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ABSTRACT 

The current work focuses on the development and evaluation of techniques and 

models that can facilitate the development of solution based metered dose inhalers. 

These include an online reverse phase hplc method for analyte quantitation from 

propellant based pressurized metered dose inhalers. The technique {direct injection 

method) finds applications in determining solubility of compounds in aerosol 

propellants and can possibly be used for stability analysis. With the development of 

this technique it would be feasible to generate a solubility database in order to 

understand the physico-chemical factors affecting the solubility and also possibly 

predict the solubility of compounds in HFA 134a propellant. The regular solution 

theory based on solubility parameter approach was evaluated for this purpose by 

utilizing a set of 35 diverse compounds in HFA 134a. A new product performance 

evaluation tool; the Model 3320 series Aerodynamic Particle Sizer (APS) used in 

conjunction with Model 3320 Impactor Inlet was evaluated for analysis of solution 

metered dose inhalers. The Model 3320 APS series provides rapid aerodynamic size 

distribution data and coupled with Model 3306 Impactor Inlet allows for the chemical 

analysis of the Inlet port, 'respirable' mass and 'non-respirable' mass. It was shown 

that in order to obtain comparable results between the Model 3306 Impactor Inlet and 

the Andersen Cascade Impactor (ACI), an extension to the USP throat may be 

necessary. The solubility data generated by the direct injection method coupled with 

the ^respirable deposition' data generated using the APS 3320 series can be used to 

optimize the product performance of cosolvent based solution metered dose inhalers. 



CHAPTER 1 

INTRODUCTION 

1.1. Inhalation Drug delivery 

Delivery of drugs by inhalation aerosols has been a widely used route for treatment of 

bronchial and pulmonary diseases. Depending upon the intended use, it may be 

optimal for the drug to be deposited either in a localized area of the lung or 

throughout the lung. The most frequent use of inhalation therapy is for the treatment 

of obstructive airway diseases, such as asthma and chronic obstructive pulmonary 

diseases (COPD). Recently, the inhalation route has been investigated for the 

systemic delivery of drugs such as insulin. Due to the large surface area of the lungs 

(1-3) the delivered drug can be rapidly absorbed from the alveoli to the blood. The 

deposition pattern and dose of the drug in the lung depends on the product 

formulation and subsequent delivery characteristics. 

Three basic types of inhalation drug delivery systems are commercially available. 

These include: 

a) Nebulizers 

b) Dry Powder Inhalers (DPI) 

c) Metered Dose Inhalers (MDI) 

The present work focuses on metered dose inhalers (MDIs), which have been the 

mainstay of inhalation drug therapy since the 1950s. 



1.2. Metered Dose Inhalers 

Metered dose inhalers are aerosol-generating devices in which the generation of fine 

particles occurs explosively as the propellant containing the therapeutic substance 

disintegrates while passing out of the metering device at high velocity. MDIs 

represent a class of versatile, multidose inhalers, where the drug is formulated in a 

propellant mixture under pressure. The drug is expelled (by a valve), in a metered 

volume from the volatile mixture as the propellant evaporates. The configuration of a 

typical MDI delivery system is shown in Figure 1.1. It consists of four major 

components. 

a) A base formulation (drug, excipient, propellant etc.) 

b) A canister 

c) A metering valve 

d) An actuator (mouthpiece) 

1.2.1. Base formulation component 

The typical MDI formulation components are the drug substance, propellants and 

excipients (including surfactants and cosolvents). There are two types of MDI 

formulations: 

(i) Suspension formulations, in which the microparticulate drug is dispersed in a 

volatile propellant or a combination of propellants. A surface-active agent may be 
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included to ensure that the drug is well suspended and to help lubricate the metering 

valve. 

(ii) Solution formulations, in which the drug is either dissolved in a propellant or a 

combination of propellants, with or without an acceptable cosolvent. 

Propellants 

Pressurized meter dose inhalers were initially developed using chlorofluorocarbon 

(CFC)-based propellant systems (Figure 1.2(a)). However, CFCs have been known to 

contribute to the depletion of stratospheric ozone and are therefore being phased out as 

propellants for metered dose inhaler systems (Montreal Protocol, 1987). Alternative 

propellants have been developed and accepted as replacements to CFCs, the principle 

amongst them being HFA 134a (1,1,1,2-tetrafluoroethane) and HFA 227 (1,1,1,2,3,3,3-

heptafluoropropane). While these new hydrofluoroalkane propellants (Figure 1.2(b)) 

appear environmentally advantageous as propellant systems, their physical properties 

are significantly different than the traditional CFCs (Table 1.1). 

Excipients (Surfactants and cosolvents) 

Most current CFC-containing MDIs are formulated using micronized or spray dried 

drug particles held in suspension. Surfactants are required both to maintain the 

disperse nature of the drug (in suspension formulation) and to provide lubrication for 

operation of the metering valve. Surfactant molecules interact with each other, with 



drug particles, and with the propellant to stabilize drug particles in a predominantly 

nonpolar propellant environment (1). Oleic acid, sorbitan mono-oleate (Span 80), 

sorbitan tri-oleate (Span 85) and phosphatidyl lecithin choline are the commonly used 

surfactants in CFC based MDIs. The concentrations of the surfactants used are 

typically around 0.1 %w/w but sometimes they are as high as 2 %w/w (2-3). 

However, these surfactants have poor solubility in the HFA propellants (4). As a 

result, the new HFA-based MDIs products are being developed as solution 

formulations (5-7). The first of these to gain approval in the United States was 

QVAR®, which contains beclomethasone dipropionate in HFA-134a, with ethanol 

used as a cosolvent. Ethanol is the most common cosolvent used in solution MDIs (8-

13). 

1.2.2. Canister 

There are essentially two types of containers that are currently used for MDI 

products; aluminum, or glass, which is typically laminated or plastic coated so that it 

can withstand high pressure. The former is generally preferred and much more widely 

used because they are lighter, robust, and impervious to light. A variety of can 

finishes (internal and external) are available. These are typically either epoxy or 

epoxy-type resins (3) or the more recent, fluoropolymer coatings. They assist in 

conferring a more aesthetic appeal to the product or minimize drug adhesion to the 



canister walls. However, in some cases the inert nature of glass containers makes 

them a more suitable choice for use in solution formulations. These containers are 

sufficiently robust to withstand internal pressure of up to 150 psig without 

deformation. 

1.2.3. Metering valve 

The metering valve is a critical component in the design of an effective MDI delivery 

system. The main function of a metering valve is to deliver a reproducible and fixed 

amount of the liquid phase of the formulation in which the medication is either 

dissolved or dispersed. The valve also forms a seal atop the canister to prevent loss of 

the pressurized contents. The valves generally comprise at least seven components 

(Figure 1.3) that are constructed from a variety of inert materials. Typical materials of 

construction are acetal or polyester for the valve body, stainless steel or acetal for the 

valve stem, generally anodized aluminium for the ferrule, and butyl, nitrile, or 

neoprene for the elastomers used in the seals and gaskets (14). 

Usual valve volumes range from 25 to 100|a,l, although larger volumes are available. 

These valves are essentially designed to work in the inverted (stem down) position. 

Depression of the valve stem allows the contents of the metering chamber to be 

dispensed through the orifice in the valve stem. After actuation, the metering chamber 

refills from the bulk liquid formulation, once the metering chamber is sealed from the 



atmosphere and is ready lo dispense the next dose. This is essential; otherwise, 

continuous spray would be achieved. The accuracy of the dosing is dependent on the 

selection of suitable components within the valve that shows compatibility with the 

formulation and the design of a physically stable formulation. 

1.2.4. Actuator (Mouthpiece) 

The actuator is frequently the most visible part of the MDI. Its function is to make 

actuation of the valve easier, direct the spray into the patient's mouth, and provide the 

orifice through which the metering valve discharges its spray. The actuator of a MDI 

is generally constructed from a range of polyethylene or polypropylene materials by 

injection-moulding techniques. The diameter of the jet orifice in the actuator plays a 

crucial role in determining the rate of spray formation and thus, the aerosol cloud 

generated after depression of the valve stem (12). To ensure that this critical orifice 

does not become partially blocked during repeated use of the actuator, regular 

washing of the actuator is recommended (15). The common design of actuators is the 

classic 'L' shape (16) although a variety of spacer and extension types of 

mouthpieces have also been developed. These devices aid patient coordination by 

allowing them to actuate into the reservoir and then subsequently to inhale from the 

resulting cloud. 
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1.3. Aerosol generation from propellant driven metered dose inhalers 

Metered dose inhalers consist of an active ingredient, either in solution or suspension 

in high vapor pressure propellants. The product is emitted through an orifice from a 

metering valve of known volume by means of an actuator. The aerosol cloud 

delivered from a MDI consists of a collection of evaporating droplets moving at high

speed (17). At the spray orifice, the droplets can be as large as 30-40|_im, and they can 

be moving at velocities of 30-60 m/s (18). Droplet formation is significantly 

influenced by the vapor pressure of component propellants and by the presence of 

solids, surfactants, or cosolvents in the system (19-20). The vapor pressure of the 

propellant equilibrates with the atmospheric pressure as the metering chamber of the 

valve is opened to the environment by depressing the valve stem using the actuator, 

as shown schematically in Figure 1.4 (12, 21). 

The equilibration with atmosphere results in rapid propulsion of the contents of the 

metering chamber through the actuator orifice with concurrent evaporation of the 

propellant. Once the droplets are formed, the plume begins to expand (16). As the 

plume moves away from the spray orifice and into the respiratory tract, the droplets 

evaporate and the cloud slows down. This highly dynamic behavior of the aerosol 

cloud produced from the MDI poses challenges in the prediction of their in vivo 

performance. The performance and efficacy of MDIs is linked to the size of the 

aerosol droplets, the distribution, and the plume pattern. The initial droplets size, 

spray angle and velocity contribute to the plume pattern. Hence, the formation of 
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droplets in a size range suitable for delivery of drugs to the lungs is the critical aspect 

for the success of MDI delivery systems. 

1.4. Evaluation of Metered Dose Inhalers 

Drugs administered via the airways can have local as well as systemic effects. The 

extent of drug absorption from the lung depends on the deposition and distribution of 

the aerosolized drug in the airways. As a result, the relationship between a MDI 

product's physical performance and its clinical safety and efficacy is of primary 

importance in the MDI product development strategy. The development, optimization 

and approval of MDIs involve evaluation of mass output, particle size distribution, 

regional deposition and delivery of the active ingredient to the desired site (target 

tissue). When considering the performance of a MDI, the first important in vivo 

parameter is the total dose that reaches the patient (a measure of the total drug 

exposure to the body, and hence safety). In principle, this can be measured in vitro by 

using simple filter techniques. The second important in vivo parameter is the 

deposition pattern of the inhaled dose in the airways (a measure of the drug 

distributed between the pharmacologically active and nonactive sites, and hence a 

measure of safety and efficacy). Due to the effects of breathing patterns and peak 

flows on aerosol generation, it is difficult to obtain a valid in vivo prediction of the 

deposition pattern. Therefore, a surrogate measurement is used for the in vitro 

laboratory tests. 
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Deposition patterns in the human airways are controlled by three major factors: 

airway geometry, the aerodynamic particle size distribution of the inhaled aerosol and 

the inhalation flow rate at which it is inhaled. Of these, the first is subject specific and 

the latter two can be characteristics of a delivery device/formulation. The particle size 

is a characteristic of the delivery device/formulation because the device is generating 

the aerosol that is being inhaled. The inspiratory profile is also a characteristic of the 

delivery device/formulation because the resistance properties of the device can and 

does influence the inspiratory flow. Of these two factors, the aerodynamic particle 

size is used as the "surrogate" for deposition. In addition, the effect of the device on 

the inhalation profile and the interaction of the dynamics of the aerosol with the 

airways are also taken into account when carrying out in vitro product performance 

tests. As a result, a variety of approaches are used to determine delivered dose and 

aerosol size distributions. The in vitro particle size distribution data in turn depend on 

the particular apparatus used to measure them. In most cases, therefore, deposition 

estimates are made from correlations relating the fraction of the inhaled aerosol in the 

particular size range, with the potential to penetrate and deposit in the lungs and then 

subsequently, to actual deposition values determined by scintigraphy or 

pharmacokinetics. This aerosol fraction is usually referred to as the fine particle 

fraction, or respirable mass, and is discussed in more detail below. The following 

section describes the popular techniques and methods used for aerosol 

characterization. 



1.4.1. Aerosol Size 

The most important physicochemical parameter influencing the deposition of aerosol 

from MDIs is the particle or droplet size. There are many ways to describe the "size" 

of an aerosol particle. It may be described by its longest dimension or by a sphere of 

equivalent volume. It may also be described by its light scattering properties or by the 

way it behaves in an airstream. From a deposition perspective, it is the inertial 

behavior of the particle in an airstream that defines how and where it will deposit. 

This characteristic diameter is known as the aerodynamic diameter, and is the 

characteristic diameter that is normally measured for inhalation aerosol products. It is 

defined as the diameter of a sphere of unit density, which has the same settling 

velocity in air as the aerosol particle being measured. Mathematically this is 

dae ~ dp Pp 

Where dae is the aerodynamic diameter, Pp is the particle density, and dp is its physical 

diameter. For a sphere, dp is the sphere's diameter; for an irregular particle, dp will 

depend on particle shape. By definition, a water droplet with density of 1 g/cm will 

have the same aerodynamic and physical diameter. It is the aerodynamic size 

distribution, which is measured as the in vitro surrogate for inhalation aerosols. 

1.4.2. The Log-Normal Distribution Function 

Aerosols generally consist of particles or droplets with a range of sizes. It is 

advantageous to describe these size distributions by distribution functions. Many 



functions are in use (22); however, it is the lognormal distribution that is generally 

used to describe inhalation aerosols. Mathematically, this is described by the function 

1 (\nd„-\nd)^ 
df =-j= exp{ —} d \ n d p  

V2ninf7g 2(ln£7g)^ 

Where Og is the geometric standard deviation (GSD), which represents the width of 

the distribution, dp is particle diameter, and d is the median diameter (50% of the 

particles have larger and 50% have smaller diameters). The distribution can be 

expressed in particle number terms, in which case the median diameter is the count 

median, or particle mass, in which case it is the mass median diameter. Thus, the 

median of the distribution of mass is called the mass median diameter (MMD), to 

distinguish it from the count median diameter (CMD). The latter is the particle size 

for which half the total number of particles are larger and half are smaller. The MMD 

is defined as the diameter for which half the mass is contributed by particles larger 

than the MMD and half by particles smaller than the MMD. It is the diameter that 

divided the graphical representation of the distribution of mass into two segments of 

equal area. The mass median of the distribution of mass with respect to aerodynamic 

diameter is called mass median aerodynamic diameter (MMAD). Graphs for this 

distribution are constructed by plotting frequency or fraction versus aerodynamic 

diameter. 
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In MDI drug delivery, it is the mass of drug at a particular deposition site (or, more 

correctly, the concentration of drug at a particular site) that is important. It is 

therefore the mass median aerodynamic diameter (MMAD) and the associated 

geometric standard deviation (GSD) that are usually used to describe pharmaceutical 

aerosol size distributions. The GSD is a dimensionless quantity with a value equal to 

or greater than 1.0. 

1.4.3. Respirable Fraction or Fine Particle Fraction 

Inhaled particles may deposit in the various regions of the respiratory system by the 

complex action of five deposition mechanisms (24). The most important of these 

mechanisms are impaction, settling, and diffusion; interception and electrostatic 

deposition are only important in certain situations. The combined deposition of 

particles in all regions of the respiratory system is called the Total deposition. It is 

usually determined experimentally, under controlled conditions, by measuring the 

concentration of inhaled and exhaled monodisperse test aerosols. 

Due to the highly dynamic nature of inhalation aerosols, particle deposition calculated 

from in vitro size distributions and mathematical lung models is often erroneous. For 

this reason, and to simplify data interpretation, respirable fraction (RF), fine particle 

fraction (FPF), fine particle dose, repirable dose, respirable mass are often used to 

describe the quality of an inhalation aerosol. The respirable fraction (RF) or fine 
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particle fraction (FPF) refers to that fraction of an aerosol that is in a size range with 

a potential to penetrate and deposit into the airways. The respirable deposition (RD) 

or fine particle deposition (FPD) refer to the mass of drug in the potential deposition 

size range. This classification represents the particle size-selective sampling, which 

refers to sampling a subset of the airborne particles on the basis of their aerodynamic 

size. The subset is chosen to select those particles that can reach a particular region of 

the respiratory system and potentially deposit there. Other sizes are excluded from the 

sample. Respirable sampling uses a mechanical device upstream of the sampling filter 

to aerodynamically remove those particles which are "nonrespirable". The non-

re spir able fraction refers to the fraction of particles which are unable to reach the 

alveolar region of the lung. The respirable mass of the aerosol is then estimated by 

gravimetric analysis of the fraction of aerosol plume that passes through the device, 

or pre-collector. This approach is called respirable sampling, respirable mass 

sampling or size-selective sampling. 

Unfortunately, the particle cut-off that separates respirable from nonrespirable 

particles is not sharp, but extends gradually over the range of 2-10|J,m. The particular 

size ranges chosen can vary greatly, and are usually defined more as a matter of 

experimental convenience than as an exact representation of the fraction of the 

aerosol that would deposit in the lung. For example, a value corresponding to a 

particular cut-off diameter for the cascade impactor (which is being used to measure 
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size distribution), may be chosen (RF4.7^in for stage 3 of the Andersen Cascade 

Impactor). Although somewhat arbitrary, the diameter ranges are loosely based on the 

1 to 5)im aerodynamic size range, believed to be capable of greatest penetration into 

the intermediate and peripheral lung. However, the respirable fraction may vary in 

range from as small as 0.5-3|im to as large as l-10|im, depending upon the purpose 

for which it is being used. In general, respirable fraction and non-repsirable fraction 

serve as a relative measure of aerosol quality and are used as the independent 

variable, in in vitrolin vivo deposition correlations. 

1.4.4. In Vitro Aerosol Characterization Techniques 

1.4.4 (a). Inertial Impaction 

The inertial behavior and aerodynamic properties of an inhalation aerosol govern the 

deposition profile of the aerosol within the airways. As a result, inertial separation 

methods are considered as the "standard" for in vitro characterization of inhalation 

aerosols. Although there are a variety of ways for achieving inertial separation into a 

sizing instrument, the cascade or multistage versions of the jet and impaction plate, 

have proven to be the most efficacious. In the inertial impaction technique, the 

airflow carrying the aerosol is directed by a jet, or nozzle, at an impaction plate. The 

impactor plate deflects the flow to form an abrupt 90° bend in the streamline. 

Particles whose inertia exceeds a certain value are unable to follow streamlines and 

collide (impact) on the flat plate. Finer particles with less momentum follow the flow 



lines more easily and pass the plate without impacting. They remain airborne and 

flow out of the impactor. Thus, an impactor separates aerosol particles into two size 

ranges: particles larger than a certain aerodynamic size are removed from the 

airstream, and those smaller than that size remain airborne and pass through the 

impactor. By carefully controlling the flow rate, or air velocity, impinging on the 

plate and geometry of the collecting plate itself, a precise aerodynamically size-

selective instrument can be produced. When a size distribution is required, a 

"cascade" of jets and impaction plates are employed. Each successive stage is 

designed to increase the velocity of the airstream emanating from the jets so that 

particles with successively less and less mass, or smaller and smaller aerodynamic 

diameters are impacted out. In practice, because of the limitations of stage geometry, 

the capture efficiency of an impactor stage varies with particle diameter and usually 

exhibits a sigmoid nature. Impactor stages are therefore defined by their dso or 

"cutoff diameters, i.e. the aerodynamic diameter for which the probability of capture 

is 50%. The most common cascade impactors used for product performance testing of 

MDIs include the Andersen Cascade Impactor, Multi-Stage Liquid Impinger and 

Marple-Miller Impactor. 

The Andersen Cascade Impactor (1 AFCM Non-Viable Ambient Particle Sizing 

Sampler, Graseby-Andersen Inc., Smyrna, GA), originally developed for 



environmental monitoring, is the most widely used impactor for product performance 

analysis of MDIs (Figure 1.6). It is a stacked impactor, operating at an airflow of 1 

ft^/min. or 28.3 L/min. It consists of eight stages and separates the sample aerosol into 

nine size intervals when used with a backup filter after the last impaction stage. 

Stages 0 and 1 have integral air inlet sections that contain 96 orifices arranged in a 

radial pattern. Stages 2 through 6 have integral air inlet sections that contain 400 

orifices arranged in a circular pattern and stage 7 contains 201 orifices arranged in 

circular pattern. The orifices get progressively smaller from 0.1004" diameter on 

stage 0 to 0.0100" diameter in stage 7. Each stage has a removable stainless steel 

(3.25" diameter) collection plate. The top two stainless steel collection plates have 

7/8" holes in the center to allow airflow through the center also. Stage 0 is an orifice 

stage only and last stage (filter) is a collection stage only. 

Most cascade impactors do not give data in real time. After inertial separation of the 

particles within these instruments, it is necessary to quantify the amount of drug in 

each of the size fractions in order to derive an aerosol size distribution. This is usually 

performed by chemical assay for drug substance and may entail a variety of analytical 

techniques. However, it is important that drug substance is assayed, because most 

pharmaceutical aerosols contain excipients and the distribution of the drug and 

excipients will not necessarily be uniform and in equal proportions across the entire 
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size distribution. When multi-stage cascade impactors are used, the entire process is 

time consuming and labor intensive. 

1.4.4. (b) Light scattering techniques 

The inertial cascade impaction is the "standard" for characterization of 

pharmaceutical aerosols. However, a number of other characterization techniques are 

also becoming more popular. The two most popular are the laser diffraction technique 

and the single particle aerodynamic sizer. 

1.4.4. (b)(i) Diffraction Analyzers 

In a diffraction analyzer, the aerosol droplets are illuminated with a monochromatic, 

spatially expanded laser beam. The resulting far-field diffraction pattern produced by 

the droplets is a function of their size distribution. Larger droplets scatter light at 

small angles; small droplets scatter light at high angles. With the aid of mathematical 

techniques, the diffraction pattern can be analyzed and inverted to produce the size 

distribution of illuminated droplets. The advantages of this technique are that it is 

extremely quick and requires no chemical assay (23). 

1.4.4. (b)(ii) Single particle counters 

A number of single-particle counting instruments have also been used for 

pharmaceutical aerosol characterization. The most popular of these are the time of 

flight instruments (24-25). Time of flight instruments can provide real-time, high-



resolution measurements of aerodynamic particle size and size distribution over a 

6 2 wide size range. As shown in Figure 1.7, air is accelerated (> 10 m/s ) in a 

converging nozzle to a high velocity (> 100 m/s) at the nozzle exit. Two narrowly 

focused laser beams are positioned in the jet approximately lOOfim apart. Particles, 

focused into the center of the jet by the clean sheath air, are accelerated by the airflow 

in the nozzle. Small particles less than 0.3 ja,m can keep up with the acclerating air in 

the nozzle and exit with approximately the same velocity as the air. As a particle 

passes through the first laser beam, it creates a very brief (< Ijis) pulse of scattered 

light that is detected by a photomultiplier tube. A similar pulse is generated when the 

particle passes through the second beam. The time interval between the two pulses is 

sensed electronically and then used to determine the average velocity of the particle 

as it passes through the timing zone-the space between the two laser beams. Large 

particles accelerate more slowly than the air, and have not yet reached their final 

velocity (the air velocity) when they pass through the timing zones. The larger or 

heavier the particles, the more it lags behind the air and, the lower its velocity in the 

timing zone. With suitable calibration, the particle's aerodynamic diameter can be 

determined from the magnitude of the lag. This is done electronically, and the particle 

size and size distribution are determined nearly in real time. One of the most 

extensively evaluated time of flight instruments used for size distribution and particle 

concentration analysis, is the Model 3320 series Aerodynamic Particle Sizer (APS, 

TSI Inc., St. Paul, MN) (26-31). To measure MDI aerosol with the APS, the Model 



3306 Respirable Impactor Inlet (RI, TSI Inc.) must be used in conjunction with the 

APS in order to capture the emitted aerosol for measurement. 
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Figure 1.1. Schematic of a metered dose inhaler (MDI) drug delivery system. 
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Figure 1.2 (a). Common chlorofluorocarbon (CFC) propellants. 

(i) Trichlorofluoromethane (CFC-11) 
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(ii) Dichlorodifluoromethane (CFC-12) 
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Figure 1,2 (b). Common hydrofluoroalkane (HFA) propellants. 

(i) 1,1,1,2-tetrafluoroethane (HFA 134a) 
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(ii) 1,1,1,2,3,3,3-heptafluoropropane (HFA 227) 
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Table 1.1. Physical properties of CFC and HFA propellants. 
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Propellant Vapor pressure Boiling Point Density 

(psig at 20°C) (°C) (gm/cm^) 

CFC-11 -1.8 23.7 1.49 

CFC-12 67.6 -29.8 1.33 

CFC-114 11.9 3.80 1.456 

HFA 134a 81.0 -26.5 1.21 

HFA 227 58.0 -17.3 1.41 
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Figure 1.3. Schematic of a metering valve. 
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Figure 1.5. Ineitial impaction. 



Figure 1.6. Andersen Cascade Impactor. 
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Figure 1.7. Schematic diagram of time of flight instrument. 
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Chapter 2 describes the comparison of the TSI Model 3306 Impactor Inlet with the 

Andersen Cascade Impactor, as a product performance evaluation tool for testing 

solution MDIs. 

Chapter 3 shows the influence of formulation variables including the drug 

concentration and cosolvent (ethanol) concentration on the product performance 

characteristics; in order to optimize cosolvent based solution MDIs. 

Chapter 4 introduces the development of a new method to determine the solubility of 

compounds in propellant based pressurized metered dose inhalers. 

Chapter 5 describes the validation of the new direct injection method for quantitation 

of compounds in propellant-based MDIs. 

Chapter 6 extends the application of the new direct injection method for determining 

the solubility of compounds in propellants and the comparison of the new method 

with an existing method for solubility determination. 

Chapter 7 investigates the factors affecting the solubility of compounds in the 

propellant hydrofluoroalkane 134a (1,1,1,2-tetrafluoroethane). 
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CHAPTER 2 

EVALUATION OF A NEW SYSTEM FOR PRODUCT PERFORMANCE 

TESTING OF SOLUTION METERED DOSE INHALERS 

2.1, Introduction 

Product performance testing is a standard method used to characterize pharmaceutical 

aerosols such as MDIs. Traditionally this has been done using cascade impactors such 

as the Andersen Mark-II Cascade Impactor (Thermo-Andersen Inc., Smyrna, GA) or 

the Marple-Miller Cascade Impactor (MSP Corp., Minneapolis, MN). While the ACI 

is often considered the 'standard', testing using the ACI (or any cascade impactor) is 

labor and solvent intensive. It would thus be valuable to have a method that is more 

efficient for testing MDIs, especially at early stages of development. The Model 3306 

Impactor Inlet provides a sampling arrangement similar to that of the ACI, since both 

utilize the same USP (U.S. Pharmacopoeia) inlet. The notable difference is that the 

Impactor Inlet classifies the aerosol using a single stage impactor with a cutoff point 

of 4.7)im aerodynamic diameter (at a flow rate of 28.3 L/min) instead of using 

multiple impaction stages. Figure 2.1 shows the flow schematic of the Model 3306 

Impactor Inlet. Chemical analysis of the Impactor Inlet allows for characterization of 

the 'non-respirable' drug mass (particle mass greater than 4.7j_im) as well as 

'respirable' drug mass (defined as material with aerodynamic diameters less than 
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4.7jLim). The 'non-respirable' drug mass collects on the impaction plate while the 

'respirable' drug mass collects on the filter. The present study compares the mass 

distribution obtained using the ACI with the Model 3306 Impactor Inlet as provided 

by the manufacturer and with 20cm and 40cm custom extensions. Figure 2.2 shows 

the Model 3306 Impactor Inlet without an extension (0cm) as well as with 20cm and 

40cm vertical extensions. Previous studies have suggested the need for extensions 

after the USP throat (29,32). This study investigates this need further. 

2.2. Experimental Methods 

2.2.1. Materials 

The pressure resistant glass aerosol vials, 50mcl Spraymiser™ valves, QVAR™ 

actuators and beclomethasone dipropionate (BDP) used in this study were provided 

by 3M Drug Delivery Systems (St. Paul, MN). 1,1,1,2-Tetrafluoroethane (HFA 134a; 

Dymel® 134a) was obtained from DuPont Chemicals (Wilmington, DE) and ethanol 

(200 proof) from Aaper Alcohol and Chemical company (Shelbyville, KN). All the 

other solvents were obtained from Aldrich chemical company (Milwaukee, WI) and 

were used as received. 

2.2.2. Formulations 

Nine solution MDIs containing various BDP and ethanol concentrations were 

prepared in pressure resistant glass vials. MDIs were formulated with varying 



amounts of BDP and ethanol (Table 2.1). It was not possible to investigate the high 

drug concentration (0.8 %w/w) at the 5% and 10% ethanol concentration due to 

solubility limits. Likewise, it was not possible to evaluate the medium drug 

concentration (0.4 %w/w) at 5% ethanol concentration. For all the formulations 

prepared, BDP and ethanol (200 proof) were directly weighed into pressure resistant 

glass vials. Vials were sonicated until a clear solution was obtained. The "cold fill" 

technique was used to fill the vials with HFA 134a. In this technique, cold 

temperatures (-50°C to -70°C) are applied in order to liquify all the propellant (21, 

p.300). The propellant was then filled volumetrically into the canister and the valve 

was crimped into place. Each of the vials prepared by this method were immediately 

TM 
crimped with 50mcl Spraymiser valves (3M Drug Delivery Systems, St. Paul, MN) 

using a small scale bottle crimper (Model # 3000B, Aerotech Laboratory Equipment 

Company, Maryland, NY). Vials were inspected with a laser tyndall beam in order to 

make sure that all the components in the vial were in solution. 

2.2.3. Product performance characterization 

The in vivo deposition studies being tedious and costly, its long been attempted to 

relate the drug particle size and mass output from the MDIs to the in vivo deposition 

efficiency. Laser based, time of flight instruments (TOP) such as the Aerodynamic 

Particle Sizer -Model 3320 series (APS, TSI Inc., St. Paul, MN) coupled with the 

Model 3306 Impactor Inlet has recently been shown to be very cost effective and less 



cumbersome for the product performance characterization of MDIs (24-33). The 

Model 3320 APS series, provides rapid aerodynamic size distribution data and, 

coupled with the Model 3306 Impactor Inlet, allow for the chemical analysis of the 

Inlet port, 'respirable' mass and 'non-respirable' mass. The Model 3306 RI has been 

used in this study to evaluate the product performance characteristics of the solution 

MDIs. The Model 3306 Impactor Inlet as supplied by the manufacturer does not come 

with an extension. The product performance of solution MDIs was evaluated using 

the Model 3306 Impactor Inlet in 3 different configurations; as supplied by the 

manufacturer, with a 20cm extension, and with a 40cm extension. The USP throat 

was coupled with the Model 3306 Impactor Inlet and the vertical extensions (20cm 

and 40cm) were interfaced between the Impactor Inlet and the USP throat. 

The dispersion of the drug from the MDI is divided into the following general 

collection areas for the APS; the MDI valve stem, the actuator, the USP induction 

port, the extension, the impaction plate (having cutoff diameter of 4.7|lm), and the 

filter. Less than 1% of the aerosol penetrating through the USP inlet is sampled 

isokinetically and drawn into the Model 3320 APS for particle size measurement (29-

31). The remainder of the aerosol passes through the single-stage impactor with a 

4.7|im cutpoint, which allows for the chemical analysis of the 'respirable' and 'non-

respirable' fractions. The amount of the drug deposited on the valve stem and the 

actuator is the amount of drug not available for delivery to the patient. The amount of 



drug inside the induction port, the extension (if any), and the impaction plate provides 

insight into the amount of drug that is likely to be deposited in the oropharynx region 

of the patient. The amount of drug deposited on the filter provides insight into the 

mass of the emitted aerosol likely to penetrate into the patient's lung. Historically, 

particles with an aerodynamic diameter less than 4.7fxm have been defined as 

'respirable' particles. 

2.2.4. Sample collection 

Prior to each measurement, the stages of the ACI and the components of the Impactor 

Inlet were thoroughly cleaned with methanol and dried in a stream of dry air. The 

same QVAR™ actuator was used for all the testing. For each experiment in the series, 

the sample vial was actuated five times in order to prime the valve and the stem of the 

valve was subsequently cleaned with the mobile phase (70:30-ACN: Water). The 

valve stem and actuator were then dried with a stream of dry air and the vial was 

fitted to the clean actuator. The flow rate through the ACI and Impactor Inlet was 

adjusted to 28.3L/min using a flow meter (TSI series 4000). Triplicate analyses were 

done using each vial for the ACI and Impactor Inlet experiments (0cm, 20cm and 

40cm extensions). After collecting the sample, the valve stem and the actuator were 

quantitatively rinsed with the mobile phase for chemical analysis. 



For the ACI, the valve stem, actuator, USP throat, stages 0-7 and the filter were 

rinsed with known volumes of the mobile phase and the amount of drug present on 

each stage was determined by HPLC assay. The 'non-respirable' mass for the ACI 

tests was defined as the sum of the mass analytically determined on stages 0, 1 and 2. 

The 'respirable' mass for the ACI was defined as the sum of the mass analytically 

quantitated on stages 3 through the filter (this corresponds to particles with 

aerodynamic diameters less than about 4.7 |im - the same size used to define the 

'respirable' mass for the APS tests). 

Chemical analysis of the Impactor Inlet consisted of the valve stem, actuator, USP 

throat, the 20cm or 40cm extension, impactor plate and the filter. The MDI assembly 

was coupled with the Impactor Inlet and the vial was actuated 5 times during the APS 

data collection period of 40 seconds. Chemical analysis of the drug on the USP 

throat, extensions (20cm or 40cm), impactor plate and the filter were performed by 

dissolving the drug present on each component using known volumes of the mobile 

phase. The drug on the impaction plate was recovered by wiping the impaction plate 

several times with a cotton tipped swab that had been dipped in the mobile phase and 

then placing the cotton tip in the mobile phase for 5 min, in order to dissolve the 

residual drug from the cotton tip. Similarly, the filter (47mm glass fiber filter, Gelman 

Laboratory, Ann Arbor, MI) was rinsed thoroughly with the mobile phase. After 

collecting the samples, the entire assembly was thoroughly rinsed with methanol and 
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dried in a stream of dry air. A new filter was used for each measurement. The 

impaction plate and the filter samples were filtered with 0.2iim Acrodisc© filters 

(Gelman Laboratories, Ann Arbor, MI) prior to analysis. 

2.2.5. HPLC Assay 

The HPLC system consisted of a Waters 2690 separation module (Waters, Milford, 

MA) coupled with a Waters 996 Photodiode array (PDA) detector. Sample analysis 

was performed by a reverse-phase HPLC assay, using a 150 x 4.6mm, 5|im Apollo 

C18 column, maintained at ambient temperature. Acetonitrile;Water (70:30) was used 

as the mobile phase, at a flow rate of 0.8mL/min with an injection volume of 50)0.1. 

Ultraviolet detection was done at 240nm and the retention time was 2.7 minutes. 

Quantification was done based on peak area, using a standard curve prepared daily. 

The HPLC system suitability tests verified that the reproducibility of the system was 

adequate for each analysis performed. 

2.3. Results 

In order to isolate and compare the drug deposition for each instrument and 

configuration, the results of the chemical analysis of the ACI, Impactor Inlet 

components, and inhaler components are reported as the percent of total drug 

recovered for each test. The total recovery of BDP for all the MDIs was within 10% 

of the theoretically expected total for each test based on the concentration of drug in 



the formulation and the valve delivery. Results of the chemical analysis for the APS 

are reported for 3 different configurations (as supplied by the manufacturer (0cm 

extension) and using 20cm and 40cm extensions) and are compared directly to those 

obtained from ACI testing. The BDP recovered on the valve stem was minimal and 

will be ignored in this analysis. 

Actuator: The average BDP recovered on the actuator, along with the standard 

deviations, is shown in Table 2.2. The values are reported as the percentage of total 

drug recovered and are averages of three replicates. Actuator recoveries remained 

nearly constant at 18.8% ± 1.4% for the various solution MDIs. No significant 

differences between actuator deposition were observed between the ACI and Model 

3306 Impactor Inlet configurations. 

Throat: The wide range of formulations gave throat depositions from 15% to 50%. 

Figure 2.3 shows the throat deposition relationship between the ACI and the three 

configurations of the Model 3306 Impactor Inlet. The results obtained with the 

various APS configurations were highly correlated to the results from the ACI results 

(r^ > 0.95) and with slopes near unity (1.0 ± 0.017). 

Extensions (20cm and 40cm): Drug deposition on the vertical throat extensions on 

the Model 3306 Impactor Inlet was characterized to ensure there was not significant 
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drug deposition on the extensions. For the 54 different experiments conducted using 

the 20cm and 40cm extensions, only 4 experiments had quantifiable BDP amounts 

recovered from the extensions. In all cases the drug deposition on the additional 

extension length was less than 1.1% of the total drug delivered and can therefore be 

reasonably ignored. 

Impactor Inlet plate deposition: The BDP collected on the single-stage impaction 

plate (with a 4.7|im cutpoint) is defined as the 'non-respirable' mass. For comparison 

with the ACI, the combined recoveries on stages 0 through 2 is taken to be equivalent 

to the recovery on the single stage impaction plate. Figure 2.4 shows the percent of 

total BDP recovered on the impaction plate for the three configurations of the Model 

3306 Impactor Inlet (0cm, 20cm and 40cm) and the combined recoveries of the ACI. 

From Figure 2.4 it is evident that the 'non-respirable' mass is systematically lower for 

the ACI than for the various APS Impactor Inlet configurations. The greatest 

divergence is for the APS configuration that does not have a vertical extension. The 

difference in the 'non-respirable' mass for the Impactor Inlet without the extension 

(0cm) and the ACI is on average 8% higher. As the Impactor Inlet extension length is 

increased, the 'non-respirable' mass obtained from the APS approaches that obtained 

from the ACI testing. The difference between the plate recoveries for the ACI and the 

Impactor Inlet with the 20cm extension and 40cm extensions are on average of 4% 
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and 2%, respectively. The smallest deviation between the two systems occurred for 

the formulation containing 5% ethanol. 

Respirable Deposition: The portion of the aerosol passing through the 4.7(im 

cutpoint impactor stage and collecting on the filter of the Model 3306 Impactor Inlet 

is defined as the 'respirable' deposition. For the ACI, total drug recovered on stages 3 

through 7 and the filter is considered to be 'respirable' in this analysis. Figure 2.5 

shows the 'respirable' deposition for the ACI and the three Impactor Inlet 

configurations. For the formulations tested, filter deposition ranged from 20% to 

60%. There was no statistical difference between the 'respirable' mass for the three 

Impactor Inlet configurations and the ACI for the 5% ethanol formulation. For the 

intermediate and high ethanol concentrations, the 'respirable' deposition for the 0cm 

configuration is systematically lower than for the ACI values. As the vertical 

extension length is increased the values converge to those obtained from the ACI 

testing. 

Figure 2.6 shows the relationship between the 'respirable' deposition for the ACI and 

the three configurations of the Model 3306 Impactor Inlet. In general, the 'respirable' 

deposition between the ACI and the Impactor Inlet correlated well and had near unity 

slopes. However, while the data collected without an extension (0cm) has a slope near 

unity, there is also a significant negative intercept. This indicates that the ACI gave a 
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higher 'respirable' deposition than the impactor inlet. For the 20cm and 40cm 

configurations, there is not a statistically significant intercept and the correlations are 

still near unity. 

2.4. Discussion 

The goal of the study was to evaluate the TSI Model 3306 Impactor Inlet as a testing 

instrument for meter dose inhalers and to compare results obtained with this 

instrument to the more labor intensive Andersen Cascade Impactor. Not surprisingly, 

nearly identical results were obtained for the valve stem, actuator and USP throat 

since these components were identical for both instruments. The most interesting 

aspect of this investigation is the comparison of the 'non-respirable' and 'respirable' 

deposition. 

This study suggests that in order to obtain results that are comparable between the 

two instruments, a vertical extension between the USP throat and Impactor Inlet may 

be necessary. Whether an extension is needed, and the length of the extension needed, 

appears to be formulation dependent. In this study it is clear that as the concentration 

of ethanol in the formulation increased above 5%, the 20 and 40 cm vertical 

extensions gave improved correlations between the two instruments. The Impactor 

Inlet plate deposition, when compared to the total recoveries on the ACI stages 0 

through 2, was observed to be significantly higher for the Impactor Inlet 

configuration without an extension (0cm). The incorporation of the 20cm and 40cm 
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extensions systematically decreased the plate deposition, giving results closer to the 

ACI results. 

The cause of the differences in 'non-respirable' and 'respirable' deposition obtained 

between the ACI and Impactor Inlet are not yet fully understood. The cutpoint of the 

Impactor Inlet and the cutpoint of stage 2 of the ACI are both reported by the 

manufacturers to be 4.7 )im (34-35). Differences in the true cutpoints of these 

impactor stages could cause systematic differences in the 'non-respirable' and 

'respirable' deposition for these two instruments. The cutpoint of stage 2 of the ACI 

has been reported to be 5.7 fim (36) and 5.0 )im (37), and has been shown to vary 

from impactor to impactor (38). While this could account for a systematic difference 

between the two instruments, this does not appear to be the primary cause of the 

difference since the magnitude of the difference changes when vertical throat 

extensions are used. 

It is more likely that the observed differences in the 'non-respirable' and 'respirable' 

deposition are related to the evaporation of the atomized aerosol generated during 

each actuation. MDI aerosols are very dynamic and change drastically during the 

aerodynamic size measurements described in this paper. The atomized droplets 

contained propellant, ethanol, and BDP. It is often assumed that the propellant and 

ethanol have fully evaporated before the residual drug particles are measured. 



However, ethanol containing droplets were observed to collect on the top two stages 

of the ACI and on the Impactor Inlet impaction plate when ethanol sensitive paper 

was adhered to these impaction plates. Thus, the assumption that the particles are 

fully dry is not always valid. The net effect of adding an extension to the Impactor 

Inlet is that aerosol droplets are allowed a longer time for evaporation. The need for 

an increased drying time becomes apparent when considering the physical differences 

between the aerosol paths of the two systems. In the Impactor Inlet, once droplets 

pass through the USP throat they directly encounter the 'respirable' (4.7|j,m) cutpoint 

impactor stage, whereas droplets must travel around two impactor stages prior to 

reaching the 4.7|im stage in the ACI. Thus, there is more time for droplets to dry in 

the ACI. If additional time for evaporation is not needed, then this physical difference 

should not be of practical significance. 

The 'respirable' deposition values for the three Impactor Inlet configurations and ACI 

were found to correlate the best for the 5% ethanol formulations. This suggests that 

for formulations having little or no semi-volatile components, the Model 3306 may 

yield acceptable results without an extension. However, significant deviations 

between the 'respirable' deposition values were observed between the 0cm extension 

and the ACI for the formulations having ethanol concentrations between 10% and 

20%. The 'respirable' mass values for the extensions converge to the ACI values, as 

the extension length is increased. This is a direct result of decreased deposition on the 



impaction plate due to increased droplet evaporation as discussed above, which 

manifests as an increase in 'respirable' mass. From the present study it is evident that 

a vertical extension may be required in order to achieve comparable results from the 

Model 3306 Impactor Inlet and the ACI due to the dynamic MDI aerosols. This is 

especially applicable to high cosolvent formulations. The testing in this work used the 

arbitrary vertical extensions of 20 and 40 cm, thus others could be considered. 

However, even with subtle differences in absolute values, it is important to 

understand that aerosols are dynamic and are often changing as measurements are 

being made. The ACI measures the aerosol at one point in the dynamic process, the 

APS at a slightly different point. To conclude one is more appropriate than the other 

is debatable. Nonetheless, both instruments provide insight into the expected 

respirability of MDI aerosols. Either instrument can be used to characterize MDI 

aerosols, but it is important to recognize there may be slight differences depending on 

which instrument is used. 

2.5. Conclusion 

It has been shown that in order to obtain comparable results between the Model 3306 

Impactor Inlet and the Andersen Cascade Impactor (ACI), an extension to the USP 

throat may be necessary. The choice of the extension length is dependent on the 

formulation, which in this study appears to be dependent on the ethanol 



concentration. These preliminary studies suggest that the Model 3306 Impactor Inlet 

may become a valuable tool in the rapid screening of solution MDIs. 



Figure 2.1. Flow schematic of Model 3306 Impactor Inlet. 
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Figure 2.2. Photograph of APS with 0cm, 20cm and 40cm vertical extensions. 



Table 2.1. Formulations used for product performance study 

Formulation BDP concentration Ethanol concentration HFA-134a 
(%w/w) (%w/w) (%w/w) 

1 0.08 5 94.92 
2 0.08 10 89.92 
3 0.4 10 89.6 
4 0.08 15 84.92 
5 0.4 15 84.6 
6 0.8 15 84.2 
7 0.08 20 79.92 
8 0.4 20 79.6 
9 0.8 20 79.2 
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Table 2.2. Percentage of total BDP recovered from the actuator. 

Formulation Actuator (% of total BDP recovered) 
BDP Ethanol ACI S.D 0cm S.D. 20cm S.D. 40cm S.D. 

(%w/w) (%w/w) 
0.08 5 17.83 0.72 16.57 1.31 17.96 1.78 18.68 0.65 
0.08 10 18.36 1.68 21.21 1.43 19.50 1.29 19.22 1.87 
0.4 10 17.89 1.06 18.32 0.17 17.55 2.03 18.64 1.81 

0.08 15 18.91 0.95 19.59 0.95 18.90 0.72 18.79 1.27 
0.4 15 19.50 1.33 19.46 1.61 18.34 0.73 20.06 1.5 
0.8 15 17.59 1.25 18.30 0.61 18.72 1.30 17.83 0.30 

0.08 20 21.11 0.64 20.04 1.04 19.54 0.57 19.07 0.95 
0.4 20 18.99 0.37 18.77 0.66 18.68 0.97 20.11 0.94 
0.8 20 18.26 1.02 18.85 0.43 18.21 0.58 18.35 0.55 
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Figure 2.3. Relationship between the drug recovered on the throat for three Impactor 

Inlet configuartions (0cm, 20cm and 40cm) and Andersen Cascade Impactor (ACI). 
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Figure 2.4. Comparison of plate deposition for the Model 3306 Impactor Inlet 

(single-stage with 4.7|im cutpoint) using three configurations (0cm, 20cm and 40cm) 

and ACI (stages 0-2). 
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Figure 2.5. Comparison of 'respirable' deposition for the Model 3306 Impactor Inlet 

(single-stage with 4.7|a,m cutpoint) using three configurations (0cm, 20cm and 40cm) 

and ACT (stages 3-filter). 
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Figure 2,6, Respirable mass correlations between the ACI and Impactor Inlet with 

0cm, 20cm and 40cm extensions. 
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CHAPTER 3 

OPTIMIZING PRODUCT PERFORMANCE OF ETHANOL COSOLVENT 

BASED SOLUTION METERED DOSE INHALERS 

3.1. Introduction 

The delivery of drugs by Metered Dose Inhalers (MDIs) has been extensively used 

for treatment of bronchial and pulmonary diseases. Depending upon the intended use, 

it may be optimal for the drug to be deposited either in a localized area of the lung or 

throughout the lung. The deposition pattern and dose of the drug in the lung depends 

on the product formulation and subsequent delivery characteristics. Product 

performance evaluation involves the determination of mass output and aerodynamic 

particle size distribution, and is critical during the early phase of product 

development. 

Pressurized meter dose inhalers were initially developed using chlorofluorocarbon 

(CFG) based propellant systems. However, CFCs have been known to contribute to 

the depletion of stratospheric ozone and are therefore being phased out as propellants 

for metered dose inhaler systems (Montreal Protocol, 1987). Alternative propellants 

have been developed and accepted as replacements to CFCs, the principle amongst 

them being HFA 134a and HFA 227. While these new hydrofluoroalkane propellants 

appear environmentally advantageous as propellant systems, their physical properties 



are significantly different than the traditional CFCs (Table 1.1.)- Most marketed CFC 

MDIs were developed as suspensions in which the drug is dispersed in the liquid 

propellant system with the aid of a surfactant. Unfortunately, traditional surfactant 

systems are not soluble in the HFA propellants. In addition, the typical drugs used for 

inhalation drug delivery have different solubility profiles in the HFA propellants. As 

a result, many new HFA products are being developed as solution formulations. The 

first of these to gain approval in the United States was QVAR®, which contains 

beclomethasone dipropionate in HFA-134a with ethanol used as a cosolvent. 

A number of recent studies have demonstrated the factors that lead to unacceptable 

variability and inconsistent drug dosing from suspension MDIs (8,39-45). In vivo 

studies have also demonstrated the poor efficiency of typical CFC-based suspension 

MDIs in depositing drug to the respiratory tract (46). Several studies have shown the 

potential benefit of formulating MDIs containing drugs as solutions rather than 

suspensions (47-49). In lieu of the above observations, there has been a renewed 

interest in formulating solution MDIs. Most commonly they consist of a drug 

dissolved in a propellant or blend of propellants directly. For drugs with low 

solubility in the propellants, certain cosolvents are used to increase the drug 

solubility. Ethanol is commonly used as a cosolvent in MDI formulations (11,45). 



Several studies have concentrated on the effects of formulation ingredients on the 

particle size of suspension MDIs. However, the effect of formulation ingredients on 

the overall performance of solution MDIs using HFA 134a as the propellant has not 

been extensively evaluated. It has been shown for suspension MDIs that cosolvents, 

being less volatile, have a significant effect on the vapor pressure of the propellant 

(50-51). The vapor pressure of the propellant is critical, because it can influence the 

aerosol droplet size, velocity and dose delivery characteristics (52-53). For the 

suspension MDIs, factors that result in an increase in the droplet size increase throat 

deposition (54-56), and hence reduce the respirable deposition (11). Similar 

observations were made by Newman et al, Gonda et al. and Hamor et al. (57-59), 

who showed that the addition of ethanol is associated with a decrease in propellant 

vapor pressure and may result in large aerosol droplets and greater oropharyngeal 

deposition. 

The primary concern when formulating a solution MDI is to get sufficient drug in 

solution in order to deliver a therapeutically effective amount of drug to the lungs. 

For drugs with low inherent solubility, the addition of large amounts of cosolvents, 

such as ethanol, to increase drug solubility, can compromise the product performance 

characteristics. Since the performance of MDIs is critical for the efficient delivery of 

drugs to the intended site of deposition in the respiratory tract, there is a need to look 

at the effect of formulation in terms of the actual dose delivered to the lung, and not 



just the particle size. The aim of the present work is to investigate the influence of 

drug and ethanol concentration on product performance characteristics of solution 

MDIs using HFA134a as the propellant. BDP has been used in the current study as 

the model compound, HFA 134a has been chosen as the propellant, and ethanol has 

been selected since it is the most common cosolvent used in solution MDIs 

(8,11,12,47,48,60). 

3.2. Experimental methods 

3.2.1. Materials 

The pressure resistant glass aerosol vials, 50mcl Spraymiser™ valves, QVAR™ 

actuators and Beclomethasone dipropionate (BDP) used in this study were provided 

by 3M Drug Delivery Systems (St. Paul, MN). 1,1,1,2-Tetrafluoroethane (HFA 134a; 

Dymel® 134a) was obtained from DuPont Chemicals (Wilmington, DE) and ethanol 

(200 proof) from Aaper Alcohol and Chemical Company (Shelbyville, KN). All the 

other solvents were obtained from Aldrich Chemical Company (Milwaukee, WI) and 

were used as received. 

3.2.2. Sample preparation 

Nine solution MDIs containing various BDP and ethanol concentrations were 

prepared in pressure resistant glass vials. MDIs were formulated with varying 

amounts of BDP and ethanol (Table 3.1). It was not possible to investigate the high 



drug concentration (0.8 % w/w) at the 5% and 10% ethanol concentration due to 

solubility limits. Likewise, it was not possible to evaluate the medium drug 

concentration (0.4% w/w) at 5% ethanol concentration. For all the formulations 

prepared, BDP and ethanol were directly weighed into pressure resistant glass vials. 

The "cold fill" technique was used to fill the vials with HFA 134a. Each of these vials 

were immediately crimped with 50j_il Spraymiser™ valves (3M Drug Delivery 

Systems, St. Paul, MN) using a small scale bottle crimper (Model # 3000B, Aerotech 

Laboratory Equipment Company, Maryland, NY). Vials were inspected with a laser 

tyndall beam in order to make sure that all the components in the vial were in 

solution. 

3.2.3. Determination of BDP solubility 

Vials that contained excess BDP were prepared at 5, 10, 15 and 20 %w/w ethanol in 

HFA 134a. Samples were rotated at room temperature for at least 48 hours 

(preliminary studies concluded that this was sufficient to ensure equilibration). After 

(?) 
equilibration, the samples were filtered through a 0.45|i.m Acrodisc PTFE syringe 

filter coupled to a chilled empty receiving glass vial. The receiving vials containing 

the filtrate were weighed and then chilled in dry ice for at least 15 minutes. The 

chilled vials were decrimped and the contents were transferred to a pre chilled 

volumetric flask. The formulation was allowed to warm up, leading to evaporation of 

the propellant and ethanol. The receiving vial and valve were then quantitatively 



rinsed with the mobile phase and the contents of the volumetric flask were diluted to 

volume with the mobile phase. The amount of BDP in the sample was determined by 

HPLC, and the solubility of BDP in the propellant system containing varying 

percentage of ethanol was calculated from the drug quantitation and vial weights. 

3.2.4. Product Performance Characterization 

The Model 3320 APS (TSI Inc., St. Paul, MN) coupled with the Model 3306 

Impactor Inlet has been shown to be an effective aerosol product performance 

evaluation tool (29-33) and was used to evaluate the product performance 

characteristics of the solution MDIs. The Model 3320 APS series provides rapid 

aerodynamic size distribution data and was coupled with the Model 3306 Impactor 

Inlet which allows for the chemical analysis of the Inlet port, respirable mass and 

non-respirable mass. A USP "throat" was coupled to the Model 3306 Impactor inlet 

and a 20cm extension was interfaced between the Impactor inlet and the USP throat 

in accordance with the results obtained by Gupta et al. (32). 

The dispersion of the drug from the MDI is divided into the following general 

collection areas for the APS-the stem of the MDI, the actuator, the USP induction 

port, the extension used (34), the impactor plate (having cutoff diameter of 4.7|xm) 

and the filter. Less than 1% of the aerosol penetrating through the USP inlet is 

sampled isokinetically and drawn into the Model 3320 APS for particle size 



measurement. The remainder of the aerosol passes through a single-stage impactor 

with a 4.7|a,m outpoint, which allows for the chemical analysis of the "respirable" and 

"plate" depositions. The amount of drug deposited on the stem and the actuator is the 

amount of drug not available for delivery to the patient. The amount of drug inside 

the induction port, the extension (if any) and the impaction plate represents the 

amount of drug that may be deposited in the oropharynx region of the patient. The 

amount of drug deposited on the filter corresponds to the fraction of the emitted 

aerosol with an aerodynamic diameter less than 4.7 micron and is related to the 

fraction of the aerosol cloud that may be respirable per actuation of the MDI (30). 

Prior to each measurement, the components of the impactor Inlet were thoroughly 

cleaned with methanol and dried in a stream of dry air. The same QVAR™ actuator 

was used for all the measurements. For each experiment in the series, the sample vial 

was actuated five times for priming, and the stem of the valve was cleaned with the 

mobile phase (70:30-ACN; Water). The vial stem and actuator were then dried with a 

stream of dry air and the vial was fitted to the clean actuator. A new 47mm glass fiber 

filter (Gelman Laboratory, Ann Arbor, MI) was used in the Impactor Inlet to collect 

the particle mass less than 4.7|im. The flowrate through the Impactor Inlet was 

adjusted to 28.31pm using a flowmeter (TSI Series 4000). The MDI assembly was 

coupled with the Impactor Inlet and the vial was actuated 5 times during the APS data 

collection period of 40 seconds. All the APS data were collected in the correlated 



mode. For each vial, triplicate analyses were done. After collecting the sample, the 

stem and the actuator were quantitatively rinsed with the mobile phase for chemical 

analysis. 

Chemical analysis of the Impactor Inlet was performed in order to determine the 

respirable and plate deposition of the MDI. For the Impactor Inlet, the drug collected 

on the single-stage impactor plate (with a 4.7)im cutpoint) was defined as the plate 

deposition, and the drug collected on the filter was defined as the respirable 

deposition. Chemical analysis of the drug on the USP throat, 20cm extension, the 

impactor plate and the filter were performed by dissolving the drug present on each 

stage using known volumes of the mobile phase. The impactor plate was rinsed with 

the mobile phase using cotton tipped cleaning sticks, and the cotton tip was left in the 

solvent sample for 5 min, in order to dissolve any residual drug on the cotton tip. 

Similarly, the filter (47mm glass fiber filter, Gelman Laboratory, Ann Arbor, MI) was 

left in the mobile phase in order to let the drug dissolve completely in the solvents 

used. After collecting the samples, the entire assembly was thoroughly rinsed with 

methanol and dried in a stream of dry air. A new filter was used for each 

measurement. The impactor plate and the filter samples were filtered with 0.2|xm 

Acrodisc® filters (Gelman Laboratories, Ann Arbor, MI). The mass-weighted particle 

size distribution measurements, including MMAD and GSD, were directly obtained 

from the APS 3320. A previous investigation indicated that particles occasionally 
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escape the intended aerosol pathway in the Model 3320 APS, which can lead to 

erroneous particle size measurements (30). The technique described in this previous 

investigation was used to identify and eliminate these erroneous particle 

measurements based on their correlated particle size and light scattering values (30). 

3.2.5. HPLC Assay 

The HPLC system consisted of a Waters 2690 separation module (Waters, Milford, 

MA) coupled with a Waters 996 Photodiode Array (PDA) detector. Sample analysis 

was performed by a reverse phase HPLC assay, using a 150 x 4.6mm, 5|im Apollo 

CIS column, maintained at ambient temperature. Acetonitrile:Water (70:30) was used 

as the mobile phase, at a flow rate of O.Bml/min with an injection volume of 50|j,l. 

Ultraviolet detection was done at 240nm and the retention time was 2.7min. 

Quantitation was done based on peak area, using a standard curve prepared daily. The 

HPLC system suitability tests verified that the reproducibility of the system was 

adequate for each analysis performed. 

3.3. Results 

3.3.1. Solubility profile 

Figure 3.1 shows the solubility of BDP plotted as a function of ethanol concentration. 

The BDP solubility increased with increasing ethanol concentration in an 

approximately linear fashion. There was a 150 fold increase in BDP solubility when 
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the ethanol concentration is increased from 0 %w/w ethanol (100% HFA 134a) to 20 

%w/w ethanol. 

3.3.2. Product Performance 

The results of the chemical analysis of the Impactor Inlet components and the inhaler 

components are reported as a percent of total drug recovered. The total recovery of 

BDP for all experiments was 100 ± 5% of target. The particle size measurements, 

including MMAD and the GSD, were directly obtained from the APS. The effect of 

the formulation variables including BDP concentration and cosolvent concentration 

were as follows: 

3.3.2.1. Stem and Actuator 

The BDP recovered on the stem and actuator, along with the standard deviations, are 

shown in Table 3.2 as a percent of the total drug recovered. The values in Table 3.2 

are averages of the three replicates. While there was a slight decrease in the stem 

hold-up with increasing ethanol concentration, it is not practically significant. The 

percent recovered on the stem did not show any trend with increasing drug 

concentration. The recoveries on the actuator remained nearly constant at about 19% 

for the various solution MDIs tested. The recoveries for the actuator did not show any 

trend with increasing BDP concentration or increasing ethanol concentration. 
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3.3.2.2. Throat 

Figure 3.2 shows BDP recovered on the throat as a function of ethanol concentration 

in the formulation. Ethanol concentration had a large influence on throat deposition. 

Irrespective of the BDP concentration in the vial, throat deposition increased with 

increasing ethanol concentration in the formulation. An increase of more than 125% 

was observed in the throat deposition when the ethanol concentration in the 

formulation was increased by 15%. 

3.3.2.3. Impactor inlet plate deposition 

The plate deposition of the aerosol penetrating through the US? throat is plotted as a 

function of ethanol in the formulations in Figure 3.3. Plate deposition was found to be 

significantly influenced by ethanol concentration, but was essentially independent of 

drug concentrations. An increase in plate deposition was observed with an increase in 

ethanol concentration, until a maximum was reached at an ethanol concentration of 

15% w/w. For a given ethanol concentration, as the drug concentration increased, 

plate deposition was almost constant. For the 0.08 %w/w BDP formulation, a 10% 

increase in the ethanol concentration resulted in a 250% increase in plate deposition. 

3.3.2.4. Respirable Deposition 

The portion of the aerosol penetrating through the 4.7 )im cutpoint impactor stage and 

collecting on the filter of the 3306 Impactor Inlet is considered in this analysis to be 
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respirable. The 'respirable deposition', defined as the respirable drug mass divided 

by the total drug mass emitted from the MDI, is shown in Figure 3.4 as a function of 

ethanol in the formulations. An inverse relationship was obtained between the 

respirable deposition and the ethanol concentration in the formulations. As the 

ethanol concentration increased, the respirable deposition decreased. The magnitude 

of this difference was large, decreasing from above 50% to approximately 25% as the 

ethanol level increased from 5 to 20 %w/w. For a given ethanol concentration, the 

respirable deposition was insensitive to BDP concentration. Thus, while the 

respirable deposition of solution MDIs was found to be significantly influenced by 

the ethanol concentration in the formulation, it was independent of the drug 

concentrations used in this study. 

3.3.2.5. MMAD 

Figure 3.5 shows the mass median aerodynamic diameter (MMAD) plotted as a 

function of BDP concentration in the formulations. The measured MMAD was 

highly sensitive to BDP concentration in the formulations, with the particle size 

increasing with increasing BDP concentration. For a given BDP concentration, an 

increase in MMAD was observed with increasing ethanol concentration, although this 

effect was slight in comparison to the drug concentration effect. 



3.3.2.6. GSD 

Figure 3.6 shows the geometric standard deviation (GSD) as a function of the ethanol 

concentration in the formulations. The GSD, which is a measure of size distribution, 

did not show any discemable relationship with ethanol concentration. A slight 

increase in the GSD was observed with increasing BDP concentration. 

3.3.4. Characterizing Maximum Possible Respirable Doses for Solution MDIs 

The data presented in Figures 3.1 and 3.4 combine to create a fundamental limit for 

the solution MDIs. Depending on the drug solubility, significant amounts of a 

cosolvent such as ethanol may be needed in order to solubilize sufficient drug to 

obtain a therapeutic effect. However, adding the cosolvent leads to reduced 

efficiency of the MDI system. Thus, these competing effects combine to provide an 

upper limit to the respirable dose that can be delivered from a solution MDI. This 

limit will be highly sensitive to drug solubility and the volatility of the cosolvent 

selected. 

Figure 3.7 shows the solubility and respirable deposition data from Figures 3.1 and 

3.4 along with an 'effective solubility'. Effective solubility is defined as the product 

of the drug solubility multiplied by the respirable deposition at a given ethanol level. 

This parameter provides insight into the net benefit obtained by increasing the ethanol 

level in solution MDIs. At low ethanol levels (less than about 10 %w/w), the 



increased drug solubility more than compensates for the decreased respirable 

deposition as ethanol concentration increases. As a result, in this region the 'effective 

solubility' increases from essentially 0 (at 0% ethanol) to about 0.2 %w/w (at 10% 

ethanol). However, the benefit of increased drug solubility above 10% ethanol is 

offset by the decreased respirable deposition, and the net effect is that the 'effective 

solubility' plateaus above about 10% ethanol. This plateau is observed between 

ethanol concentrations of 10-20 %w/w. Further increase in the ethanol concentration 

may actually decrease the 'effective solubility'. 

A maximum respirable mass per actuation (MRM/actuation) was calculated. The 

MRM is the effective solubility multiplied by the formulation mass delivered from 

the metered valve. It represents the maximum amount of drug that can be 

theoretically delivered, per actuation, to the lung. These calculations were based on a 

50 mcl valve, the respirable deposition curve from a QVAR MDI actuator, and the 

BDP solubility profile. The MRM will be different if a different drug, actuator, or 

valve size is used. Figure 3.8 shows the MRM and the total dose per actuation as a 

function of the ethanol concentration for BDP solution formulations. The total dose 

per actuation is the drug solubility multiplied by the valve size. The maximum 

respirable mass provides insight into the maximum dose (micrograms) that can 

theoretically be deliverable to the lung. 



From Figure 3.8 it is evident that an approximately linear relationship exists between 

the total dose and the ethanol concentration in the formulation. The total dose 

increases with the increasing ethanol concentration in the formulation because of the 

increase in drug solubility. On the other hand, the MRM shows a significant increase 

with increasing ethanol concentration until the ethanol concentration is -10-15% 

w/w. Further increase in the ethanol concentration showed only a minor increase in 

the MRM/actuation. By increasing the ethanol concentration from 5% to 10% the 

MRM/actuation increased by 63% and the total dose by 100%. For the next 5% 

increase in the ethanol concentration in the formulation, the MRM/actuation 

increased by 12%, but the total dose increased by 59%. Finally, for the next 5% 

increase in ethanol concentration, the MRM/actuation increased by just 10%, but the 

total dose increased by 40%. Thus, by increasing the ethanol concentration from 5% 

to 20%, MRM/actuation increased by 102% but the total dose increased by over 

340%. Also the difference between the MRM/actuation and the total dose is 89% 

when the ethanol concentration is 5%, but the difference increases by about 315% 

when the ethanol concentration is 20%. This indicates that while more drug is 

delivered with increasing ethanol concentration, the benefit of this additional drug 

delivery is marginal. In fact, the additional drug delivery at high ethanol levels may 

be detrimental as it may predominantly deposit in the mouth and throat of the patient, 

leading to undesirable side-effects. 



3.5. Discussion 

In the present study, the effect of drug concentration and cosolvent on product 

performance characteristics has been evaluated. The addition of cosolvent resulted in 

an increase in throat deposition, increase in plate deposition, decrease in respirable 

deposition, and a slight increase in the MMAD. It has been previously reported that 

low volatility cosolvents lower the vapor pressure of MDIs (50-51), which can 

influence the effectiveness of drug delivery through a MDI. It has also been suggested 

that the addition of cosolvent may be accompanied by reduction in plume velocity 

and increase in the initial droplet size (57). 

The droplets released from a solution MDI after actuation contains the drug along 

with the cosolvent and the propellant. Clark (53) showed that after the formulation 

exits the orifice, an appreciable fraction of the propellant is in the vapor phase. But 

when a cosolvent is associated with the droplets, it may not undergo instantaneous 

evaporation and at the same time lower the vapor pressure of the propellant (51). The 

release of a high cosolvent volume per actuation may retard the evaporation of the 

propellant-cosolvent-drug droplets since evaporation depends upon the acquisition of 

heat from the surrounding atmosphere as the particles pass through the air (61). As a 

result there is a greater chance of impaction on the USP throat or the extension. 

Studies have shown that a large portion (55-60%) of the MDI aerosol is lost in the 
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mouth, indicating that the droplets do not get sufficient time for complete 

vaporization within the oropharyngeal space (62-63). 

In the present study we did not see any significant effect of ethanol concentration on 

the MMAD. A possible explanation could be the way in which sampling is done in 

the impactors. Most of the large droplets are lost by impaction on the upper stages, 

mainly in the throat, which manifests itself as an increase in throat deposition, 

decrease in respirable deposition, increase in plate deposition and a false lower 

MMAD, with increasing ethanol concentration. If we were to give sufficient time for 

the ethanol to evaporate from the droplets before they enter the throat, we will 

probably see lower throat deposition and an altered MMAD. 

Kirk (60) and Bell et al., (48) reported that the formulation of isoprenaline as a 

solution pack, using ethanol as the cosolvent and P12 as propellant, dramatically 

reduced the therapeutic fraction of the emitted aerosols. This has been confirmed in 

this study for HFA-134a MDIs. The cosolvent level indeed plays a very important 

role, since an increase in cosolvent ratio was accompanied by a decrease in respirable 

deposition. There is also an increase in throat deposition indicating a possible 

increased oropharyngeal deposition in-vivo. Above a certain ethanol concentration 

(approximately 10-15% for BDP using QVAR actuators), increasing the ethanol 

concentration does not increase the respirable mass significantly, suggesting no net 
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gain in the effective respirable deposition. Lesser drug to the lungs not only reduces 

the therapeutic effect, but increases the drug concentration in the oropharyngeal 

cavity which can cause local and systemic side effects. 

Any increase in the drug solubility due to increased cosolvent concentration, is 

accompanied by a decrease in the respirable deposition and an increase in the plate 

deposition, as seen in this study. So the aim of the formulator should be to select the 

optimal cosolvent concentration in order to balance respirable mass and throat 

deposition. Since the therapeutic effect depends on the small fraction of aerosol that 

gets into the lungs (64) and since a change in the fraction of the inhaled aerosol that is 

deposited at the intended site in the lung may alter the bioavailability of the dose and 

the corresponding therapeutic effect (65), the various formulation parameters, 

especially the cosolvent content, should be balanced to optimize the drug delivery 

from the solution MDI. With such preformulation knowledge, we can be better 

equipped to design solution MDIs with optimum therapeutic response. 

3.6. Conclusions 

From the above results it is evident that the solubility of BDP increases with 

increasing ethanol concentration but at the same time the respirable deposition 

decreases. The relationship between BDP solubility and respirable deposition at a 

given ethanol concentration was used to calculate a maximum respirable mass per 



actuation that can be delivered for a given drug. The maximum respirable mass 

deliverable plateaus after a certain ethanol concentration since the gain in the 

solubility by increasing ethanol concentration is negated by a decrease in respirable 

deposition. Although there is more drug per unit in the aerosol plume, it may not 

reach the desired location in the lung, as seen in-vitro. Thus increasing ethanol 

concentration to increase the drug concentration in a solution phase MDI is useful 

only to a certain extent. 

The deposition of the therapeutically active agent in the optimum quantity, at a 

desired location within the respiratory tract, is the principle aim of inhalation therapy. 

As shown, this can be achieved with the right combination of cosolvent, which in turn 

increases the drug solubility, without compromising the respirable deposition and the 

particle size. Thus, a balance has to be created between the various formulation 

ingredients of a solution MDI in order to achieve the deposition efficiency. The 

results obtained from the current investigation can serve as a model for the approach 

that can be used to optimize MDI formulations, thus enabling formulation of a 

therapeutically effective solution pressurized metered dose inhaler. 



Table 3.1. Formulations used for product performance study 

Formulations BDP concentration Ethanol concentration HFA-134a 

(%w/w) (%w/w) (%w/w) 

1 0.08 5 94.92 

2 0.08 10 89.92 

3 0.4 10 89.6 

4 0.08 15 84.92 

5 0.4 15 84.6 

6 0.8 15 84.2 

7 0.08 20 79.92 

8 0.4 20 79.6 

9 0.8 20 79.2 
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Table 3.2. Average % of total BDP recovered from the Stem and Actuator 

FORMULATION STEM ACTUATOR 

BDP 

(%w/w) 

Ethanol 

(%w/w) 

Average % 

of total BDP 

recovered 

Standard 

deviation 

Average % 

of total BDP 

recovered 

Standard 

deviation 

0.08 5 4.23 0.88 17.96 1.78 

0.08 10 3.41 0.45 19.50 1.29 

0.4 10 3.26 0.29 17.55 2.03 

0.08 15 2.66 0.46 18.90 0.72 

0.4 15 2.28 0.56 18.34 0.73 

0.8 15 2.93 0.60 18.72 1.30 

0.08 20 2.46 0.03 19.54 0.57 

0.4 20 2.52 0.57 18.68 0.97 

0.8 20 1.91 0.12 18.21 0.58 



Figure 3.1. BDP solubility (% w/w) as a function of ethanol concentration (% w/w) 

in HFA 134a. 
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Figure 3.2. Average % of total BDP recovered from the throat as a function of 

ethanol concentration (% w/w) in HFA 134a. 
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Figure 3.3. Plate deposition (average % of total BDP recovered on the impaction 

plate) as a function of ethanol concentration (% w/w) in HFA 134a. 
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Figure 3.4. Respirable deposition (average % of BDP recovered on the filter) as a 

function of ethanol concentration (% w/w) in HFA 134a. 
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Figure 3.5. MMAD as a function of BDP concentration (% w/w). 
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Figure 3.6. Geometric standard deviation (GSD), as a function of ethanol 

concentration in HFA 134a. 
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Figure 3.7. 'Effective solubility' as a function of ethanol concentration (% w/w). 

Also shown in the graph are the BDP solubility (% w/w) and respirable deposition as 

a function of ethanol concentration (% w/w) in HFA 134a. 
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Figure 3.8. Maximum Respirable Mass (MRM) per actuation and total dose as a 

function of ethanol concentration (% w/w) in HFA 134a. 
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CHAPTER 4 

DETERMINATION OF SOLUBILITY IN AEROSOL PROPELLANTS. 

1. METHOD DEVELOPMENT 

4.1. Introduction 

Pressurized metered-dose aerosol inhalers (MDIs) are the most common and 

convenient systems for delivering therapeutically active drug substances to the lungs. 

MDIs are formulated either as suspension-based formulations, in which the drug 

particles are dispersed in a volatile propellant system, or as solution-based 

formulations, in which the drug is dissolved in a propellant, or a combination of a 

propellant and a cosolvent. The solubility of a drug in a propellant system is, 

therefore, critical in determining the type of MDI formulation chosen for further 

development (suspension or solution). As a result, determination of drug solubility in 

a propellant is an important first step in the rational design of MDI formulations. In 

addition, monitoring drug concentrations over time in a given propellant system can 

be indicative of the physical stability of the formulation and suggest crystal 

conversions. Hence, solubility determination of the drug candidate (active ingredient) 

in the propellant, with or without other formulation excipients (cosolvents or 

surfactants), plays an important role in the overall MDI product development 

strategy. 
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The recent transition effort from chlorofluorocarbons (CFCs) to hydrofluoroalkanes 

(HFAs) as propellants has resulted in the solubility data in CFCs becoming less 

relevant. Since the physico-chemical properties of CFCs are different from HFAs, the 

solubility profiles of drugs and surfactants in CFCs are different from their solubility 

profiles in HFAs (66). As a result, there is a need to generate a new solubility 

database, which would aid in the understanding and formulation of new chemical 

entities in HFA-based MDIs. Unfortunately, determining solubility in propellants is a 

technical challenge that requires a considerable investment of time and labor. 

Therefore, the development of a new screening method that could make solubility 

data generation simple, fast, reliable and reproducible is highly desirable. 

The fact that HFA 134a (1,1,1,2-tetrafluoroethane, boiling point: -27°C) and HFA 

227 (1,1,1,2,3,3,3-heptafluoropropane, boiling point: -17°C) are gases at room 

temperature, poses technological challenges in determination of drug solubility in 

these propellants. The method most commonly used for determination of drug 

solubility in volatile propellants was reported by Dalby et al., 1991 (67). Williams et 

al., 1999 (68) reported a recent modification of this method, however the overall 

principle of the two methods is the same. Both of the methods involve transfer of the 

contents from a donor vial to a receiving vial, through a set of adapters and filter. The 

receiving vial is subsequently decrimped and the filtered contents are reconstituted 

with a suitable solvent for analytical quantitation. 
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The aim of the current investigation was to develop a new method for determining the 

solubility of compounds in MDI vials, with the following desired characteristics: 

1. The technique should be fast in terms of sample preparation and analysis time. 

2. It should be operator independent, in order to obtain consistent and reproducible 

results. 

3. Generation of multiple data points with a single MDI vial should ideally be 

possible. This requires the method to utilize very small sample volume for analysis. 

4. The MDI vial should ideally be unopened during analysis. This would not only 

prevent sample loss due to spillage, but also provide for multiple analysis of the same 

donor vial, facilitating kinetic dissolution or stability profile studies. 

5. The method should be sensitive. This would aid in the analysis of drugs that have 

very low solubility in the propellant. 

With the aforementioned characteristics in mind, a reverse phase HPLC method that 

would enable direct injection from a MDI vial was pursued. In the current 

investigation, for the purpose of method development, beclomethasone dipropionate 

(BDP) was used as the model compound and HFA 134a was used as the model 

propellant. 
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4.2. Experimental Methods 

4.2.1. Materials 

Pressure resistant glass aerosol vials, continuous valves and beclomethasone 

dipropionate (BDP) used in this study were provided by 3M Drug Delivery Systems 

(St. Paul, MN). 1,1,1,2-Tetrafluoroethane (HFA 134a; Dymel® 134a) and ethanol 

(200 proof) were obtained from DuPont Chemicals (Wilmington, DE) and Aaper 

Alcohol and Chemical Company (Shelbyville, KN) respectively. HPLC grade 

acetonitrile was obtained from Aldrich Chemical Company (Milwaukee, WI). 

4.2.2. Sample preparation 

Three solution MDIs, with BDP concentration of 0.00511 %w/w, 0.00779 %w/w and 

0.01129 %w/w were prepared in duplicate. The ethanol concentration in each of these 

vials was 5 %w/w. For all the formulations prepared, BDP and ethanol were directly 

weighed into pressure resistant glass vials. The "cold fill" technique (13,69) was used 

to fill the vials with HFA 134a. The vials were immediately crimped with continuous 

valves (3M Drug Delivery Systems, St. Paul, MN) using a small-scale bottle crimper 

(Model # 3000B, Aerotech Laboratory Equipment Company, Maryland, NY). 

Samples were inspected with a laser tyndall beam in order to ensure that all of the 

components were in solution. 
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4.2.3. Development of the Direct Injection Method 

4.2.3.1. Instrumentation 

The instrumentation setup consisted of a Waters 2695 separations module (Waters, 

Milford, MA) coupled with a Waters 2487 dual wavelength absorbance detector. The 

Waters 2695 separations module was connected with a Rheodyne Model 7725 

manual sample injector (Rheodyne, L.P. Rohnert Park, CA) mounted on a Rheodyne 

valve-mounting panel. Figure 4.1 shows the flow diagram of the Rheodyne Model 

7725 manual sample injector. The manual injector is a six-port sample injection valve 

in which the sample is loaded through a built-in-needle port in the front of the valve. 

The sample loop is loaded through the needle port in the LOAD position. Rotation of 

the handle 60° switches the valve from the LOAD to INJECT position. In the 

INJECT position, the mobile phase and sample flows through the loop and onto the 

column. The make-before-break (MBB) valve architecture of the Model 7725 manual 

injector allows uninterrupted flow as the valve switches from the LOAD to INJECT 

position. 

Figure 4.1 shows how the manual injector was connected to the Waters 2695 

separations module pump at port 2. The sample loop was connected between ports 1 

and 4. The column was connected to the outlet from port 3. The excess sample waste 

was collected in a waste bottle connected to port 5. A pressure regulator (Amtek U.S. 

Gauge Division, Sellersville, PA) and an Alltech adjustable backpressure regulator 
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(Alltech Associates Inc., Deerfield, IL) were connected in line with the second waste 

outlet (port 2). This waste line terminated into a second waste bottle. Note that it is 

advisable to keep the waste container in a containment system. A second adjustable 

backpressure regulator was connected at the outlet of the dual wavelength detector. 

In order to make a direct injection from the MDI vial into the manual injector, the 

MDI vial was connected with a filtration and injection assembly (Figure 4.2). This 

MDI assembly consisted of the MDI vial with a continuous valve. A custom adapter 

was connected to the stem of the continuous valve and a 0.2nm Acrodisc© PTFE 

syringe filter (Pall Gelman Laboratory, Ann Arbor, MI) was connected to the stem of 

the adapter. A #22 gauge stainless steel blunt needle was connected to the stem of the 

filter at the other end. 

The analytical column utilized with BDP was a 150 x 4.6mm, 5[im Apollo CI8 

column. Ultraviolet detection was performed at 240nm and quantitation was 

conducted based on peak area, using a five point standard curve prepared daily. Since 

the sample loop delivers formulations based on volume, a density correction is 

required for analyzing the different standards and formulations. With the knowledge 

of the solvents used for preparing the standards and formulations, the density of these 

solutions was calculated as a linear combination of the densities of the constituent 
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solvents. Based on the density correction, the formulation mass dispensed from the 

sample loop was calculated. 

4.2.3.2. Sample Presentation 

In a typical case, the contents of the MDI vial used for the determination of drug 

solubility in the propellant consists of the drug and the propellant (HFA 134a or HFA 

227) along with ethanol as a cosolvent, in some cases. The pressure inside the MDI 

vial is approximately 75psig when HFA 134a is used as the propellant (70). Upon 

actuation, the drug along with the propellant is released and the propellant undergoes 

flash evaporation at room temperature (Boiling point of HFA 134a is -27°C). In order 

to make a direct injection from the MDI vial into the manual injector and quantify the 

compound dissolved in the propellant, it is necessary to ensure a continuous flow of 

the contents from the MDI vial. It is also necessary to filter the excess undissolved 

compound and maintain the propellant in the liquid form for analysis by liquid 

chromatography. This can be achieved by using the MDI vial assembly, which was 

described earlier. The continuous valve enabled a continuous flow of contents from 

the MDI vial upon actuation. The filter attached with a custom adapter to the MDI 

vial stem filtered excess undissolved compound from the MDI vial. The filter also 

prevented the manual injector valve and sample loop from getting clogged. A #22 

gauge blunt needle connected to the filter facilitated the sample transfer from the 

MDI vial to the sample loop through the needle port. 
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The schematic in Figure 4.3 illustrates the mating of a MDI vial with the needle 

injector port of the manual injector. In order to load the sample loop with the contents 

of the MDI vial assembly (containing excess BDP in HFA 134a), the needle of the 

MDI vial assembly was inserted in the needle port. To completely fill the loop, the 

manual injector was kept in the LOAD position. The MDI vial was actuated and 

contents from the MDI vial were filled in the sample loop through the filter. The 

backpressure regulator was adjusted to give a backpressure of 60psig, as indicated by 

the pressure gauge, after the MDI vial was actuated. This backpressure ensured that 

the propellant was maintained in the liquid state while still allowing flow through the 

analytical loop. The MDI vial was kept depressed and actuated for 3-4 seconds, 

which allowed the loop to overfill. In this method the loop is overfilled by six to ten 

times the loop volume. After 3-4 seconds, the injection port was taken to the INJECT 

position, while keeping the MDI vial still actuated. The excess propellant from the 

overfilled sample loop was released from the waste outlet through port 5. The 

backpressure valve was opened after 2 minutes to release the backpressure and 

discard any excess formulation through the waste line. The backpressure regulator at 

the outlet of the detector ensured that there was no potential outgassing in the flow 

cell of the detector. In place of the backpressure regulators, other means of exerting 

backpressure could be used (e.g. a long coiled loop of tubing). 



4.2.3.3. Phase Separation Study 

Upon actuation and injection, the contents of the MDI vial (propellant, drug and 

cosolvent etc.) come into contact with the mobile phase solvents. In order to 

understand the miscibility of HFA 134a in different mobile phase compositions, a 

three component phase separation study was performed. Water, acetonitrile and 

methanol, which are commonly used as reverse phase HPLC mobile phase solvents, 

were chosen for the phase separation study. The study was conducted by taking 

different compositions of water: acetonitrile and water: methanol, and adding small 

increments of HFA 134a to these solvent compositions. The resultant mixtures were 

visually evaluated for phase separation. Figure 4.4 shows the ternary phase diagrams, 

indicating the regions of single-phase and multiple-phase behavior in two systems. 

Figure 4.4 (a) shows the ternary-phase diagram constructed based on the phase 

separation study for acetonitrile, HFA 134a, and water. Figure 4.4 (b) shows the 

ternary-phase diagram constructed based on the phase separation study for methanol, 

HFA 134a, and water. Each comer of the triangle in the ternary phase diagrams 

represents 100% of the particular component. The dotted regions represent the area 

in which a single-phase system resulted and the checkered region represents the area 

in which an apparent multiple phase system resulted. 

From Figure 4.4 (a), it is evident that when increments of HFA 134a are added to 

different acetonitrile and water compositions (greater than 50:50 acetonitrile: water). 
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an apparent single-phase system was observed. However, as the composition of HFA 

134a increased, a bi-phasic system is observed. This is analogous to the condition that 

exists when the mobile phase, composed of acetonitrile: water, comes in contact with 

the sample containing HFA 134a, following injection from the MDI vial. In order to 

avoid phase separation under these conditions, it is essential that the HFA 134a 

formulation is rapidly diluted with the mobile phase. A suitable dilution factor (for 

dilution of formulation with mobile phase), therefore must be achieved in order to 

obtain a good peak shape, which would be represented by the region in which a 

single-phase system resulted. Increasing sample dilution can be achieved by: 

decreasing the injection volume, increasing the mobile phase flow rate and increasing 

column inner diameter. It is also evident from Figure 4.4 (a) that, provided rapid 

dilution is achieved, ratios from 50:50 to 100:0, acetonitrile: water, may be used for 

the mobile phase. A bi-phasic system is likely to occur with an aqueous component 

concentration higher than 50% in the mobile phase. From the Figure 4.4 (b), it is 

evident that when increments of HFA 134a are added to different methanol and water 

compositions, there is a larger region in which an apparent single-phase system 

resulted (represented by the dotted region). Further addition of HFA 134a resulted in 

a multiple-phase system, which is represented by the checkered region. Similar to the 

acetonitrile: water system, a mobile phase composition of higher than 50% methanol 

may be used to ensure a single-phase system. 
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4.2.4. Experimental Design 

A set of variables that may affect the drug peak shape and quantitation of compounds 

were defined and evaluated systematically. These variables were divided into two 

groups: a) Sample presentation variables and b) Chromatography variables. 

4.2.4.1. Sample presentation variables 

These variables are related to the MDI vial assembly, which aids in filtration of the 

excess compound and injection of the formulation from the MDI vial into the needle 

port of the manual injector. The BDP formulation used in this study had a 

concentration of 0.00779 %w/w in ethanol/HFA 134a and was in solution. The 

sample presentation variables were evaluated by two separate HPLC methods. In the 

first case, the mobile phase composed of methanol: water (90:10). The second method 

used acetonitrile: water (90:10) as the mobile phase. The flow rate in both cases was 

0.9ml/min and the loop volume was 20)0,1. 

4.2.4.1.a. Filter 

When determining the solubility of a drug compound, the use of a filter is essential in 

order to remove the excess undissolved compound and to prevent the needle port and 

sample loop from getting clogged. When the drug formulation passes through the 

filter (0.2|.im Acrodisc® PTFE syringe filter) there is a potential for drug adsorption 

on the filter membrane or propellant evaporation, which could effect the drug 
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quantitation. In order to evaluate the influence of the filter on drug quantitation, a 

known concentration (0.00779 %w/w) of BDP formulation was evaluated by the 

direct injection method (note that the drug was in solution). Two different MDI vial 

assembly configurations were used: one with the filter and one without the filter. 

4.2.4.1.b. Analytical Loop Rinse 

Since the contents of the MDI vial are directly injected into the sample loop through 

the needle port, there is a potential that residue may remain in the sample loop. This 

may have an adverse effect on drug quantitation when multiple injections are 

performed, due to drug carryover into the subsequent injections. Therefore, in order 

to evaluate the need to rinse the sample loop, six injections were performed within a 

period of thirty minutes, one set without loop rinse and another set in which loop 

rinse was performed between injections, using 100% acetonitrile. 

4.2.4.1.0. Change of filter between injections 

When multiple injections are performed using the same filter, drug buildup may occur 

on the filter membrane along with the possibility of the filter membrane getting 

clogged. Therefore, to evaluate the need to use a new filter after each injection, six 

injections were performed within a period of thirty minutes. The first set of injections 

were performed by using the same filter for all injections, and the second set of 

injections were performed by using a different filter after each injection. 
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4.2.4.2. Chromatography Variables 

The chromatography variables are the variables related to the HPLC system, 

including mobile phase solvent ratios, flow rate of the mobile phase, and sample loop 

volume. Each of these factors is crucial in increasing sample dilution for good peak 

shape and hence proper drug quantitation. Three BDP formulations (0.00511 %w/w, 

0.00779 %w/w and 0.01129 %w/w) were evaluated by a combination of the three 

different chromatography variables. The concentration of ethanol as a cosolvent in all 

three formulations was 5 %w/w and all the formulations were in solution. 

4.2.4.2.a. Mobile phase solvent ratios 

Two different mobile phase solvent combinations, methanol: water and acetonitrile: 

water, were evaluated. These solvent compositions were evaluated in different ratios, 

from 50:50 to 90:10. 

4.2.4.2.b. Flow rate 

With each of the mobile phase solvent combinations, five different flow rates were 

evaluated: 0.8ml/min, l.Oml/min, 1.2ml/min, 1.5ml/minand 1.7ml/min. 

4.2.4.2.C. Sample loop volume 

Two different sample loop volumes, 5 jil and 20 |il, were evaluated for the different 

mobile phase solvent combinations and flow rates. 



4.4. Results 

4.4.1. Sample presentation variables 

The results of the sample presentation variable study are summarized in Table 4.1 (a 

and b). Table 4.1 (a) shows the results obtained by using methanol: water (90:10) as 

the mobile phase at a flow rate of 0.9 ml/min with a 20|xl sample loop. Table 4.1 (b) 

shows the results obtained by using acetonitrile: water (90:10) as the mobile phase at 

a flow rate of 0.8 ml/min with a 20)0,1 sample loop. The results are reported as a set of 

five different conditions (sample runs), each employing a different combination of the 

three sample presentation variables. For each sample run, the theoretical recovery is 

reported as an average of six injections within a period of thirty minutes along with 

the coefficients of variation (C.V. %). From these results, it is evident that filter, 

sample loop rinse, and the use of same and/or different filter between injections did 

not have a significant influence on BDP quantitation by the direct injection method. 

4.4.2. Chromatography variables 

The results of the chromatography variables study are summarized in Table 4.2 (a, b, 

c, and d). Each of these tables represent a set of three different BDP concentrations, 

evaluated using five different solvent combination ratios and five different mobile 

phase flow rates. The results for a particular set of conditions were the same 

irrespective of the BDP concentration used. The results obtained by utilizing 

methanol: water as the mobile phase, in combination with either a 20|j.l sample loop 



or 5)il sample loop are shown in Tables 4.2 (a) and 4.2 (b) respectively. When 90:10 

(methanol: water) was used as the mobile phase with a 20|il sample loop, a good peak 

shape was observed for five different flow rates (Table 4.2(a)). Other methanol: water 

mobile phase combinations resulted in a poor peak shape (split peak or tailing factor: 

< 0.75 or > 1.5) with the 20)0,1 sample loop. From the Table 4.2 (b), it is evident that 

when methanol: water was used as the mobile phase with a 5|il sample loop, 

improved chromatography was observed (tailing factor; > 0.75 and < 1.5). This is true 

not only for a methanol: water ratio of 90:10, but also for 80:20 and 70:30 (methanol: 

water). Figure 4.5 shows chromatograms of BDP obtained by using methanol: water 

in different combinations at 0.8 ml/min with (a) 70:30 methanol: water, 20|il loop (b) 

80:20 methanol: water, 20|J.l loop (c) 80:20 methanol: water, 5|xl loop and (d) 90:10 

methanol: water, 20)i.l loop. From these results, it is evident that a suitable dilution 

factor is very important for acceptable chromatography. This correlates with the 

results of the phase separation study, from which it can be concluded that the faster 

the formulation is diluted by the mobile phase, the more likely the creation of a single 

phase system and improved peak shape. The dilution factor can be increased by either 

reducing the sample loop volume or by increasing the mobile phase flow rate, both of 

which have practical limitations. 

From Table 4.2 (c) and 4.2 (d) it is evident that when acetonitrile: water was used as 

the mobile phase with 20)11 and 5)xl sample loops, five different acetonitrile: water 
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compositions (from 50:50 to 90:10) with five different flow rates showed acceptable 

chromatography. Hence, acetonitrile: water showed acceptable chromatography for 

more sets of conditions than methanol: water using the 20|il and the 5)0.1 sample 

loops. 

4.5. Discussion 

In the present study, a new method to determine the solubility of compounds in 

propellant-based MDI formulations has been reported. The method is the first on-line 

HPLC method that enables direct injection from a MDI vial, and only the second 

reported method for determination of drug solubility in propellants, apart from the 

widely used conventional method (67,69,71,72). The method utilizes a direct 

injection of the MDI vial into the injection (needle) port of a manual injector, and 

hence does not require the MDI vial to be opened (decrimped or punctured) for 

quantitation of compounds. Suitable modifications for the manual injector and MDI 

vial assembly were devised for accurate and precise quantitation of compounds. The 

new direct injection method offers certain distinct advantages over the conventional 

method: 

(1) Since the new method involves direct injection from a MDI vial and does not 

require additional sample manipulations, it offers considerable reduction in analysis 

time and labor. 



(2) The new method does not involve opening of the MDI vial, and hence the 

potential for loss of formulation/drug sample due to boiling of the propellant is 

eliminated. 

(3) The new method, due to lack of elaborate sample manipulations or vial 

decrimping, reduces the chances of operational errors. Since it involves a direct 

injection for analytical quantitation, the data generated can be expected to be 

consistent and reproducible. 

(4) The new method requires a very small sample size for drug quantitation (150|i,l-

200|a,l). Since the MDI vial is unopened, the same vial can be used several times to 

generate multiple data points, over a period of time. This may enable kinetic 

dissolution and stability studies to be performed with minimum effort. 

(5) Since the new direct injection method does not involve a dilution step after 

opening the MDI vial, it offers considerable savings in terms of solvents used for 

dilution. 

(6) The new direct injection method is sensitive, and the limit of detection and 

quantitation range to the nanogram level. 

Applications of the new method include drug quantitation for determination of drug 

solubility and/or stability, in propellant based MDI formulations. The feasibility of 

dissolving new chemical entities in propellants without the aid of nonvolatile 

cosolvents and increase in drug solubility by using several different excipients in 
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different combinations could also be easily assessed. In addition, it can be used to 

generate kinetic dissolution profiles, for rapid 'whole can content' analyses during 

pharmaceutical manufacturing and real time changes in solution properties as a result 

of drug particle growth, solvation, crystal or polymorph conversions, could be easily 

evaluated. In addition to pharmaceutical development, the method can have far 

reaching implications in environmental and industrial applications. 

4.6. Conclusion: 

A new method for determination of solubility of compounds in propellant-based MDI 

formulations was developed. The method utilizes a direct injection from the MDI vial 

into the injection port of a manual injector, and hence offers considerable reduction in 

analysis time and human efforts for such measurements. Characterization of the 

method was conducted by evaluating certain variables, which may influence the 

quantitation of compounds for solubility determination, using the new method. The 

new direct injection method was found to accurately quantitate the model compound 

in MDI vials without opening the vials. 
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Table 4.1. Sample presentation variable study. 'Rinse' refers to sample loop rinse, 

'Filter' refers to the use of a 0.45jxm PTFE syringe filter, 'A Filter': 'Same' refers to 

the use of the same filter in between each injection and 'New' refers to the use of a 

different filter in between each injection. '% Recovery' refers to the theoretical drug 

recovered and 'C.V. (%)' refers to the coefficient of variation. 

Table. A 

Solvent 

CH30H:H20 Rinse Filter A Filter % Recovery C.V.(%) 

1 No No - 100.65 1.22 

2 Yes No - 100.48 0.52 

3 No Yes Same 101.73 0.39 

4 Yes Yes Same 102.54 0.81 

5 Yes Yes New 103.02 0.77 

Table. B 

Solvent 

ACN:H20 Rinse Filter A Filter % Recovery C.V.(%) 

1 No No - 101.55 0.74 

2 No Yes Same 104.58 2.39 

3 No Yes New 109.39 4.57 

4 Yes No - 104.59 0.31 

5 Yes Yes Same 103.94 2.08 

6 Yes Yes New 104.18 5.48 



Table 4.2. Chromatography variables. 'No' refers to poor peak shape (a split peak or 

a single peak with tailing factor > 1.5 or < 0.75), 'No*' refers to injections that could 

not be performed due to high system pressure and 'Yes' refers to acceptable peak 

shapes (tailing factor: 0.75 < and <1.5). 

A 20microl Loop 
Solvent ratio Flow rate (ml/min) 
CH30H:H20 0.8 1 1.2 1.5 1.7 

50-50 No No* No* No* No* 
60-40 No No* No* No* No* 
70-30 No No No No* No* 
80-20 No No No No No* 
90-10 Yes Yes Yes Yes Yes 

B Smicrol Loop 
Solvent ratio Flow rate (ml/min) 
CH30H:H20 0.8 1 1.2 1.5 1.7 

50-50 No No* No* No* No* 
60-40 No No* No* No* No* 
70-30 Yes Yes Yes No* No* 
80-20 Yes Yes Yes Yes No* 
90-10 Yes Yes Yes Yes Yes 

C 20microl Loop 
Solvent ratio Flow rate (ml/min) 
ACN:H20 0.8 1 1.2 1.5 1.7 

50-50 Yes Yes Yes Yes Yes 
60-40 Yes Yes Yes Yes Yes 
70-30 Yes Yes Yes Yes Yes 
80-20 Yes Yes Yes Yes Yes 
90-10 Yes Yes Yes Yes Yes 

D Smicrol Loop 
Solvent ratio Flow rate (ml/min) 
ACN:H20 0.8 1 1.2 1.5 1.7 

50-50 Yes Yes Yes Yes Yes 
60-40 Yes Yes Yes Yes Yes 
70-30 Yes Yes Yes Yes Yes 
80-20 Yes Yes Yes Yes Yes 
90-10 Yes Yes Yes Yes Yes 
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Figure 4.1. Flow diagram for the instrument setup, a) HPLC pump b) manual injector 

c) sample loop d) waste line one e) waste line two f) pressure gauge g) backpressure 

regulator one h) column i) detector j) backpressure regulator two. 

f g 
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Figure 4.2. MDI vial assembly. 
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Figure 4.3. MDI vial assembly injection into the manual injector needle port. 

Adapter Filter Needle Injector Port Sample Loop 
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Figure 4.4. Phase separation study. 

a) Phase separation study for acetonitrile, water and HFA 134a. The region 

designated with the circles represents the composition in which complete miscibility 

was observed. 

ACN 

^0 0 
o o  
o o  

0 0, 

HFA 134a  H20 

b) Phase separation study for methanol, water and HFA 134a. The region designated 

with the circles represents the composition in which complete miscibility was 

observed. 

CH30H 

'0 0 

HFA 134a  H20 
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Figure 4.5. Chromatograms for BDP, obtained by using the new direct injection 

method. The mobile phase in these cases is methanol: water in different 

combinations, at 0.8 ml/min with: 

a) 70:30 methanol: water, 20)il loop 
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b) 80:20 methanol: water, 20)il loop 
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c) 80:20 methanol: water, 5|i,l loop 

0.020-

3 0.010-

0,000-

30,00 35.03 5.00 13.00 28.00 

d) 90:10 methanol: water, 20^il loop 

3 0,1fr-

5.00 10.00 15.00 25.00 30.00 35.00 
Minutes 
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CHAPTER 5 

DETERMINATION OF SOLUBILITY IN AEROSOL PROPELLANTS. 

11. METHOD VALIDATION 

5.1. Introduction 

The incidence of asthma has steadily increased in recent decades. In the United States 

alone about 15 million people suffer from asthma (73-75). Inhalation is the most 

frequent route of drug delivery for the effective treatment of asthma while minimizing 

systemic side effects. Pressurized metered dose inhalers (MDIs) are commonly used 

to deliver bronchodilators and corticosteroids. MDIs require a propellant such as 

hydrofluoroalkane (HFA) 134a (1,1,1,2 tetrafluoroethane) or HFA 227 (1,1,1,2,3,3,3-

heptafluoropropane) to facilitate the aerosol generation of drug particles. Since 134a 

(boiling point -26.1°C) and 227 (boiling point -16.5°C) are gases at room 

temperature, quantitation of compounds in MDIs using these propellants presents 

technological challenges. Quantitation of the active ingredient, as well as other 

constituents in a MDI formulation, is essential for the development and acceptance of 

a MDI product. The current techniques available for quantitative analysis of 

compounds in MDI formulations either involve opening a chilled MDI vial and 

diluting the contents with a suitable mobile phase for analysis (76-77) or by actuating 

the contents of a MDI vial into a suitable diluent (78). Compounds present in very 

low concentrations, whether the active ingredient, degradation products of the active 
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ingredient, excipients or extractables from MDI vial components, are often difficult to 

analyze due to lack of sensitivity (79,80). When necessary, compound levels can be 

increased by combining several different samples in order to achieve an amount that 

enables quantitation or identification of the compound. However, even when a 

compound can be detected from a MDI system using traditional methods, precision is 

often not adequate due to analytical variability of the methods (77). Hence there is a 

need for an alternative analytical method that affords the sensitivity and precision 

needed for MDI development. 

The objective of the present study was to analyze the on-line reverse phase HPLC 

method, described in the previous chapter, for quantitating low concentrations of 

analytes in HFA based MDIs. In the current investigation, ethanol was used as the 

cosolvent, since it is the most common cosolvent used for MDIs (11,12,45,60). 

Beclomethasone dipropionate (BDP), an established corticosteroid used widely for 

the treatment of asthma (81-85), was utilized as the analyte of interest. A reverse 

phase HPLC assay was developed to analyze the BDP MDI formulations and was 

evaluated using standard analytical indices. 

5.2. Experimental Methods 

5.2.1. Materials 

The pressure resistant glass aerosol vials, continuous valves and beclomethasone 

dipropionate (BDP) used in this study were provided by 3M Drug Delivery Systems 



(St. Paul, MN). 1,1,1,2-Tetrafluoroethane (Dymel® 134a) and ethanol (200 proof) 

were obtained from DuPont Chemicals (Wilmington, DE) and Aaper Alcohol and 

Chemical Company (Shelbyville, KN), respectively. All other solvents were HPLC 

grade and were obtained from Aldrich Chemical Company (Milwaukee, WI) and used 

as received. 

5.2.2. Sample preparation 

Three solution MDIs having BDP concentrations of 0.00250 %w/w, 0.00484 %w/w 

and 0.00856 %w/w were prepared, in duplicate, in pressure resistant glass vials. The 

ethanol concentration in each of these vials was 5 %w/w. For all the formulations 

prepared, BDP and ethanol (200 proof) were directly weighed into pressure resistant 

glass vials. The "cold fill" technique (7,86) was used to fill the vials with HFA 134a. 

Each of these vials was immediately crimped with continuous valves (3M Drug 

Delivery Systems, St. Paul, MN) using a small-scale bottle crimper (Model # 3000B, 

Aerotech Laboratory Equipment Company, Maryland, NY). Samples were then 

inspected with a laser tyndall beam in order to make sure that all of the components 

were in solution. 

5.2.3. Instrument set-up 

The instrumentation setup consisted of a Waters 2695 separations module (Waters, 

Milford, MA) coupled with a Waters 2487 dual wavelength absorbance detector. The 
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Waters 2695 separations module was connected with a Rheodyne Model 7725 

manual sample injector (Rheodyne, L.P. Rohnert Park, CA). Figure 4.1 shows the 

flow diagram for the Rheodyne Model 7725 manual sample injector. The manual 

injector had six-port sample injection valves in which the sample is loaded through a 

built-in-needle port in the front of the valve. 

Figure 4.1 depicts how the manual injector connected to the Waters 2695 separations 

module pump at port 2. The sample loop was connected between ports 1 and 4. The 

column was connected to the outlet from port 3. The excess sample waste was 

collected in a waste bottle connected to port 5. In order to ensure that the 

ethanol/HFA 134a sample remained as a compressed liquid in the analytical loop, a 

pressure gauge (Amtek U.S. Gauge Division, Sellersville, PA) and an Alltech 

adjustable backpressure regulator (Alltech Associates Inc., Deerfield, IL) were 

connected in line with the second waste outlet (port 2). A second adjustable 

backpressure regulator was connected at the outlet of the dual wavelength detector in 

order to eliminate the potential outgassing of HFA 134a in the UV cell. 

In order to make a direct injection from the MDI vial into the manual injector, the 

MDI vial was connected with a filtration and injection assembly (Figure 4.2). This 

MDI assembly consisted of the MDI vial with a continuous valve, an adapter which 

was connected to the stem of the continuous valve, and a 0.2^m Acrodisc PTFE 
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syringe filter (Pall Gelman Laboratory, Ann Arbor, MI) which was connected to the 

stem of the adapter. A #22 gauge stainless steel blunt needle was connected to the 

stem of the filter. To make a direct injection from the HFA 134a based MDI vial into 

the manual injector, the needle of the MDI vial assembly was inserted into the needle 

injector port and the MDI vial was actuated. A suitable adjustment of the 

backpressure regulator was devised to keep the actuated contents of the MDI vial in 

the liquid state. 

5.2.4. Phase Separation Study 

MDI formulations invariably consist of an active ingredient (drug) and a cosolvent, 

along with the propellant. Hence, upon actuation, when the contents of the MDI vial 

(propellant, drug and cosolvent) come in contact with the mobile phase (aqueous and 

organic components), a five component system may result, leading once again to 

phase separation or drug precipitation. To avoid the possibility of a multi-phase 

system occurring, a five component phase separation study was conducted in order to 

choose suitable mobile phase compositions for quantitation of BDP in MDIs. Three 

different solution formulations of BDP, having concentrations of 0.002 %w/w, 0.005 

%w/w, and 0.009 %w/w were evaluated. Each of these formulations contained 5% 

ethanol as a cosolvent. Acetonitrile and water mixtures in varying combinations 

(50:50 to 90:10) were filled in MDI vials (approx. 20gms in each vial). The vials 

were then crimped with continuous valves. With the aid of a set of custom adapters, 



about Igm of each of the BDP formulations (defined above) were transferred to the 

vials containing acetonitrile: water mixtures. The receiving vials were then observed 

for any phase separation and drug precipitation with the help of a laser tyndall beam. 

Table 5.1 lists the results of the phase separation study in which five different 

acetonitrile: water mixtures and three different BDP concentrations were evaluated. 

Based on the results, it is evident that vials having a 90:10 (acetonitrile: water) 

composition did not show any phase separation. Hence, 90:10 (acetonitrile: water) 

composition may be a suitable mobile phase solvent composition to quantitate BDP 

by direct injection of the MDI vial. All other acetonitrile: water compositions showed 

clear phase separation. Note that the phase separation study is only a rough indicator 

of an appropriate mobile phase solvent composition. 

5.2.5. HPLC Assay 

The following HPLC assay method was used to analyze BDP by direct injection from 

HFA 134a based MDI vials: 

Column: Apollo C18 5fx 

Length: 150 mm x 4.6 mm 

Flow rate: 0.9 ml/min 

Loop volume: 5.0 )il 

Wavelength: 240 nm 

Retention time: 2.7 min 
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Total run time: 5 min 

Temperature: 30 ± 2°C 

Mobile phase: ACN-Water (90:10, v/v) 

Quantitation was based on peak area, using a standard curve, which was prepared 

daily. In order to make the injection from the MDI vial, the needle of the MDI vial 

assembly was inserted into the needle injector port of the manual injector. A suitable 

adjustment of the backpressure regulator was devised, such that the backpressure in 

the waste line was approximately 70 psi for each injection. As a result of this 

backpressure, the contents of the MDI vial were maintained in the liquid state after 

actuation. The same backpressure regulator setting was used for all subsequent 

injections. The injector was kept at the LOAD position, and after 3-4 seconds of 

actuation and depression of the MDI vial, the sample loop was overfilled. The 

injector was then turned to the INJECT position and the excess formulation was 

allowed to discard through one of the waste lines. Two minutes after the first 

injection was made, the backpressure valve was opened to relieve the backpressure 

and discard any excess formulation in the waste line. The loop was then rinsed with 

100 % acetonitrile. In order to perform the next injection, the backpressure regulator 

was adjusted to the initial setting and the injector was brought to the LOAD position. 

A new injection was performed in the same manner as mentioned above. 



5.2.6. Density correction for standard solutions and formulations 

Since the sample loop delivers formulations based on volume, a density correction 

was required for the different standards and formulations injected by the direct 

injection method. With the knowledge of the solvents used for preparing the 

standards and formulations, the density of these solutions was calculated as a linear 

combination of the densities of the constituent solvents. Based on the density 

correction, the formulation mass dispensed from the sample loop was calculated. 

5.2.7. System Suitability 

The analj^ical column was equilibrated with the mobile phase (acetonitrile-water 

(90:10, v/v)) and six injections were made with a standard solution, under the 

conditions described above. In order to evaluate the system suitability, six 

consecutive injections were made with the same sample, using the same equipment, 

and on the same day. 

5.2.8. Preparation of standard solutions for calibration curve 

Stock solutions of BDP were prepared in 100% acetonitrile and stored at 4°C until 

use. The concentration of BDP in the stock solution was 0.032 %w/w and it was 

diluted with acetonitrile to obtain a concentration range of 0.001 %w/w to 0.016 

%w/w. Based on the density correction for acetonitrile and a 5|xl loop volume, the 

corresponding concentration range for the calibration curve was 0.039-0.628 



Hg/injection. These standards were stable for more than 2 weeks when stored at 4°C. 

Three standard curves were prepared daily for this concentration range, in order to 

evaluate the linearity. The peak area of BDP was plotted against BDP concentration 

to construct the standard curve. 

5.2.9. Sample Evaluation 

Three different formulations of BDP, having concentrations of 0.00250 %w/w, 

0.00484 %w/w, and 0.00856 %w/w, were evaluated. 

5.3. Results 

5.3.1. Performance characteristics of the analytical method 

The analytical peak of BDP was well resolved from the solvent front. Figure 5.1 (a) 

shows a chromatogram of a blank formulation containing HFA 134a and ethanol, and 

Figure 5.1 (b) shows the chromatogram of a formulation having BDP. The optimized 

chromatographic conditions gave a retention time of 2.7 minutes for BDP. ICH and 

FDA (87-88) guidelines were taken into consideration while evaluating the analytical 

method. In order to demonstrate the satisfactory nature of the method, the following 

protocol was implemented during the development and evaluation: 
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5.3.1.1. System suitability 

For the system suitability, six consecutive injections were made with a standard 

solution before each sample set was performed. This testing was done in order to 

ensure that the system was working properly on that particular day. Quantitation was 

done by area of the BDP peak. The coefficient of variation (C.V. %) was used as a 

measure of precision. Table 5.2 lists the system suitability data for 6 injections on 5 

different days, along with their standard deviations (S.D.) and coefficient of variation. 

The coefficient of variation over a period of five days was 0.75. 

5.3.1.2. Sensitivity and limit of detection 

The limit of detection and the limit of quantitation (LOD and LOQ, respectively) of 

the method were determined from the standard deviation of the response for known 

concentrations of BDP. The LOD is defined as the lowest drug concentration, which 

can be determined and calculated as three times the variation in the measured 

response (89). For this method, the LOD was calculated to be 8.83 Tjg/ml. In the same 

manner, LOQ was estimated as ten times the variation in the measured response (88) 

and was calculated to be 26.75 rig/ml. 

5.3.1.3. Selectivity and specificity 

The selectivity of the developed RP-HPLC method for the determination of BDP in 

pharmaceutical MDI formulations was investigated at the retention times of the 
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analyte. It is evident from the blank (see Figure 5.1) that the propellant and excipient 

(cosolvent) in the formulation do not cause any interference with BDP. The 

specificity of the method for BDP was confirmed by library spectra matching. The 

library spectra match was performed on the BDP peak using a Waters 996 Photo 

Diode Array detector, in order to check for peak purity. The peak purity data 

confirmed the absence of any impurities coeluting with BDP. In addition, aliquots of 

the BDP formulation samples were collected corresponding to the elution time of the 

BDP peak. The eluates were then combined and analyzed using HPLC/MS 

(electrospray ionization) in the positive ion mode (LCQ HPLC/MS, Finnigan, San 

Jose, CA). The analysis confirmed the identity and uniqueness of the BDP peak. 

5.3.1.4. Linearity 

The calibration curve for BDP was prepared in the concentration range of 0.001-

0.016 %w/w. This corresponded to 0.039-0.630|Xg of BDP per 5|xL injection using 

100% acetonitrile. The calibration curve demonstrated the satisfactory and consistent 

behavior of the method. The data for this concentration range was analyzed using 

least-squares regression analysis; the results are shown in Tables 5.3(a) and 5.3(b). 

Linearity was determined by plotting a standard curve from the area of the BDP peak 

versus the corresponding drug concentration (quantity per injection in meg) in the 

sample. All the calibration curves were linear on five different days, with a 

correlation coefficient r > 0.9999 and with confidence intervals less than P = 0.05. 
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The intercepts were not significantly different from zero; therefore, the least-squares 

regression line was used without an intercept. In addition, the relative error (R.E.) in 

each concentration was calculated from the calibration curve and ranged from -0.27 

to 1.27 (Table 5.3(b)). The relative error provides a measure of the difference 

between the experimental and calculated values and thus a measure of the scatter of 

the data about the best fit-line. 

5.3.1.5. Accuracy 

Accuracy of the analytical assay was determined as the percent drug recovered 

(%Recovery, w/w) from the vials containing 0.00250 %w/w, 0.00484 %w/w, and 

0.00856 %w/w BDP formulations. The intra-day and inter-day accuracy along with 

the C.V. (%) and R.E. are summarized in Table 5.4. Deviation of the obtained results 

for the BDP formulations, from the theoretical concentrations were within ± 1.43%, 

during intra-day and inter-day analysis. The P-values (95% confidence interval) show 

that the experimental mean was not significantly different from the true value, during 

intra-day and inter-day analysis. 

5.3.1.6. Precision 

To calculate the precision of the method, intra-day and inter-day tests were 

performed. The precision was measured in terms of the BDP concentration recovered 

for the 0.00250 %w/w, 0.00484 %w/w, and 0.00856 %w/w BDP formulations and 
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was expressed as the coefficient of variation. Intra-day and inter-day variability in the 

assay was determined by measuring 6 samples with three different concentrations, for 

5 different days. The P values (95% confidence interval) indicate that the results were 

not significantly different during intra-day and inter-day analysis. The inter-day C.V. 

(%) values were 1.02 for the 0.00250 %w/w formulation, 1.33 for 0.00484 %w/w, 

and 1.43 for 0.00856 % w/w formulations. The values along with S.D and C.V. (%) 

are summarized in Table 5.5. From the results it is clear that the method is 

reproducible within the same day and between different days. 

5.4. Discussion 

The method described in this report is the first analytical HPLC procedure that 

enables direct injection of the formulation from a MDI vial for analyte quantitation. 

Traditional methods for content determination in MDI systems either involve opening 

(decrimping) the MDI vial or actuation of the MDI vial formulation into a suitable 

solvent (76-78). This method does not require the physical opening of the MDI vial 

and does not necessitate the use of several analytical transfer steps. As a result, the 

method presented offers considerable advantages such as; decreased analysis time, 

labor and solvent consumption, and increased sensitivity, precision, and repeatability. 

The robustness of the current method has been illustrated using BDP as a model 

compound in ethanol/HFA 134a MDI formulations. While a number of assays have 
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been reported for the analysis of BDP in pharmaceutical MDI formulations (38, 49, 

86, 89-91) there are no published on-line RP-HPLC methods for the quantitation of 

BDP directly from a MDI vial. The United States Pharmacopoeia (USP) requires that 

the coefficient of variation for the accuracy and precision of the analytical assay used 

for analysis of the final dosage form be less than 2.0 (92). It has been shown through 

the BDP formulations used in this study, that the direct on-line HPLC method has the 

ability to provide an analytical means for determining MDI constituents with the 

accuracy and precision defined by the USP. In addition, the formulations also 

demonstrate the potential sensitivity of the method. The limit of quantitation for BDP 

using a 5}xl loop volume and a UV detector was determined to be 26.75 Tig/ml or 

0.00044 %w/w. Different modes of detection may be utilized with the described 

method in order to increase sensitivity. 

The utility of this method can be extended not only to other solution formulations of 

BDP but for analysis of a variety of compounds in MDI formulations, including other 

active ingredients, degradation products, propellants (eg. HFA 227), excipients and 

possibly extractables. With the right combination of injection volume and detector 

sensitivity (detector type) it can be possible to analyze low concentrations of 

compounds that are otherwise difficult to quantitate without concentrating the 

samples, prior to analysis. While for the current study a relatively high acetonitrile 

concentration was preferred, giving a k' of 0.633, it is also possible to decrease the 
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acetonitrile concentration to allow better specificity for degradation products, without 

compromising precision and accuracy. In fact, after the direct injection from the MDI 

vial is performed, the initial isocratic mobile phase composition can be changed to a 

gradient method. 

In summary, the simplicity of the technique, the non-invasive sampling, the minimal 

volume requirement, and the high sensitivity and precision make this technique 

particularly attractive for the quantification of compounds in pharmaceutical MDI 

dosage forms. 
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Figure 5.1. Example chromatogram (a) blank formulation (b) BDP formulation. 

Minutes. 

Minutes 
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Table 5.1. Five component phase separation study. 'P.S.' are the compositions for 

which phase separation was observed, 'P.S.*' are the compositions for which minimal 

phase separation was observed and 'Clear' are the compositions for which no phase 

separation was observed. 

BDP Concentration (%w/w) 
Solvent 1 2 3 
ratios 

ACN:H20 0.011 0.005 0.008 
50-50 P.S. P.S. P.S. 
60-40 P.S. P.S. P.S. 
70-30 P.S. P.S. P.S. 
80-20 P.S.* P.S.* P.S.* 
90-10 Clear Clear Clear 
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Table 5.2. Intra-day and Inter-day system suitability data for the analytical assay. 'N' 

is the number of injections, 'AUG' is the area under the curve, 'S.D.' is the standard 

deviation and 'C.V. (%)' is the coefficient of variation. 

System 
suitability: 

Day N AUC S.D. o
 

<
 

p-value 
1 6 131000 1419 1.08 1190 
2 6 132321 1234 0.93 1035 
3 6 133465 1000 0.75 839 
4 6 133225 2925 2.20 2454 
5 6 132051 602 0.46 505 

Inter-day Mean 

S.D. 
C.V.(%) 

132412. 
4 

987.7 
0.75 



Table 5.3. Linearity data for the analytical assay. 'Table a' shows the calibration 

curve values on five different days. 'Table b' shows the relative error values in each 

concentration from the calibration curve. 'N' is the number of injections, 'Slope' is 

the slope of the standard curve prepared daily, 'S.D.' is the standard deviation, '95% 

C.I.' is the 95% confidence interval, 'R' is the coefficient of regression, 'R.E' is the 

relative error. 

Linearity: 
Table a 

Day N Slope S.D. C.V. 95% C.I. R 
1 3 1694367 9935 0.59 11227 0.9999 
2 3 1685067 6806 0.40 7691 0.9999 
3 3 1689467 6806 0.40 7691 0.9999 
4 3 1695567 15800 0.93 17854 0.9999 
5 3 1687233 4027 0.24 4551 0.9999 

Mean 1690340 
S.D. 4521.02 

C.V.(%) 0.27 

Table b 
Sample Drug 

added 
Drug* 

recover 
ed 

S.D. C.V. 
(%) 

R.E. 

(N=15) (meg) (meg) 
1 0.0393 0.0388 0.0005 1.29 1.27 
2 0.0786 0.0780 0.0009 1.15 0.76 
3 0.1571 0.1556 0.0043 2.76 0.95 
4 0.3143 0.3119 0.0054 1.73 0.76 
5 0.6286 0.6303 0.0037 0.59 -0.27 

* calculated using slopes from Table 
5.3 (a) 



Table 5.4. Accuracy data for the analytical assay, for three different drug 

concentrations. 'N' is the number of injections, '%Recovery' is the percent drug 

recovered, 'S.D.' is the standard deviation and 'C.V.%' is the coefficient of variation. 

Accuracy: 
1) 0.00250 %w/w 

Day N % Recovery S.D. C.V.(%) p-value 
1 6 100.68 0.91 0.91 0.75 
2 6 100.17 0.39 0.39 0.33 
3 6 101.47 1.76 1.73 1.44 
4 6 102.69 2.27 2.21 1.86 
5 6 102.15 2.24 2.19 1.84 

Inter-day Mean 101.43 
S.D. 1.03 

C.V.(%) 1.02 

2) 0.00484 %w/w 
Day N % Recovery S.D. C.V.(%) p-value 

1 6 98.85 2.00 2.02 1.65 
2 6 100.07 0.88 0.88 0.72 
3 6 100.44 0.25 0.25 0.20 
4 6 102.55 0.54 0.53 0.44 
5 6 100.46 1.75 1.74 1.44 

Inter-day Mean 100.47 
S.D. 1.34 

C.V.(%) 1.33 

3) 0.00856 %w/w 
Day N % Recovery S.D. C.V.(%) p-value 

1 6 100.11 0.79 0.78 0.65 
2 6 101.50 1.63 1.61 1.34 
3 6 102.99 1.43 1.39 1.18 
4 6 99.69 1.03 1.03 0.85 
5 6 99.67 0.65 0.66 0.54 

Inter-day Mean 100.79 
S.D. 1.44 

C.V.(%) 1.43 



Table 5.5. Precision data for the analytical assay, for three different drug 

concentrations. 'N' is the number of injections, 'Mean' is the average concentration 

recovered for six injections, 'S.D.' is the standard deviation, 'C.V.%' is the 

coefficient of variation, and 'R.E' is the relative error. 

Precision: 
1) 0.00250 %w/w 
Day N Mean S.D. C.V.(%) p-value R.E. 

1 6 0.00251 2.27E-05 0.91 1.87E-05 -0.40 
2 6 0.00250 9.95E-05 0.39 8.18E-06 0.00 
3 6 0.00254 4.38E-05 1.73 3.60E-05 -1.60 
4 6 0.00257 5.65E-05 2.20 4.64E-05 -2.80 
5 6 0.00255 5.58E-05 2.18 4.59E-05 -2.00 

Inter-day Mean 0.00253 
S.D. 2.58E-05 

C.V.(%) 1.02 
R.E. -1.20 

2) 0.00484 %w/w 
Day N Mean S.D. C.V.(%) p-value R.E. 

1 6 0.00478 9.68E-05 2.02 7.96E-05 1.24 
2 6 0.00484 4.24E-05 0.88 3.49E-05 0.00 
3 6 0.00486 1.19E-05 0.25 9.78E-05 -0.41 
4 6 0.00496 2.61 E-05 0.53 2.15E-05 -2.48 
5 6 0.00486 8.44E-05 1.74 6.94E-05 -0.41 

Inter-day Mean 0.00486 
S.D. 6.45E-05 

C.V.(%) 1.33 
R.E. 0.41 

3) 0.00856 %w/w 
Day N Mean S.D. C.V.(%) p-value R.E. 
1 6 0.00857 6.77E-05 0.78 5.56E-05 -0.12 
2 6 0.00869 0.00013 1.61 0.000107 -1.52 
3 6 0.00882 0.00012 1.39 9.86E-05 -3.04 
4 6 0.00853 8.79E-05 1.03 7.23E-05 0.35 
5 6 0.00853 5.59E-05 0.66 4.59E-05 0.35 

Inter-day Mean 0.00863 
S.D. 0.00012 

C.V.(%) 1.43 
R.E. -0.82 



CHAPTER 6 

DETERMINATION OF SOLUBILITY IN AEROSOL PROPELLANTS. 

III. APPLICATION AND COMPARISON TO EXISTING METHOD 

6.1. Introduction 

For many years, inhalation delivery systems have been used to deliver drugs to the 

respiratory tract in order to treat pulmonary diseases. Due to the diversity of 

inhalation dosage forms (nebulizers, dry powder inhalers, and metered dose inhalers), 

preformulation, as applied to the development of inhalation formulations, can be 

extremely broad in scope. Inhalation delivery systems, including pressurized metered 

dose inhalers (MDIs), are compound specific, and the physicochemical properties of a 

given compound can predispose the choice of the inhalation system. Early in the 

development process, the solubility of a drug continues to be a physical property that 

is routinely measured during the identification and selection of lead compounds. 

Especially for MDIs, the determination of drug solubility in propellants is the first 

step in rational formulation design. The solubility of a drug in the propellants 

principally governs the type of MDI system (solution vs. suspension) chosen for 

development. 

Dalby et al., 1991 (67), reported the 'conventional method' for determining drug 

solubility in volatile propellant systems. A recent modification of this method was 



reported by Williams et al., 1999 (68). The overall principle of the two methods is the 

same; with both utilizing a donor vial containing excess drug in the volatile propellant 

system, and a second empty receiving vial whose weight is pre-recorded (made of 

glass in Dalby et al. and made of aluminum in Williams et al.). Both vials are crimped 

with continuous spray valves, which enable the transfer of contents from the donor 

vial to the receiving vial. The donor vial is equilibrated for a period of time in order 

for the drug to achieve equilibrium solubility in the propellant or the MDI 

formulation. The donor vial is mounted on top of a gas tight filtration apparatus. Both 

the donor vial and the receiving vial have an adapter attached to the continuous valve. 

A filter (0.22)xm or 0.45iim) is connected between the two adapters, to filter the 

excess drug from the donor vial. The receiving vial is typically kept cold with dry ice 

in order to provide the necessary driving force for the contents of the donor vial to 

flow into the receiving vial. After transferring the contents from the donor vial to the 

receiving vial, the weight of the receiving vial is recorded. This vial is chilled, then 

either decrimped or punctured, and the contents are transferred to a pre-chilled 

volumetric flask. The propellant is allowed to evaporate and a suitable solvent is used 

for dilution. The diluted samples are then analyzed in order to quantitate the drug. 

A new method for determining solubility of compounds in MDIs has been reported 

by Gupta and Myrdal, 2003 (93-94). The method utilizes a direct injection from a 

MDI vial into the needle injection port of a manual injector. The aim of the current 
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investigation was to compare the new direct injection method with the conventional 

method for determining solubility in MDIs. In the current investigation, 

beclomethasone dipropionate (BDP), 5,5-diphenyl hydantoin and 3,3'-

diindolylmethane (Figure 6.1-a, b and c), were used as the model compounds, and 

HFA 134a was used as the model propellant. BDP was quantified in various blends of 

HFA 134a and ethanol and the solubility of 5,5-diphenyl hydantoin and 3,3'-

diindolylmethane was determined in HFA 134a, using both methods. 

6.2. Experimental Methods 

6.2.1. Materials 

Pressure resistant glass aerosol vials, continuous valves and beclomethasone 

dipropionate (BDP), were provided by 3M Drug Delivery Systems (St. Paul, MN). 

5,5-diphenyl hydantoin and 3,3'-diindolylmethane were obtained from RPI Corp. 

(Mount Prospect, IL). 1,1,1,2-Tetrafluoroethane (HFA 134a; Dymel® 134a) and 

ethanol (200 proof) were obtained from DuPont Chemicals (Wilmington, DE) and 

Aaper Alcohol and Chemical Company (Shelbyville, KN), respectively. HPLC grade 

acetonitrile was obtained from Aldrich Chemical Company (Milwaukee, WI). 

6.2.2. Sample Preparation 

Vials that contained excess BDP were prepared at 5, 10, 15 and 20 %w/w ethanol in 

HFA 134a. In addition, vials were made with known concentrations of BDP using 
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HFA 134a and ethanol. These formulations were in solution and contained BDP 

concentrations of 0.0057 %w/w, 0.0114 %w/w, 0.1203 %w/w and 0.7510 %w/w and. 

The first two formulations contained 5% ethanol and the latter two formulations 

contained 15% ethanol. For all the formulations prepared, BDP and ethanol were 

directly weighed into pressure resistant glass vials. The "cold fill" technique (13) was 

used to fill the vials with HFA 134a. Each of these vials was immediately crimped 

with continuous valves (3M Drug Delivery Systems, St. Paul, MN) using a small-

scale bottle crimper (Model # 3000B, Aerotech Laboratory Equipment Company, 

Maryland, NY). Vials that contained excess BDP, 5,5-diphenyl hydantoin and 3,3'-

diindolylmethane were crimped with continuous valves using the small-scale bottle 

crimper. HFA 134a was pressure filled in these vials using a #3SB pressure filler 

(Aerotech Laboratory Equipment Company, Maryland, NY). All the vials were 

rotated at room temperature for at least 48 hours prior to analysis. 

6.2.3. Comparison of the conventional method to the new direct injection method 

In order to check the precision and accuracy of the new direct injection method for 

the determination of solubility, a study was done to compare the new method to the 

conventional method reported by Dalby et al., 1991 (67). Solubility of BDP was 

determined in various combinations of HFA 134a and ethanol using both methods. 

Two types of BDP samples were evaluated: the first set of vials had excess BDP with 

5%, 10%, 15% and 20% ethanol. The second set of vials had known concentrations of 



BDP (0.0057 %w/w, 0.0114 %w/w, 0.1203 %w/w and 0.7510 %w/w) with all 

formulations in solution. Solubilities of BDP, 5,5-diphenyl hydantoin and 3,3'-

diindolylmethane were also evaluated in pure HFA 134a. Twelve determinations 

were performed for each vial with unknown concentration of BDP, and six 

determinations were performed for each vial having known concentration of BDP. 

Six determinations were done for each vial containing 5,5-diphenyl hydantoin and 

3,3' -diindolylmethane. 

6.2.3.1. Determination of solubility of compounds by conventional method 

Figure 6.2 shows the experimental setup for determination of the solubility of 

compounds in MDI vials by (a) conventional method and (b) direct injection method. 

After equilibration, the samples were filtered through a 0.45|a,m Acrodisc® PTFE 

syringe filter coupled to a chilled empty receiving glass vial. The receiving vials 

containing the filtrate were weighed and then chilled in dry ice for at least 15 minutes. 

The chilled vials were decrimped and the contents were transferred to a pre-chilled 

volumetric flask. The formulation was allowed to warm up, leading to the evaporation 

of the propellant. The receiving vial and valve were then quantitatively rinsed with 

the mobile phase, and the contents of the volumetric flask were diluted to volume 

with the mobile phase. The amount of each compound in the samples was determined 

by HPLC. The solubility of 5,5-diphenyl hydantoin and 3,3'-diindolylmethane in 

HFA 134a, and the 
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solubility of BDP in various blends of HFA 134a and ethanol were calculated based 

on the total amount of formulation in the receiving vial. 

6.2.3.2. Determination of solubility of compounds by new direct injection method 

The experimental setup for the new direct injection method has been explained in 

chapter 4 (93-94). Figure 4.3 illustrates the schematic of making an injection from a 

MDI vial into the needle injector port of the manual injector. In order to make a direct 

injection from the equilibrated MDI vial into the manual injector, the MDI vial was 

connected with a filtration and injection assembly (Figure 4.3). The injection from the 

MDI vial was performed by inserting the needle of the assembly through the needle 

port. A suitable adjustment of the backpressure regulator was devised such that the 

backpressure in the waste line was approximately 60psig for each injection. The same 

backpressure regulator setting was used for all subsequent injections. The injector 

was kept at the LOAD position, and after 3-4 seconds of actuation of the MDI vial, 

the loop was overfilled. The injector was immediately turned to the INJECT position 

and the excess formulation was allowed to discard through one of the waste lines. 

In order to make replicate injections after the first injection, the backpressure valve was 

opened to relieve the backpressure and discard any excess formulation to waste. The loop 

was then rinsed with excess 100% acetonitrile. In order to perform the next injection, the 

backpressure regulator was adjusted to the initial setting and the injector was brought to 



155 

the LOAD position. A new injection was performed in the same manner as the first 

injection and the process was repeated using a new filter each time. 

6.2.4. Sensitivity of the new direct injection method 

The new direct injection method was found to be sensitive for the quantitation of 

compounds in MDI formulations. For BDP (Xmax -240nm) the upper limit of detection 

was found to be approximately 0.008 %w/w, beyond which the linear concentration-

absorption range of Beers law (95) was exceeded at the ^max • In order to investigate 

the accuracy, repeatability and similarity of data analysis at multiple wavelengths (at 

which the compound absorbs relatively less), the data for 5,5-diphenyl hydantoin 

(?imax-210nm) and 3,3'-diindolylmethane (Xmax-220nm) were analyzed at multiple 

wavelengths. The results from the direct injection method were compared with the 

results of the conventional method for the three compounds. 

6.2.5. Dilution of the concentrated samples 

Since the solubility of BDP in the cosolvent samples was higher than 0.008 %w/w, a 

dilution step was included in the procedure, prior to the direct injection. The 

formulations with known concentration of BDP (0.01135 %w/w, 0.1203 %w/w and 

0.7510 %w/w) and the solubility samples with unknown concentration of BDP 

(containing 5%, 10% and 15 %w/w ethanol) were diluted with HFA 134a, prior to 

analysis by the direct injection method. The dilution was performed by transferring a 
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small, known quantity of the concentrated samples to a receiving MDI vial crimped 

with a continuous valve. The initial transfer of the concentrated samples to the 

receiving vial was done by using a set of custom adapters. A known quantity of HFA 

134a was then pressure filled in the receiving vial. The diluted samples in the 

receiving MDI vial were then analyzed by the new direct injection method. The 

original concentration was then calculated based upon the appropriate dilution factor. 

6.2.6. Data analysis at multiple wavelengths 

The solubilities of 5,5-diphenyl hydantoin and 3,3'-diindolylmethane in HFA 134a 

were quantitated at multiple wavelengths by both methods. Data for 5,5-diphenyl 

hydantoin were analyzed at 210nm (Xmax220nm and 230nm while data for 3,3'-

diindolylmethane were analyzed at 220nm (?imax), 265nm and 283nm. The 

wavelengths were chosen as representative cases in order to cover a wide range of 

wavelengths at which the data can be analyzed. The linear concentration-absorbance 

range was not exceeded at any of these selected wavelengths. This exercise was done 

to illustrate that a different set of wavelengths may be chosen depending upon the 

compound to be analyzed, in order to facilitate analytical detection without the need 

for dilution. 



6.2.7. HPLC Assay 

For BDP, the HPLC system consisted of a Waters 2695 separations module (Waters, 

Milford, MA) coupled with a Waters 2487 dual wavelength absorbance detector. 5,5-

diphenyl hydantoin and 3,3'-diindolylmethane were analyzed using a Waters 2690 

separations module coupled with a Waters 996 PDA. For analysis by the new direct 

injection method, the Waters 2695 and Waters 2690 separations module were 

connected with a Rheodyne Model 7725 (Rheodyne, L.P. Rohnert Park, CA) manual 

sample injector. Sample analyses for the three compounds were performed by a 

reverse phase HPLC assay, using a 150 x 4.6mm, 5jim Apollo CI8 column, 

maintained at ambient temperature. Quantitation was done based on peak area using a 

five point standard curve prepared daily. Since the sample loop delivers formulations 

based on volume, density correction was required for the different standards and 

formulations injected by the direct injection method. With the knowledge of the 

solvents used for preparing the standards and formulations, the density of these 

solutions was calculated as a linear combination of the densities of the constituent 

solvents. Based on the density correction, the formulation mass dispensed from the 

sample loop was calculated. 

For analysis of BDP by the conventional method, acetonitrile: water (70:30) was used 

as the mobile phase, at a flow rate of 0.8ml/min with an injection volume of 50|j,l. For 

analysis by the new direct injection method, acetonitrile: water (80:20) was used as 
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the mobile phase, at a flow rate of 0.9 ml/min, with an injection volume of 5|a,l. 

Ultraviolet detection was done at 240nm. 5,5-diphenyl hydantoin and 3,3'-

diindolylmethane were analyzed using acetonitrile: water (90:10), at a flow rate of 

l.Oml/min, with an injection volume of 5)xl, for both the conventional method and the 

direct injection method. Retention time was 2.9 minutes for 3,3'-diindolylmethane 

and 2.7 minutes for 5,5-diphenyl hydantoin. 

6.3. Results 

Results for the comparison of the conventional method with the new direct injection 

method are summarized in Table 6.1 (a and b) and Table 6.2 (a and b). 

6.3.1. Conventional method 

Table 6.1 (a)(i) lists the percent recovery along with the standard deviations (S.D.) of 

the four known concentrations of BDP, when analyzed by the conventional method. 

The coefficient of variation (C.V. %) was taken as a measure of the precision and 

accuracy of the method. The values of the coefficient of variation (%) ranged from 

2.5 to 10.7. Table 6.1 (a)(ii) lists the solubility (%w/w) of BDP in different blends of 

HFA 134a and ethanol, when analyzed by the conventional method. The coefficient 

of variation (%) ranged from 4.43 to 5.72. 
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Table 6.2 (a) lists the percentage w/w solubility of 5,5-diphenyl hydantoin and 3,3'-

diindolyl methane, along with the S.D. and C.V.%, when analyzed by the 

conventional method. Data for 5,5-diphenyl hydantoin were analyzed at 210nm, 

220nm and 230nm and the C.V.% ranged from 5.67 to 5.92. Data for 3,3'-diindolyl 

methane were analyzed at 220nm, 265nm and 283nm and the C.V.% ranged from 20 

to 22.89. 

6.3.2. New direct injection method 

Table 6.1 (b) (i) lists the percent recovery along with the S.D. of the four known 

concentrations of BDP when analyzed by the new direct injection method. The 

C.V.% was taken as a measure of the precision and accuracy of the method. The 

values of the C.V.% ranged from 1.68 to 3.05. Table 6.1 (b) (ii) lists the solubility 

(%w/w) of BDP in different blends of HFA 134a and ethanol, when analyzed by the 

new direct injection method. The C.V.% ranged from 1.84 to 2.89. 

Table 6.2 (b) lists the percentage w/w solubility of 5,5-diphenyl hydantoin and 3,3'-

diindolyl methane, along with the S.D. and C.V.% when analyzed by the new direct 

injection method. Data for 5,5-diphenyl hydantoin were analyzed at 210nm, 220nm 

and 230nm and the C.V.% ranged from 3.87 to 4.49. Data for 3,3'-diindolyl methane 

were analyzed at 220nm, 265nm and 283nm and the C.V.% ranged from 2.25 to 2.62. 
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6.4. Discussion 

The present study compares two methods for determining the solubility of 

compounds in propellant based MDI formulations. The conventional method for 

determination of the solubility of compounds in propellants has been widely used (67-

69,71,72). The new direct injection method (93-94) is the first direct on-line reverse 

phase HPLC method for solubility determination. The method utilizes a direct 

injection of the MDI vial into the needle injection port of a manual injector, and 

hence does not require the MDI vial to be opened (decrimped or punctured). Based on 

the solubility data for three model compounds, it is evident that the two methods are 

in agreement with each other (Figure 6.3). The solubility values obtained using both 

methods were not significantly different, although the coefficients of variation for the 

data obtained using the new method were found to be lower than the conventional 

method. 

The methodology of using the conventional method is both time consuming and 

laborious. Although the actual process of transferring the drug from one vial to 

another takes very little time, the entire process of cooling the receiving vial and 

glassware, decrimping the receiving vial, transferring the contents for dilution, and 

then sample preparation for the analysis of the drug content, is time consuming. Thus, 

the generation of a single data point involves significant analyst time and labor, as 

well as relatively large compound and solvent quantities. On the other hand, the new 



method involves a direct injection from a MDI vial, thereby eliminating the need for 

additional sample manipulations and reducing analysis time. Figure 6.4 shows a 

chromatogram of BDP with six injections within 30 minutes by using the new direct 

injection method. All six peaks are identical and offer six solubility data points with 

minimal time and effort. Since the conventional method involves transferring 

contents from one vial to another vial, and a subsequent transfer for dilution (into a 

volumetric flask), it is technique dependent. There is a potential to lose 

formulation/drug during the quantitative transfer of contents. Sample loss can also 

occur during propellant boiling/evaporation. This can lead to variable results in 

replicate analysis. The new method does not require any of these transfer steps, 

therefore reducing the operational errors, which directly results in consistent and 

reproducible results. 

The conventional method is sample intensive. For generating multiple data points, 

contents of the donor vial can only be transferred to a limited number of receiving 

vials. Once the receiving vial is decrimped, the entire sample is lost. As a result, 

generation of multiple data points with a single donor vial is limited. Since the new 

method utilizes a very small sample size for solubility determination (150|J,l-200|ll) 

and the MDI vial is not opened, the same vial can be used numerous times to generate 

multiple data points. The ability to monitor the same sample over time offers 

significant advantages in terms of generating various stability profiles. 
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The direct injection method was also found to be a sensitive analytical method. The 

limit of quantitation (LOQ) of BDP was estimated as ten times the variation in the 

measured response (88) and was calculated to be 26.75 rig/ml (0.00000219% w/w). 

For BDP (X,max -240nm) the upper limit of detection was found to be approximately 

0.008 %w/w, beyond which the linear concentration-absorption range of Beers law 

(95) was exceeded at the Xmax- Due to the sensitivity of the new direct injection 

method, a similar situation may arise for compounds that are highly soluble in pure 

HFA 134a or have a high solubility when a cosolvent is used along with the 

propellant. When such compounds are analyzed by liquid chromatography using a 

UV detector, there is the potential that the linear concentration-absorbance limit of 

Beers law (95) might be exceeded. The high sensitivity of the method may present a 

potential limitation for the analysis of compounds having high solubility in the 

propellants alone or along with other formulation excipients. Two practical solutions 

to this situation were presented, including dilution of the samples prior to direct 

injection and analysis of the data at a wavelength other than the X,max- In order to 

check the feasibility of both these options, a systematic investigation of the dilution 

method and data analysis at a wavelength other than Xmax were performed. From the 

results, it was evident that when BDP was analyzed using a dilution step along with 

the direct injection method, the percent recoveries for the two methods were not 

different. In addition, the data for 5,5-diphenyl hydantoin and 3,3'-diindolylmethane 

were analyzed at two wavelengths other than the Xmax- The wavelengths were chosen 



such that the compounds absorbed relatively less at these wavelengths, and hence 

offered a means of reduced sensitivity for detection. For the direct injection method, 

the coefficient of variation (%) for the solubility values obtained by processing the 

data at three different v^avelengths was 7.84 for 5,5-diphenyl hydantoin, and 2.70 for 

3,3'-diindolylmethane. This indicates that there is no significant difference in the 

solubility values when the data is analyzed at different wavelengths. Hence, no 

practical difference was observed between the conventional method and direct 

injection method, when the direct injection method was used along with sample 

dilution prior to injection or by data analysis at multiple wavelengths. Therefore, the 

new direct injection method may be employed for solubility determination of 

compounds with both high and low solubility. 

6.5. Conclusion 

A new method for determining the solubility of compounds in pressurized MDI 

formulations was compared with a conventional method. This was accomplished by 

evaluating the solubility of BDP in different combinations of HFA 134a and ethanol, 

and solubility of 5,5-diphenyl hydantoin and 3,3'-diindolylmethane in HFA 134a. 

The two methods were found to be in excellent agreement with each other, with the 

data for the new direct injection method less variable than that of conventional 

method. 
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Table 6.1. Comparison of the methods using known and unknown concentrations of 

BDP. 'N' is the number of samples analyzed for the conventional method and the 

number of injections performed for the new method. '% Recovery' is the percent drug 

recovered, 'S.D.' is the standard deviation and 'C.V.%' is the coefficient of variation. 

The values marked with an were obtained by using a dilution step prior to direct 

injection by the new method. 

(a) Conventional method; 
i) Known concentration: 

Sample Cone. (%w/w) N % Recovery S.D. C.V.(%) 
1 0.0057 6 101.16 10.83 10.7 
2 0.0114 6 100.06 2.50 2.50 
3 0.1203 6 100.47 7.06 7.03 
4 0.7510 6 100.10 3.34 3.34 

li) Unknown concentration: 
Sample Ethanol (%) N Cone. (%w/w) S.D. C.V.(%) 

1 0 12 0.0080 0.00043 5.32 
2 5 12 0.2719 0.0155 5.72 
3 10 12 0.5457 0.0250 4.59 
4 15 12 0.8676 0.0380 4.43 

(b) Direct Injection method: 
i) Known concentration: 

Sample Cone. (%w/w) N % Recovery S.D. C.V.(%) 
1 0.0057 6 99.96 1.68 1.68 
2 0.0114 6 99.15 3.03 3.05 * 
3 0.1203 6 102.45 3.05 2.97 * 
4 0.7510 6 102.72 2.07 2.02 * 

ii) Unknown concentration; 
Sample Ethanol (%) N Cone. (%w/w) S.D. C.V.(%) 

1 0 12 0.0081 0.00023 2.89 
2 5 12 0.2760 0.005 1.84 * 
3 10 12 0.5393 0.015 2.78 * 
4 15 12 0.8633 0.017 2.01 * 



Table 6.2. Method comparison data for 3,3'-diindolylmethane and 5,5-diphenyl 

hydantoin. 'S.D.' is the standard deviation and 'C.V.%' is the coefficient of variation. 

(a) Conventional method; 
Compound Wavelength Solubility S.D. C.V.(%) 

(nm) (%w/w) (n=6) 
5,5 diphenyl hydantoin 210 0.001212 6.65E-05 5.80 

220 0.001400 7.94E-05 5.67 
230 0.001404 8.31E-05 5.92 

3,3 diindolyl methane 220 0.004335 9.80E-04 22.89 
265 0.004202 8.40E-04 20.00 
283 0.004153 0.000835 20.12 

(b) Direct Injection method: 
Compound Wavelength Solubility S.D. C.V.(%) 

(nm) (%w/w) (n=6) 
5,5 diphenyl hydantoin 210 0.000952 4.28E-05 4.49 

220 0.001112 4.67E-05 4.20 
230 0.001016 3.93E-05 3.87 

3,3 diindolyl methane 220 0.003941 1.03E-04 2.62 
265 0.004071 9.16E-05 2.25 
283 0.004159 1.05E-04 2.52 



Figure 6.1. Structures of the compounds used for method comparison study, 

(a) beclomethasone dipropionate 

HO, 

(b) 5,5-diphenyl hydantoin 

NH 

HN 

(c) 3,3'-diindolylmethane 
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Figure 6.2. Determination of drug solubility in MDIs. (a) conventional method 

(b) direct injection method. 
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Figure 6.3. Comparison of solubility values (%w/w) obtained by using the 

conventional method with the direct injection method. The horizontal error bars 

represent the standard deviations for the values obtained by using the conventional 

method, and the vertical error bars represent the standard deviations for the values 

obtained by using the direct injection method. 
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Figure 6.4. Chromatogram of BDP using the new direct injection method. Six 

injections were made during a period of 30 minutes. 
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CHAPTER 7 

EVALUATING SOLUBILITY BEHAVIOR OF COMPOUNDS IN HFA 134a 

PROPELLANT 

7.1. Introduction 

HFA-134a has been identified as an alternative to the conventional CFCs, as a non-

ozone depleting propellant with favorable toxicity profile. Since the physico-chemical 

properties of HFA propellants are different from conventional CFC propellants, the 

formulation strategies for designing MDI systems based on HFA propellants have to 

be reevaluated. The importance of solubility in HFA 134a system is clearly evident 

from the fact that the solubility behavior of compounds in HFA 134a is significantly 

different from that in the CFC propellants. As a result the knowledge of physico-

chemical parameters affecting the solubility of compounds in HFA 134a may prove to 

be helpful while formulating novel compounds in HFA based MDI systems. At the 

same time, an understanding of these parameters may be utilized to predict the 

solubility of compounds in HFA propellants. However, investigating drug solubility 

and solubilization characteristics in HFA based metered dose inhalers (MDIs) has 

been slow and tedious due to the physico-chemical properties of the propellant (eg. 

boiling point of HFA-134a is -27°C). With the development of the 'direct injection 

method' for determining solubility in aerosol propellants (93-94), the experimental 

determination of solubility in HFA propellants has been facilitated and the solubility 

data thus generated can be utilized to possibly predict solute solubility phenomena in 
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propellant systems. The present study deals with the solubility of compounds in HFA 

134a propellant. A chemically diverse set of 35 compounds was utilized to evaluate 

solubility measurement reproducibility using the new method. The solubility of the 

compounds was determined at two different temperatures (25°C and 37°C). The data was 

subsequently analyzed to understand the various structure-property relationships. 

The solubility of solute in a solvent involves two parts: the ideal solubility (crystal 

contribution) and the activity coefficient (mixing of the super cooled solute and 

solvent). The calculation of ideal solubility is based upon the melting properties of the 

solute. Once the ideal solubility is known, there are several theories, which describe 

liquid solutions and their deviations from ideality. 

7.1.1. Ideal solutions 

The quantitative description of any phenomenon can often be achieved by first 

idealizing the phenomenon i.e. setting up a simplified model which describes the 

essential features of the phenomenon, while neglecting the details. The real behavior 

is then described in terms of deviations from the ideal behavior. 

A solution is said to be ideal when the chemical potential |ii (T, P) of species 'i' is 

proportional to its concentration which is expressed as mole fraction Xi (Prausnitz et 

al., 1986). This is mathematically written as follows: 
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)Xi = |ii°+RTInXi (1) 

where, R is the gas constant and T is the temperature. 

The ideal solution can alternatively be described as one in which the mixing of two 

components does not involve heat or volume changes. In such a system the enthalpy 

of each component remains unchanged. The decrease in Gibbs free energy is entirely 

due to the increase in entropy. Thus the ideal solution is one where the following 

conditions are satisfied: 

AHmix = 0 

and 

AV„,i,= 0 

However, in real practice, one seldom finds an ideal solution. As a result of this, real 

solutions are defined and the concept of thermodynamic activity is used to 

characterize the real solutions. The idea behind this concept is to maintain the form of 

ideal equations while representing the behavior of real solution. The activity of a 

solute gives an indication of how "active" a solute is relative to its standard state. 

The activity ai of a component is directly proportional to mole fraction Xi by: 

ai = Yi Xi (2) 

where, the constant yi is referred to as the activity coefficient. The activity coefficient 

indicates the degree of deviation from the ideal solution. The equation for ideal 

solution can be expressed as: 



In Xi = In Xi' - Inyi (3) 

Where Xi refers to the real solubility (observed solubility) of the solute (1) and X/ is 

the ideal solubility. Also for a solid solute the ideal solubility can be approximated 

by: 

InXi' = 0.01 (M.P.-25) (4) 

where, MP is the melting point of the compound in degree Celsius. 

Using this equation for a solid solute, which does not undergo any phase transition, 

the expression of solubility can be written as: 

In Xi' = 0.01 (M.P. -25) - Inyi (5) 

As a result of this equation the problem of predicting solubilities is limited to 

prediction of activity coefficients. 

7.1.2. Scatchard-Hildebrand theory 

Scatchard and Hildebrand presented a theory for estimating the activity coefficient of 

compounds based on a parameter 'CED' which is the cohesive energy density: 

CED = c = AUWn, (6) 

where, AU^ is the energy of complete vaporization of the liquid and Vm is the molar 

volume of the liquid. Scatchard and Hildebrand generalized the equation for binary 

mixtures as: 

AU„,ix = CiiVi^Xi^ + 2C12V1V2X1X2 + C22 W2W/ XiVi + X2V2 (7) 
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where, Cn and C12 refer to interactions between similar molecules, and C12 to 

interactions between dissimilar molecules. This equation can be simplified by 

introducing the volume fraction. 

AUmix = (XiVi + X2V2) (CiiOi^H- 2Ci2<I>i<I>2+ C22 <I>2^) (8) 

The excess Gibbs free energy is obtained by subtracting equation 1 from the ideal 

energy of mixing: 

= AU„,ix - XiUi - X2U2 (9) 

Thus the expression for excess Gibbs free energy is: 

AUmix = (cii+ C22 - C12) O1O2 (XlVi + X2V2) (10) 

Scatchard and Hildebrand made the assumption that the interaction between 

dissimilar molecules is given by the geometric mean rule, i.e. 

Ci2= \yc11C22 (11) 

Substituting equation 6 into equation 5, the excess Gibbs free energy is given by: 

AG^ix = (XiVi + X2V2) O1O2 (5i - 82)' (12) 

where, 5 is the solubility parameter defined as: 

5i = ci i= VAUA^ (13) 

The Scatchard-Hildebrand theory assumes that, 

AV™,= 0 (14) 

and 

ASi„ix= ideal (15) 

The activity coefficient can now be written as: 
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In7 i=  1 /RT Vi ( l -Oi )^ (5 I -52)^  (16)  

Hildebrand described the above solution as regular solution and the theory is called 

regular solution theory. According to the regular solution theory a solution will 

behave as an ideal solution when the solubility parameters are similar. The solubility 

parameters can be calculated using the group contribution approach proposed by 

Fedors (1974). 

The present study evaluates the ideal solubility and the Scatchard-Hildebrand theory 

for the activity coefficient in HFA 134a solvent system. 

7.2. Experimental Methods 

7.2.1. Materials 

Pressure resistant glass aerosol vials and continuous valves used in this study were 

provided by 3M Drug Delivery Systems (St. Paul, MN). 1,1,1,2-Tetrafluoroethane (HFA 

134a; Dymel® 134a) was obtained from DuPont Chemicals (Wilmington, DE). HPLC 

grade acetonitrile and methanol were obtained from Aldrich chemical company 

(Milwaukee, WI). All the solutes used for the solubility study were of reagent grade and 

were used as received. 

7.2.2. Sample preparation 

For all the formulations prepared, the compounds were direcdy weighed into pressure 

resistant glass vials. The vials were immediately crimped with continuous valves (3M 



Drug Delivery Systems, St. Paul, MN) using a small-scale bottle crimper (Model # 

3000B, Aerotech laboratory Equipment Company, Maryland, NY). HFA 134a was 

pressure filled in these vials using a Pressure burette (Series #3 SB Pressure Filler, 

Aerotech laboratory Equipment Company, Maryland, NY). The samples were 

equilibrated for at least 48 hours prior to analysis in order to analyze equilibrium 

solubility. For solubility determination at 37°C, a second set of vials were first 

equilibrated at room temperature and then placed in a controlled temperature water 

bath (37°C) for at least 48 hours prior to analysis. All the samples were visually 

inspected to ensure that there was excess undissolved compound in the vials. Duplicate 

vials were made for each compound. 

7.2.3. Physical-chemical parameters 

Melting points were determined by differential scanning calorimetry (DSC) for those 

compounds with unreported melting points. Octanol/water partition coefficients 

(clogP) were calculated by using the software based on group contribution approach 

from BioByte Corporation (98). Solubility parameters and molar volumes for each 

compound were calculated using the group contribution approach described by 

Fedors (97). The calculated octanol/water partition coefficient values for the 

compounds ranged from -0.081 for caffeine to 5.319 for 2, 6-di-tert-butyl-4-methyl 

phenol. The melting points of the compounds ranged from 39.97 for 4-bromo-2-

fluoro aniline to 326°C for carbendazim. A list of compounds utilized for the 
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solubility studies along with the relevant physical-chemical parameters is presented in 

table 7.1. 

7.2.4. Solubility determination using direct injection method 

The experimental setup for the new direct injection method has been explained in 

previous reports (93-94). The instrumentation setup consisted of a Waters 2690 

Separations module (Waters, Milford, MA) coupled with a Waters 996 photo-diode array 

detector. The Waters 2690 Separations module was connected with a Rheodyne Model 

7725 manual sample injector (Rheodyne, L.P. Rohnert Park, CA). Figure 4.3 illustrates 

the schematic of making an injection from a MDI vial into the needle injector port of 

the manual injector. In order to make a direct injection from the equilibrated MDI vial 

into the manual injector, the MDI vial was connected with a filtration and injection 

assembly (Figure 4.3). The injection from the MDI vial was performed by inserting 

the needle of the assembly through the needle port. A suitable adjustment of the 

backpressure regulator was devised such that the backpressure in the waste line was 

approximately 60psig for each injection. The same backpressure regulator setting was 

used for all subsequent injections. The injector was kept at the LOAD position, and 

after 3-4 seconds of actuation of the MDI vial, the loop was overfilled. The injector 

was immediately turned to the INJECT position and the excess formulation was 

allowed to discard through one of the waste lines. 
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In order to make replicate injections after the first injection, the backpressure valve 

was opened to relieve the backpressure and discard any excess formulation to waste. 

The loop was then rinsed with excess 100% acetonitrile. In order to perform the next 

injection, the backpressure regulator was adjusted to the initial setting and the injector 

was brought to the LOAD position. A new injection was performed in the same 

manner as the first injection and the process was repeated using a new filter each 

time. Duplicate vials were made for each compound, followed by triplicate analysis 

of each vial (n=6). 

In order to verify the utility of the direct injection method for determining the solubility 

of compounds in HFA 134a propellant, the solubilities of a set of 35 compounds were 

determined by this method at two different temperatures (25°C and 37°C). Compounds 

with a wide variety of physico-chemical properties were chosen for the solubility study. 

The purpose of utilizing a wide variety of compounds was to evaluate the robustness and 

variability of the method. 

7.3. Results: 

Table 7.2 shows the solubility of compounds (% w/w and mole fraction) at 25°C 

along with the standard deviations (SD) and relative standard deviation (RSD). 

Table 7.3 shows the solubility of compounds (% w/w and mole fraction) at 37°C 

along with the SD and RSD. 
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Figure 7.1 shows the RSD for the solubility values at 25°C, plotted as a function of 

solubility (% w/w). From figure 7.1 it is evident that the relative standard deviation 

for a majority of solubility values is less than 6% and the average RSDs for all of the 

solubility measurements was less than 10%. 

Figure 7.2 shows the RSD for the solubility values at 37°C, plotted as a function of 

solubility (% w/w). From figure 7.2 it is evident that the relative standard deviation 

for a majority of solubility values is less than 6% and the average RSDs for all of the 

solubility measurements was less than 7%. 

Figure 7.3 shows the RSD for the solubility values at 25°C, plotted as a function of 

clogP of the compounds. From figure 7.3 it is evident that the relative standard 

deviation of the solubility values at 25°C, for a majority of compounds with a wide 

range of clogP values is less than 6%. 

Figure 7.4 shows the RSD for the solubility values at 37°C, plotted as a function of 

clogP of the compounds. From figure 7.4 it is evident that the relative standard 

deviation of the solubility values at 37°C, for a majority of compounds with a wide 

range of clog? values is less than 6%. 

The relatively low RSD values for solubility measurements at two different temperatures, 

for a wide variety of compounds with different physico-chemical properties, supports the 

fact that the direct injection method is robust, reproducible and can be used for the 

analysis of a wide variety of compounds in a repeatable manner. 
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Figure 7.5 shows the mole fraction solubility (at 25°C) plotted as a function of 

Melting Point (°C) of the compounds. Figure 7.5 indicates the fact that as the melting 

point of a compound increases the mole fraction solubility of the compound in HFA 

134a decreases. It is evident from figure 7.5 that compounds with relatively low 

melting points show higher mole fraction solubility as compared to compounds with 

higher melting points. 

Figure 7.6 shows the mole fraction solubility (at 25°C) plotted as a function of clogP 

of the compounds. From figure 7.6 it is obvious that no apparent correlation exists 

between the calculated octanol/water partition coefficient and the mole fraction 

solubility of a compound in HFA 134a. Although a few compounds with relatively 

low clog? values were more soluble than the compounds with higher clogP values, no 

obvious conclusion can be drawn from figure 7.6. 

Figure 7.7 shows the mole fraction solubility (at 25°C) plotted as a function of 

solubility parameter of the compounds. Figure 7.7 does not indicate a direct and 

obvious relationship between Fedors solubility parameters and the mole fraction 

solubility of compounds in HFA 134a. 

In order to investigate the physico-chemical factors that favor drug solubility in 

propellant, the experimental solubility, X®*'', was used to calculate the HFA-134a 

activity coefficient, y'^^bserved), by: 

logYo^Vserved) = log X'- log 
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where X' is the ideal solubility, and can be approximated using a compounds melting 

point (MP) by: 

log X'=-0.01(MP-25°C) 

where MP is the melting point of the compounds in degree Celsius. 

The calculated activity coefficient for HFA 134a, V^'^^caicuiated) was calculated using 

the relationship: 

lOgy^^calculated) = 1/RT Vj (1 - Oi)'(6l - 52)' 

where, R is the gas constant, T is the temperature in degree Kelvin, Vi is the molar 

volume of the solute (cm'^3/mole), Oi is the volume fraction of the solute, 5i is the 

solubility parameter of the solute ((cal/cm'^B)®'^) and 82 is the solubility parameter of 

HFA 134a (e.eCcal/cm^^S)"-^). 

Figure 7.8 shows the logarithm of the observed mole fraction solubility of compounds 

at 25 °C plotted as a function of the logarithm of the ideal mole fraction solubility of 

compounds at 25°C. From the figure 7.8 it is evident that none of the 35 compounds 

evaluated in HFA 134a behaved ideally. There were significant deviations from 

ideality and no apparent correlation between the observed and ideal mole fraction 

solubility values was observed. 

Figure 7.9 shows the logarithm of the observed activity coefficient (at 25°C) plotted 

as a function of the Melting Point of (°C) the compounds. No apparent relationship 
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was observed between the logarithm of the observed activity coefficient of 

compounds in HFA 134a and their melting points. 

Figure 7.10 shows the logarithm of the observed activity coefficient (at 25°C) plotted 

as a function of the clogP of the compounds. No apparent relationship was observed 

between the logarithm of the observed activity coefficient of compounds in HFA 

134a and their clogP values. 

Figure 7.11 shows the logarithm of the observed activity coefficient (at 25°C) plotted 

as a function of the solubility parameter of the compounds. No apparent relationship 

was observed between the logarithm of the observed activity coefficient of 

compounds in HFA 134a and their solubility parameter values. 

Figure 7.12 shows the logarithm of the observed activity coefficient (at 25°C) plotted 

as a function of the molar volumes of the compounds. From figure 7.12 it is evident 

that the logarithm of the observed activity coefficient practically remained constant as 

the molar volume of the compounds increased. 

Figure 7.13 shows the logarithm of the calculated activity coefficient (at 25°C) 

plotted as a function of the Melting Point of (°C) the compounds. No apparent 

relationship was observed between the logarithm of the calculated activity coefficient 

in HFA 134a and the melting points of the compounds. 

Figure 7.14 shows the logarithm of the calculated activity coefficient (at 25°C) 

plotted as a function of the clogP of the compounds. No apparent relationship was 
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observed between the logarithm of the calculated activity coefficient in HFA 134a 

and the clogP values for the compounds. 

Figure 7.15 shows the logarithm of the calculated activity coefficient (at 25°C) 

plotted as a function of the solubility parameter of the compounds. A slight increase 

in the logarithm of the calculated activity coefficient was observed as the solubility 

parameters of the compounds increased. This is expected since the logarithm of the 

activity coefficient is directly proportional to the square of the difference between the 

solubility parameters of the compounds and HFA 134a. 

Figure 7.16 shows the logarithm of the calculated activity coefficient (at 25°C) 

plotted as a function of the molar volumes of the compounds. No apparent 

relationship was observed between the logarithm of the calculated activity coefficient 

in HFA 134a and the molar volumes of the compounds. 

Figure 7.17 shows the logarithm of the calculated activity coefficient (at 25°C) 

plotted as a function of the logarithm of the observed activity coefficient (at 25°C). 

No apparent relationship was observed between the logarithm of the observed and 

calculated activity coefficients in HFA 134a. Significant deviations from the line of 

unity can be observed from figure 7.17. 

Figure 7.18 shows the residual (difference of the logarithm of the observed activity 

coefficient and logarithm of the calculated activity at 25 °C) plotted as a function of 

the clogP of the compounds. A slight increase in the residual was observed as the 

clogP of the compounds increased. 
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Figure 7.19 shows the residual (difference of the logarithm of the observed activity 

coefficient and logarithm of the calculated activity at 25°C) plotted as a function of 

the molar volume of the compounds. No apparent relationship was observed between 

the residual and the molar volumes of the compounds. 

Figure 7.20 shows the residual (difference of the logarithm of the observed activity 

coefficient and logarithm of the calculated activity at 25 °C) plotted as a function of 

the solubility parameters of the compounds. An inverse relationship was observed 

between the residual and the solubility parameters of the compounds. The value of the 

residual was positive for compounds with relatively low solubility parameter values 

but the value of residual was observed to be negative for most of the compounds 

having solubility parameter values higher than ~ 11 (cal/cm^3)°'^. 

Figure 7.21 shows the residual (difference of the logarithm of the observed activity 

coefficient and logarithm of the calculated activity at 25 °C) plotted as a function of 

the logarithm of the calculated activity coefficient. An inverse relationship was 

observed between the residual and logarithm of the calculated activity coefficient, 

with significant positive and negative deviations. The point of inflection was 

observed when the value for the logarithm of the calculated activity coefficient was 

~2. 

Figure 7.22 shows the residual (difference of the logarithm of the observed activity 

coefficient and logarithm of the calculated activity at 25°C) plotted as a function of 



the mole fraction solubility of the compounds at 25 °C. No apparent relationship was 

observed between the residual and the mole fraction solubilities of the compounds. 

7.4. Discussion: 

From the above results it is evident that the single parameter approach of regular 

solution theory based on Fedors solubility parameter may not be a valid predictor of 

the solubility behavior of solid compounds in HFA 134a propellant. The results are 

also consistent with the observations of Dickinson et al. (71) who reported the failure 

of one dimensional solubility parameter approach in predicting solubility behavior of 

compounds in HFA 134a. Although regular solution theory with the solubility 

parameter approach can be used to characterize the solubility of compounds (esp. 

liquids) in non-polar (non-aqueous) solvents, it may not be of great utility while 

investigating the physico-chemical factors that favor drug solubility in propellant 

HFA 134a. Some of the probable reasons for the failure of regular solution theory 

may be due to the fact that HFA 134a may be acting more polar than it appears at first 

instance. This may be due to the strong electron withdrawing nature of the fluorine in 

HFA 134a, leading to the development of a partial negative charge on the fluorine 

atoms and partial positive charge on hydrogen atoms. As a result of this acidic 

hydrogen, HFA 134a may participate in hydrogen bonding with certain compounds. 

Another aspect of the set of compounds utilized for solubility studies is their 

hydrogen bonding potential. Regular solution theory is only applicable to compounds 
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which do not show any specific interactions with the solvent (like hydrogen bonding) 

but certain compounds used in the current test set may have acted either as hydrogen 

bond donors or acceptors. As a result of these observations, there is a need to further 

investigate the solubility properties of hydrogen bonding and non-hydrogen bonding 

compounds using specific test sets in HFA 134a. In addition, there is a need to 

investigate the activity coefficient in terms of combinatorial activity coefficient and 

residual activity coefficient (to get an idea about polarity and hydrogen bonding 

potential). 

But nonetheless as seen in this study, the new solubility method may prove to be a 

very effective tool in determining the solubility of compounds in MDI propellant 

systems. Due to its reproducibility and relatively low variability, the direct injection 

method may be effectively utilized to generate solubility data sets and understand 

solute solubility phenomenon in aerosol propellants. 

7.5. Conclusions: 

Preliminary analysis found that solubility parameter approach based on the regular 

solution theory may not give a clear indication about the solubility behavior of 

compounds in HFA 134a propellant. This may be partially due to the more polar 

behavior of HFA 134a than expected and partially due to the hydrogen bonding 

ability of the compounds chosen as the test set. In order to get a better understanding 



of the physico-chemical descriptors governing the solubility in HFA 134a further 

analysis using specific test sets is required. As seen in this study, the new solubility 

method may prove to be a very effective tool in determining the solubility of 

compounds in various MDI propellants. 
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Figure 7.1. RSD for the solubility values at 25°C, plotted as a function of solubility 

(% w/w). 
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Figure 7.2. RSD for the solubility values at 37°C, plotted as a function of solubility 

(% w/w). 
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Figure 7.3. RSD for the solubility values at 25°C, plotted as a function of clogP of 

the compounds. 



Figure 7.4. RSD for the solubility values at 37°C, plotted as a function of clogP 

the compounds. 
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Figure 7.5. Mole fraction solubility (at 25 °C) plotted as a function of melting point 

(°C) of the compounds. 
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Figure 7.6. Mole fraction solubility (at 25 °C) plotted as a function of clogP of the 

compounds. 
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Figure 7.7. Mole fraction solubility (at 25 °C) plotted as a function of solubility 

parameter of the compounds. 
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Figure 7.8. Logarithm of the observed mole fraction solubility of compounds at 25°C 

plotted as a function of the logarithm of the ideal mole fraction solubility of 

compounds at 25 °C. 
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Figure 7.9. Logarithm of the observed activity coefficient (at 25°C) plotted as a 

function of the Melting Point of (°C) the compounds. 
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Figure 7.10. Logarithm of the observed activity coefficient (at 25°C) plotted as a 

function of the clogP of the compounds. 
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Figure 7.11. Logarithm of the observed activity coefficient (at 25°C) plotted as a 

function of the solubility parameter of the compounds. 
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Figure 7.12. Logarithm of the observed activity coefficient (at 25°C) plotted as a 

function of the molar volumes of the compounds. 
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Figure 7.13. Logarithm of the calculated activity coefficient (at 25°C) plotted as a 

function of the melting point of (°C) the compounds. 
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Figure 7.14. Logarithm of the calculated activity coefficient (at 25°C) plotted as 

function of the clogP of the compounds. 
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Figure 7.15. Logarithm of the calculated activity coefficient (at 25°C) plotted as 

function of the solubility parameter of the compounds. 
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Figure 7.16. Logarithm of the calculated activity coefficient (at 25°C) plotted as 

function of the molar volumes of the compounds. 
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Figure 7.17. Logarithm of the calculated activity coefficient (at 25 °C) plotted as a 

function of the logarithm of the observed activity coefficient (at 25°C). 
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Figure 7.18. Residual (difference of the logarithm of the observed activity coefficient 

and logarithm of the calculated activity at 25°C) plotted as a function of the clogP of 

the compounds. 
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Figure 7.19. Residual (difference of the logarithm of the observed activity coefficient 

and logarithm of the calculated activity at 25 °C) plotted as a function of the molar 

volume of the compounds. 
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Figure 7.20. Residual (difference of the logarithm of the observed activity coefficient 

and logarithm of the calculated activity at 25 °C) plotted as a function of the solubility 

parameters of the compounds. 
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Figure 7.21. Residual (difference of the logarithm of the observed activity coefficient 

and logarithm of the calculated activity at 25°C) plotted as a function of the logarithm 

of the calculated activity coefficient in HFA 134a. 
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Figure 7.22. Residual (difference of the logarithm of the observed activity coefficient 

and logarithm of the calculated activity at 25°C) plotted as a function of the mole 

fraction solubility of the compounds at 25°C. 
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Table 7.1. List of compounds utilized for the solubility studies along with the 

relevant physical-chemical parameters. 

Sample Compound CAS ClogP Melting Pt. 
(°C) 

Solubility 

parameter 

(cal/cm3)^.5 

Molar 
volume 

cm'^3/mole 

1 2,4 difluorobenzoic acid 1583-58-0 1.94 187.81 12.88 97.9 

2 2,5 difluorobenzoic acid 2991-28-8 1.94 130.99 12.88 97.9 

3 2,6 difluorobenzoic acid 385-00-2 1.58 159.72 12.88 97.9 

4 3,4 difluorobenzoic acid 455-86-7 2.23 122.67 12.88 97.9 

5 3,5 difluorobenzoic acid 455-40-3 2.3 121.53 12.88 97.9 

6 3,5 dinitro benzoic acid 99-34-3 1.64 204 13.09 125.9 

7 Benzoic acid 65-85-0 1.88 122.4 11.93 99.9 

8 Salicylic acid 69-72-7 2.19 159 15.33 90.9 

9 2 methyl 4 nitro aniline 99-52-5 1.71 131.95 11.43 118.1 

10 4 methyl 3-nitro aniline 119-32-4 1.68 77.6 11.43 118.1 

11 3 chloro 4 fluoro aniline 367-21-5 2.13 44.51 12.33 94.6 

12 4-bromo-2fluoro aniline 367-24-8 2.21 39.97 12.34 100.6 

13 3,5 difluoro phenol 2713-34-0 2.15 54.97 14.52 79.4 

14 5,5 diphenyl hydantoin 57-41-0 2.08 295 12.81 170.2 

15 3,3'diindolylmethane 1968-05-(4) 4.67 164.46 11.37 184.5 
16 Albuterol 18559-94-9 0.11 185 14.49 180.4 

17 Carbendazim 10605-21-7 1.71 326 13.94 120.4 

18 BDP 5534-09-(8) 4.22 117 11.62 382.2 
19 Flunisolide 77326-96-6 2.37 245 12.28 311.6 

20 Prednisone 53-03-2 1.62 236 13.43 250 

21 4-(trifluoromethyl) benzoic acid 455-24-3 2.864 228 10.5 138.4 

22 3-fluorocinnamic acid 458-46-8 2.38 166 11.72 125.9 

23 2,6-dichlorobenzaldehyde 83-38-5 3.08 69 13.27 103.7 

24 3-(trifluoromethyl) benzoic acid 454-92-2 2.95 106 10.5 138.4 

25 3-(trifluoromethyl) cinnamic acid 779-89-5 2.984 136 10.23 165.4 

26 2,4-difluorophenyl acetic acid 81228-09-3 1.7 117 12.36 114 

27 3,4-difluorophenyl acetic acid 658-93-5 1.63 49 12.36 114 

28 [3-(trifluoromethyl)phenyl]acetic acid 351-35-9 2.077 75 10.31 154.5 

29 1,3 dibromo-5, 5-dimethylhydantoin 77-48-5 1.685 197 12.7 127.4 
30 Anthracene 120-12-7 4.49 217.5 9.9 197 

31 Phenanthrene 85-01-8 4.49 99.5 9.8 199 

32 Naphthalene 91-20-3 3.32 80.6 9.9 147.6 

33 Caffeine 58-08-2 -0.81 238 NA NA 

34 2,6 -di-tert-butyl-4-methyl phenol 128-37-0 5.319 71 NA NA 

35 3,3,3-trifluoro-2(trifluoro-methyl) propionic acid 564-10-3 2.892 52 NA NA 
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Table 7.2. Solubility of compounds (% w/w and mole fraction) at 25°C along with 

the standard deviations (SD) and relative standard deviation (RSD). 

Sample Compound Solubility 

(% w/w) 

S.D. R.S.D. Solubility 

(mole 

fraction) 

1 2,4 difluorobenzoic acid 0.0283 7.99E-04 2.83 0.000183 

2 2,5 difluorobenzoic acid 0.3131 1.14E-02 3.65 0.002022 

3 2,6 difluorobenzoic acid 0.1099 5.05E-03 4.59 0.000709 

4 3,4 difluorobenzoic acid 0.3385 1.40E-02 4.15 0.002186 

5 3,5 difluorobenzoic acid 0.3504 1.73E-02 4.93 0.002263 

6 3,5 dinitro benzoic acid 0.0048 3.47E-04 7.17 2.31 E-05 

7 Benzoic acid 0.1583 0.0928 58.62 0.001323 

8 Salicylic acid 0.2286 0.045 19.69 0.001689 

9 2 methyl 4 nitro aniline 0.0601 1.67E-03 2.77 0.000255 

10 4 methyl 3-nitro aniline 0.3823 1.33E-01 34.86 0.002566 

11 3 chloro 4 fluoro aniline 1.686 2.14E-01 12.72 0.011874 

12 4-bromo-2fluoro aniline 5.2111 3.18E-01 6.11 0.028666 

13 3,5 difiuoro phenol 4.7623 2.11E-01 4.43 0.037728 

14 5,5 diphenyl hydantoin 0.001 4.28E-05 4.49 4.04E-06 

15 3,3'diindolylmethane 0.0039 1.03E-04 2.62 1.62E-05 

16 Albuterol 0.006972 0.000405 5.81 2.97E-05 

17 Carbendazim 0.000333 6.79E-05 20.4 1.78E-06 

18 BDP 0.0081 0.00023 2.84 1.59E-05 

19 Flunisolide 0.006 NA NA 1.41 E-05 

20 Prednisone 0.002396 8.87E-05 3.7 6.82E-06 

21 4-(trifluoromethyl) benzoic acid 0.0332 1.31E-30 3.94 0.000178 

22 3-fluorocinnamic acid 0.01195 4.04E-04 3.38 7.34E-05 

23 2,6-dichlorobenzaldehyde 1.1994 2.73E-02 2.27 0.007026 

24 3-(trifluoromethyl) benzoic acid 1.226 2.76E-02 2.25 0.006615 

25 3-(trifluoromethyl) cinnamic acid 0.05197 1.25E-03 2.41 0.000245 

26 2,4-difluorophenyl acetic acid 0.1647 6.64E-03 4.03 0.000977 

27 3,4-difluorophenyl acetic acid 1.6019 1.07E-01 6.66 0.009555 
28 [3-(trifluoromethyl)phenyl]acetic acid 3.9757 1.86E-01 4.69 0.020267 

29 1,3 dibromo-5, 5-dimethylhydantoin 0.0488 2.05E-03 4.19 0.000174 

30 Anthracene 0.014735 0.002933 19.9 8.43E-05 
31 Phenanthrene 0.01205927 0.004076 33.8 6.9E-05 

32 Naphthalene 0.05749986 0.008553 14.87 0.000458 

33 Caffeine 0.128003 0.004544 3.55 0.000673 

34 2,6 -di-tert-butyl-4-methyl phenol Miscible NA NA Miscible 

35 3,3,3-trifluoro-2(trifluoro-methyl) propionic acid Miscible NA NA Miscible 
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Table 7.3. Solubility of compounds (% w/w and mole fraction) at 37°C along with 

the standard deviations (SD) and relative standard deviation (RSD). 

Sample Compound Solubility 

(%w/w) 

S.D. R.S.D. Solubility 

(mole 

fraction) 

1 2,4 difluorobenzoic acid 0.0401 1.45E-03 3.62 0.00025875 

2 2,5 difluorobenzoic acid 0.7509 9.24E-02 12.31 0.00485746 

3 2,6 difluorobenzoic acid 0.1627 1.27E-02 7.83 0.00105028 

4 3,4 difluorobenzoic acid 1.0714 1.49E-01 13.89 0.00693864 

5 3,5 difluorobenzoic acid 0.4424 1.40E-02 3.18 0.00285868 

6 3,5 dinitro benzoic acid 0.0074 3.31 E-04 4.44 3.5585E-05 

7 Benzoic acid Unavailable NA NA Unavailable 

8 Salicylic acid Unavailable NA NA Unavailable 

9 2 methyl 4 nitro aniline 0.1049 9.74E-03 9.29 0.00044561 

10 4 methyl 3-nitro aniline 0.4029 0.050801 12.6 0.0027046 

11 3 chloro 4 fluoro aniline 5.083 0.7357 14.47 0.03616889 
12 4-bromo-2fluoro aniline 7.7679 4.71 E-01 6.06 0.04325549 

13 3,5 difluoro phenol 6.9486 2.47E-01 3.55 0.05531196 

14 5,5 diphenyl hydantoin 0.001 2.65E-05 2.61 4.0433E-06 

15 3,3'diindolylmethane 0.0064 1.93E-04 3.02 2.6504E-05 

16 Albuterol Unavailable NA NA Unavailable 

17 Carbendazim Unavailable NA NA Unavailable 
18 BDP Unavailable NA NA Unavailable 

19 Flunisolide Unavailable NA NA Unavailable 

20 Prednisone 0.00299 1.35E-04 4.52 8.509E-06 

21 4-(trifluoromethyl) benzoic acid 0.0547 1.30E-03 2.37 0.00029354 
22 3-fluorocinnamic acid 0.0204 4.13E-04 2.02 0.00012525 

23 2,6-dichlorobenzaldehyde 2.2244 1.21 E-01 5.46 0.01308577 
24 3-(trifluoromethyl)benzoic acid 1.8832 6.83E-02 3.62 0.01019239 
25 3-(trifluoromethyl)cinnamic acid 0.0992 1.35E-03 1.36 0.00046834 

26 2,4-difluorophenyl acetic acid 0.3202 9.13E-03 2.85 0.0018999 

27 3,4-difluorophenyl acetic acid 3.3147 4.95E-01 14.95 0.01991099 

28 [3-(trifluoromethyl) phenyl]acetic acid 6.6407 2.91 E-01 4.38 0.03431947 

29 1,3 dibromo-5, 5-dimethylhydantoin 0.0662 5.25 E-03 7.93 0.00023626 

30 Anthracene Unavailable NA NA Unavailable 
31 Phenanthrene Unavailable NA NA Unavailable 

32 Naphthalene Unavailable NA NA Unavailable 
33 Caffeine Unavailable NA NA Unavailable 
34 2,6 -di-tert-butyl-4-methyl phenol Miscible NA NA Miscible 

35 3,3,3-trifluoro-2(trifluoro-methyl) propionic acid Miscible NA NA Miscible 
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