd (0.039 

(0.004); 0.047 (0.009)) related with a possible partial crystallization of the PVA 

samples. It can be observed that (PVA (B2) 3 days) apart from having higher 

dispersive surface energy, its surface reflects a more acid and basic character and this 

characteristic is reduced with the time of storage in capsules.

S a m p l e

(mJ/m )
S p e c i f i c  p o l a r  i n t e r a c t i o n  

(J/mol)
ACID- B A S E  P R O P E R T IE S

Acetone Chloroform Ethanol Ethyl
Acetate

Ka Kd Kd/Ka

PVA (B l) 31.8 6657 2583 8060 7758 0.099 0.041 0.41

0 days ( 2 . S ) (464) (284) (498) (601) (0.008) (0.004) (0.06)

PVA (B2) 37.7 7299 3552 8754 8744 0.110 0.057 0.52

3 days (2.1) (251) ( 2 2 3 ) (337) (406) (0.005) (0.003) (0.05)

PVA (B2) 33.9 6824 2979 7767 7905 0.101 0.047 0.47

6 days (1.1) (214) (50) (197) (241) (0.003) (0.005) (0.07)

PVA (B2) 33.1 6699 2997 7735 7940 0.099 0.041 0.41

9 days (0.4) (412) (304) ( 2 9 7 ) (371) (0.001) (0.004) (0.04)

PVA (B2) 35.0 6558 2962 7733 7956 0.102 0.039 0.38

12 days (1.4) (182) ( 5 2 ) (166) ( 2 8 4 ) (0.003) (0.004) (0.05)

PVA (B2) 35.2 6558 3083 7948 8127 0.104 0.047 0.45

15 days (0.3) (280) (101) (47) (181) (0.002) (0.009) (0.09)

Table 5,10, IGC data for PVA with dispersive surface energy, specific polar 

interactions and acid-base properties. Values are mean (n=3) and (standard 

deviation).
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Figure 5.7. Values o f PVA specific interactions with polar probes. Values are mean 

and based on at least three measurements.

The results for the polar elutants with PVA powders are shown in Figure 5.7. 

Acetone, a basic probe extremely interacted with (PVA (B2) 3 days) and this 

interaction diminished along with the remaining samples. Since acetone is a basic 

probe the high interaction with (PVA (B2) 3 days) reveal the most acidic features of 

these surfaces compared to (PVA (B2) 6 days, 9 days, 12 days and 15 days). Once 

more, this correlates with higher Ka values noticed in (PVA (B2) 3 days) and which 

values dropped for all the other samples. Ethyl acetate, another basic probe also 

interacted highly with (PVA (B2) 3 days) and this interaction decreased for other 

samples confirming the results explained previously where (PVA (B2) 3 days) 

surfaces are more acid in character (higher Ka values) and this characteristic drops for 

all other samples along with time. Moreover, chloroform an acidic probe interacted 

greatly with (PVA (B2) 3 days) revealing the higher basic character of this sample
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compared to the others correlated with the higher Kp values demonstrated by this 

sample compared to (PVA (B2) 6 days, PVA (B2) 9 days, PVA (B2) 12 days and 

PVA (B2) 15 days). Finally, ethanol another acidic probe validates all the correlations 

detected previously. Ethanol displayed a strong affinity to (PVA (B2) 3 days) 

confirming the basic character of its surfaces having a perfect trend with the higher 

values of Æ^and with the results displayed from the other basic probe, chloroform.

Figures 5.8 and 5.9 exhibit the alteration in the dispersive surface energy values and 

Kd/Ka with time showing the general reduction in this parameter with time as 

explained earlier. The increased values for (PVA (B2) 12 days) and (PVA (B2) 15 

days) are possibly related to the partially crystallized PVA particles.
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Figure 5.8. Changes in dispersive surface energy o f PVA with time. Values are mean 

(n=3) and standard deviation.
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In order to associate the role of surface energy with the deposition performance of 

the different samples of PVA, Table 5.11 shows the results for the in vitro 

assessment of the different samples of PVA.
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Sa m p l e ED
TAT
(Pg)

FPD
TAT
(Pg)

FPF
PVA
(%)

L a b  c o n d it io n s

(°C/%RH)

PVA (B l) 24.6 10.4 35.2 Not measured

0 days (1.5) (0.9) G 6 )

PVA (B2) 24.9 8.4 34.9 24

3 days (9.1) (1.4) (6.9) 60

PVA (B2) 34.5 10.7 30.9 25

6 days (2.8) (2.1) (3.7) 54

PVA (B2) 37.9 13.8 36.5 22

9 days (0.8) (0.2) (0.2) 82

PVA (B2) 35.8 11.1 30.9 23

12 days (1.0) (0.1) (1.0) 59

Table 5.11. In vitro aerosol deposition values for PVA. Values are mean (n=̂ S) and 

(standard deviation).

Figure 5.10 and 5.11 represents the effort to show a relationship between the 

dispersive surface energy and the Kd/Ka values with the in vitro deposition 

performance for PVA. The IGC data show no apparent correlation between the 

surface energy results and the deposition performance. Nevertheless, it can be seen a 

consistency in the results obtained as surface energy values between approximately 

31-37 mJ/m^ gave a reproducible FPF between the range 30-36%. These data 

indicate that to obtain any correlation between these two parameters it is necessary to 

have a wider difference in the surface energy numbers of the model drugs to have an 

impact on FPF as the values obtained for PVA appear to be similar.
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It can be concluded that when using PVA as a model drug it is possible to correlate 

all the variables of the surface energy. Hence, (PVA (B2) 3 days) displayed to be the 

sample with highest Ka and Kd values from all the PVA samples being correlated 

with the facility to interact more with both acidic and basic materials. This was 

totally confirmed by each polar values of interaction of (PVA (B2) 3 days) with the 

probes as the values of its interaction with acetone and ethyl acetate (basic probes) 

and chloroform and ethanol (acid probes) were the highest values of the total samples 

confirming the results obtained for Ka and Kd. Later samples, (PVA (B2) 6 days, 9 

days, 12 days and 15 days) displayed lower values for dispersive surface energy and 

acid-base properties in direct proportion to the values for (PVA (B2) 3 days).

5.9. DISCUSSION AND CONCLUSIONS

Previously, in Chapters 4 and 5 the core of the research was to establish the 

correlation involving dispersive surface energy and FPF of a series of model drugs. 

With the purpose of having a wider variety of surface energies, polymers (PAA and 

PVA) and SS were employed as model drugs so that a trend between surface energy 

and aerosol performance could be investigated. For all the samples analysed the 

morphology has been kept constant and examined by SEM. To achieve this it was 

necessary to optimise a number of process variables on the SDMicro ™ spray dryer 

an effort explained in Chapter 3, so this could be attained. Furthermore, the same 

carrier lactose (Respitose® SV008) and the DPI device (Aerolizer®) were utilized in 

all experiments performed.

Following a succession of preliminary experiments a method was established, 

explained in section 5.3 in order to correlate the surface energy and FPF of the model 

drugs SS, PAA and PVA. The results obtained exhibit reliable data. Although the 

dispersive surface energy for the model drugs selected was very similar between the 

ranges 30-40 mJ/m^ a trend could be made. In general, the FPF of the model drugs 

decreased with increasing surface energy and this supports a number of works 

developed around this subject and explained on the introduction of this thesis, 

(Feeley, 2002; Sethuraman and Hickey, 2002; Jiang et al, 2005; Thielmann et al,
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2006). A more obvious trend could be reached if the dispersive surface energies of 

the materials involved had been more diverse. However, the fact that the morphology 

of the particles must be invariable this means that they should undergo the same 

processing method and hence spray drying has to be employed. This fact will 

perhaps lead to materials having similar dispersive surface energies as it could be 

observed by the values obtained for the model drugs even if the materials have 

different physicochemical properties. This evidence is also supported by the work of 

Planinsek and Buckton (2003). In their research IGC was used to estimate the surface 

energetics of a variety of powders with different physicochemical properties: 

hydroxy propylmethyl cellulose, microcrystalline cellulose, magnesium stearate and 

acyclovir. The authors obtained analogous results for the dispersive surface energy 

even thought the drugs utilized assumed different chemical features. It was then 

suggested that by IGC at infinite dilution only particular sites of the powder surface 

are measured. Specifically, the high energy regions as the probe molecules will 

interact selectively with the high energy spots hence, leading to results for these 

specific regions instead of the average of the surface energy values of the entire 

powder surface (Columbano et al, 2003; Ohta and Buckton, 2004). Additionally, it 

is widely known that for amorphous materials the surface energy may vary slightly 

all over the powder surface being lower on a flat surface for instance, thus IGC may 

provide data for just certain areas of the surface. However, since IGC present data for 

the high energy sites and these high energy regions may be linked with solid-solid 

interactions, for instance in the attachment of drug particles to a lactose carrier in a 

DPI formulation, this fact can be a benefit of the IGC technique. In addition, the fact 

that all these model drugs have been spray dried under similar conditions, may have 

impacted on the dispersive surface energy of the powders in study as it is possible 

that the similar processing method employed may have induced similar surface 

energies on the spray dried products.

These chapters allow concluding that by IGC it is possible to distinguish model drugs 

with different fiinction classes. Therefore, PVP has a stronger basic character than all 

the model drugs investigated in this project since it has Ke/Ka around 1 and thus, the 

maximum obtained for all the model drugs analysed. On the other hand PAA and SS 

particles are strongly acidic with Ke/Ka around O.I whereas PVA particles have
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lower degree of acidity than PAA and SS since their Kd/Ka is around 0.4. This 

variety on the physicochemical features of the model drugs was one of the requisites 

for their initial selection as model drugs.

Ultimately, with the objective of having a clearer idea of the correlation attained in 

Chapters 4 and 5 a graph was plotted using the highest and lowest values of 

dispersive surface energy obtained for each model drug PAA, PVA and SS (Table 

5.12) using exactly the same techniques of powder preparation (24 h post-blend and 

capsule storage). Figure 5.12 shows the relationship found and as it can be 

recognized there is a tendency for the FPF to decrease with increased dispersive 

surface energy (r^= 0.694), an evidence that can be made out not only from intra but 

also from inter batches data of different materials. This can be explained by higher 

adhesive and cohesive forces drug-carrier, drug-device and drug-drug respectively, 

related to harder detachment of the drug particles upon inhalation and thus leading to 

lower FPF.

Sa m p l e FPF 
MODEL DRUG 

(%)
(m J/m  )

PVA (B2) 34.9 37.7
3 days (6.9) (2.1)

PVA (B2) 36.5 33.1
9 days (0 .2) (0.4)

PA A (B l) 31.6 39.1
4 days (0.9) (2.1)

PA A (B l) 37.5 35.4
12 days (4 .3) (1.0)

PAA (B2) 34.3 40.3
4 days (1.3) (0.5)

PAA (B2) 38.0 36.3
12 days (1.7) (1.7)

SS I (B3) 29.5 40.4
2 days (3 .3) (0.7)

SS IV (B4) 35.5 32.8
14 days (0.6) (0.4)

Table 5.12. Summary o f the aerosol performance and dispersive surface energy o f

the model drugs investigated on this project. Values are mean (n=3) and (standard

deviation).
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fraction fo r  the model drugs investigated on this project. Values are mean (n=3) and 
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The results achieved on Chapter 4 and 5 proved that IGC is a sensitive method 

allowing the distinction of different surface energies from a range of pharmaceutical 

substances. These results also suggest the significance of the electrostatic forces on 

DPI systems. Although, as previously mentioned the electrostatic charges have not 

been measured in this project, the results attained propose their significance over a 

wide number of issues that control DPI powder behaviour and that should be 

investigated further. Therefore, it is essential to characterize the charge decay rates of 

the materials involved on the DPI formulation as well as the storage conditions (RH) 

that may influence the decay rates. The data achieved with the thermo-hygrometer 

are not conclusive possibly the storage conditions on gelatin capsules are more 

influential for the electrostatics behaviour. This investigation also indicates that when 

formulations were stored in hard gelatin capsules the water uptake may lead to a 

higher charge decay permitting to reduce the electrostatic forces and hence increase 

of the FPF.
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6. GENERAL DISCUSSION AND FURTHER WORK

6.1. GENERAL DISCUSSION

Dry powder inhaler formulations have been lately undertaking huge expansion for 

local and systemic treatment of diseases. These DPI formulations are composed by 

drug particles with aerodynamic diameters below 5 pm which are attached to carrier 

particles such as a-lactose monohydrate around 70 pm in size, to improve the flow 

properties since such drug microparticles are very difficult to disperse. Upon 

inhalation, drug particles are disconnected from the lactose carriers and go through 

the lower areas of the respiratory tract, whereas the carrier particles will be deposited 

in the oropharynx due to their high particle size. Consequently, the force of adhesion 

drug-carrier should be effectively strong to resist several stages of DPI formulation 

development and adequately fragile for a proper liberation of drug particles from 

lactose throughout DPI utilization. Consequently, an equilibrium among these two 

forces must be fulfilled. Despite all the efforts in order to optimise DPI systems these 

present a poor effectiveness, lower than 20% of FPF, probably related to an 

inadequate dispersion of drug particles from lactose upon inhalation (Shekunov et 

al, 2003). The surface energy on DPI formulations has become an important 

spotlight on the investigation of these systems since it has been assumed that drug 

microparticles will bond to lactose particles via the high surface energy regions at the 

powder surface.

The aim of this thesis was to correlate the surface properties of a range of model 

drugs with their deposition patterns maintaining constant the morphology of drug 

particles. By working with nearly constant morphology, it is intended that the contact 

area is constant for the different model drugs and hence, by excluding this factor any 

differences in the FPF are expected to be due to the surface energy. To achieve this 

aim different drug/polymers were employed as model drugs having similar 

morphology but a range of surface energies. The role of surface energy has 

previously been correlated with the FPF of drugs (Cline and Dalby, 2002; Feeley,
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2002; Sethuraman and Hickey, 2002; Jiang et al, 2005; Thielmann et al, 2006) 

however, a concordance in the results from these studies was not achieved to date 

being subject of ongoing research. In this project, TSI was selected for determining 

the in vitro aerosol deposition and Triamterene used as a UV marker for polymers at 

the concentration of 0.040% as these can not be directly assessed by UV 

spectroscopy. In addition, the same carrier lactose (Respitose® SV008) and DPI 

device (Aerolizer®) were utilized in all experiments performed. In addition, IGC was 

operated as the analytical technique to investigate the surface energy of the selected 

model drugs.

In Chapter 3 the focus was to produce model drugs with comparable morphology by 

spray drying using the SDMicro ™ spray dryer. A number of materials were spray 

dried using different process variables such as molecular weight, nature of the 

solvent, and inlet and outlet temperatures. Subsequent to the optimization of the 

process parameters on the SDMicro ™ spray dryer. Polyacrylic Acid (PAA), 

Salbutamol Sulphate (SS), Polyvinyl Alcohol (PVA) and Polyvinyl Pyrrolidone 

(PVP) were selected as model drugs as it was possible to reproducibly obtain 

particles with comparable morphology via spray drying using these materials. SEM 

was utilized to test particle morphology of the spray dried powders and spherical 

particles with a diameter of less than 5 pm were observed for the selected model 

drugs. On the other hand, the spray drying of polymers with high molecular weight 

such as Polymethacrylates (Eudragit S-100 and Eudragit E-lOO) and Poloxamer 338 

(Synperonic PE/F-108) has shown to lead to morphologies distant from spherical, 

smooth particles. Crumpled/buckled/collapsed morphologies were observed using 

these materials and mechanisms proposed by Sugiyama et al, 2006 and Vehring, 

2008 suggest an elucidation for such detected morphologies. Therefore, droplets of 

high molecular weight compounds are more predisposed to buckling and final 

particle morphology is also dependent of the characteristics of the shell that is 

formed at each droplet as evaporation takes place. Hence, if this shell does not permit 

a simple release of vapours during solid formation particles may finally disintegrate 

or misshapen. Toroid forms were in addition detected in a small number of particles 

of PVA and PVP batches and the mechanism behind this phenomenon is the 

fluctuation of droplet structure through atomization process resulting in “doughnut”
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shaped particles (Iskandar et al, 2003). In conclusion, in Chapter 3 it was possible to 

correlate the morphologies of a series of drugs/polymers with their molecular 

weights (Table 3.19) and in general materials with low molecular weigh such as SS 

and PAA lead to spherical particles much more easily than compared to materials 

with high molecular weigh such as Polymethacrylates and Poloxamer 338 where 

morphologies far from spherical were distinguished. Moreover, for PVP particles, 

another high molecular weight compound, buckling of particles was always present 

in all spray dried batches although a variety of forms could also be noticed according 

to the solvent utilized which in turn is related to the Tin and Tout used both of which 

having probably influenced the evaporation rate.

In Chapter 4 the aim was to investigate any correlation between the physicochemical 

properties of a sequence of four different spray dried SS batches with the aerosol 

performance preserving the morphology of the spray dried samples. IGC technique 

has allowed the following of physical aging of amorphous SS spray dried samples 

verified by the reduction of the dispersive surface energy values with time (Figure 

4.21) more evident for SS batches one, two and four. Structural relaxation of SS 

samples was noticed from both powder samples within the same batch and from 

different batches as well as Ka and Kd values variations with time were detected. 

Therefore, the data from this chapter has shown the evidence that the physical aging 

of amorphous SS does not occur in a regular mode and this process rate may be 

related to the exact storage conditions of the formulation. The plot of data from all 

the SS batches (Figures 4.20 and 4.22) suggests a general trend between the increase 

in dispersive surface energy and Ka and decrease in FPF. This means that the aerosol 

performance of SS particles enhances with reduced surface energy and acidic 

characteristics of their surfaces. In addition, dispersive surface energy values 

between 30-40 mJ/m^, gave a reproducible FPF between the range 25-40% 

suggesting that a clear difference on FPF values due to dispersive surface energy 

may be achieved using materials with larger disparity of surface energies. The trend 

accomplished in this chapter is in agreement with some published papers which 

claim to have reached similar theory (Feeley, 2002; Sethuraman and Hickey, 2002; 

Jiang et al, 2005; Thielmann et al, 2006). Actually, it is generally assumed that an
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increased surface energy is linked to an enhancement of the adhesive and cohesive 

forces within a DPI formulation.

Following the results from Chapter 4, Chapter 5 intended to confirm the trend 

obtained previously for SS and increase the diversity of the materials involved in the 

investigation so that wider variation on the dispersive surface energy numbers could 

be reached. Subsequent a sequence of preliminary experiments with PVP and PAA it 

emerged that leaving the post-blend formulation for around 24 hours and capsule 

storing had a major impact on FPF variation possibly due to a decrease in 

electrostatic forces during this time leading to more reliable data. This step was 

thereafter introduced on the methodology of preparation of powder blends in order to 

correlate the surface energy and FPF of the model drugs SS, PAA and PVA. Once 

more, the dispersive surface energy for the model drugs selected was very similar 

between the ranges 30-40 mJ/m^ and the same trend could be recognized. Generally, 

the FPF of all the model drugs decreased with increasing surface energy, a fact that is 

in agreement with the literature (Feeley, 2002; Sethuraman and Hickey, 2002; Jiang 

et al, 2005; Thielmann et al, 2006). The evidence that materials with different 

physicochemical properties present comparable dispersive surface energies might be 

explained by the fact that the assessment of surface energy at infinite dilution allow 

probes to interact mainly with the upper surface energy spots and hence the results 

are related to these regions and not the average of the entire surface energies of the 

sample. The combination of all data points using the highest and lowest values of 

dispersive surface energy obtained for each model drug PAA, PVA and SS (Table 

5.12, Figure 5.12) was made to conclude on the role of dispersive surface energy in 

deposition profiles. In general, the FPF of the model drugs have shown to decrease 

with increased dispersive surface energy (r^= 0.694) probably related to the higher 

adhesive and cohesive forces drug-lactose, drug-device and drug-drug respectively 

related to higher surface energy values a barrier to the disconnection of the drug 

microparticles from lactose carrier upon aerosolization and thus resulting in an 

inferior FPF.

In conclusion, this thesis has suggested that surface energy may play a major role on 

DPI formulations as it is implicated on DPI powder cohesion and adhesion hence.
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interfering with the deposition performance and therefore, possibly manipulating the 

pulmonary deposition of inhaled drug particles. This work supports the view that 

FPF of the model drugs decreases as the surface energy between drug and carrier 

particles increases related to a difficult dislodge between these two components of 

the DPI system. However, no linear correlation between FPF and surface energy was 

achieved suggesting that other factors apart from surface energy participate in the 

multifaceted development of DPIs formulations for instance the electrostatic forces. 

In a personal point of view there should be no linear correlation between surface 

energy and deposition patterns of therapeutic aerosols as the first parameter should 

be drug dependent, hence each model drug should have its own “ideal” surface 

energy for a superior in vitro aerosol performance. In terms of judgment of the 

results from this thesis in contrast to the ones of the research paper which spotlight 

this work (Cline and Dalby, 2002) the trend reached is opposed, however, this is 

explainable by considering the great differences on the methodology employed 

within these two parallel investigations. Thus, the high specificity of this work was to 

relate surface energy/FPF at comparable morphology an aspect which has not been 

covered before and applying the same medical device in all experiments performed 

hence, two variables which were not preserved for Cline and Dalby work. 

Ultimately, the complex mechanisms behind powder formulation require further 

investigation particularly the study of surface energetics of powders with greater 

physicochemical properties diversity.

6.2. SUGGESTED FURTHER WORK

This project has recognized several routes for fiirther work:

■ Work correlating the impact of the RH on electrostatic charge and DPI in 

vitro deposition. It has emerged that RH greater than 60% may either drop the 

electrostatic charges or enhance the capillary forces. Hence, further work is 

necessary to explore how the RH impact on charging events. Additionally, 

the aerosol performance assessment should be conducted at the same 

controlled RH using a glove box. Therefore, it would be interesting to study
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the relationship between in vitro DPI performance, electrostatic charge and 

RH for different model drug particles.

Investigate the impact of electrostatic charge in DPI formulations. Since 

throughout DPI systems fabrication and use electrostatic charging come 

across during several procedures it is important to quantify these electrostatic 

charges and relate them with their respective deposition performances.

Extension of the work around the correlation of surface energy of model 

drugs and DPI aerosol performance using materials with wider differences in 

the dispersive surface energy. Moreover, as the particle morphology has to be 

constant the use of micronized drugs/carriers could be employed and their 

surface properties manipulated to achieve surface energies variations between 

10-60 mJ/m^.
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