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(57) ABSTRACT 
A method and device are provided to generate an aerosol 
having a desired particle siZes, i.e., from molecular to about 
10 microns, Which can be used to effectively deliver a 
physiologically active compound to organs and tissues such 
as the lung, eye, mucosa and skin. The aerosol is formed 
through vaporization of the compound While simultaneously 

(21) Appl, No; 10/057,198 mixing the resulting vapor With air or other gas. The purity 
of the compound is maintained meet FDA requirements by 

(22) Filed: Oct. 26, 2001 closely controlling its degradant levels during vaporization. 
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Fig. 29 
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METHOD AND DEVICE FOR DELIVERING A 
PHYSIOLOGICALLY ACTIVE COMPOUND 

[0001] This application claims the bene?t of prior US. 
provisional application Serial No. 60/296,225 ?led Jun. 5, 
2001. 

FIELD OF THE INVENTION 

[0002] This invention relates to a method and a device for 
volatiliZing a physiologically active compound and admin 
istering the volatiliZed compound in the form of an aerosol 
to a patient. 

BACKGROUND OF THE INVENTION 

[0003] An aerosol is de?ned as an assembly of liquid or 
solid particles suspended in a gaseous medium. (See Aerosol 
Measurement, Willeke and Baron, Wiley-lnterscience 
1993.) It is knoWn that aerosols of appropriate particle siZe, 
can be used to deliver drugs to organs and tissues such as the 
lung and mucosa. (See Gonda, I., “Particle Deposition in the 
Human Respiratory Tract,”The Lung: Scienti?c F ouna'a 
tions, 2nd ed., Crystal, West, et al. editors, Lippincott-Raven 
Publishers, 1997). 
[0004] Aproblem in generating an aerosol is maintaining 
the purity of a compound being administered into the lung, 
as an aerosol. This is a critical issue that must be addressed 
before inhalation delivery of a compound to humans Will be 
acceptable to regulatory agencies, physicians and patients. 
Any compound administered to humans must meet strict 
purity requirements regulated by government agencies and 
industry. For example, the United States Food and Drug 
Administration mandates purity requirements for pharma 
ceutical materials sold in the United States to protect the 
health of consumers of those products. Purity requirements 
are often material speci?c. Maximum impurity or degradant 
levels are speci?ed at the time of manufacture of compounds 
as Well as at the time of their consumption or administration. 
Any aerosoliZation device or process that Will be utiliZed for 
pharmaceutical applications, therefore, must deliver mate 
rials meeting purity requirements. Mechanisms of chemical 
degradation that might occur during vaporiZation and aero 
soliZation, the processes relevant to this invention, are 
discussed beloW. 

[0005] Currently approved products for inhalation admin 
istration of physiologically acting compounds can be 
divided into several categories: dry poWder inhalers, nebu 
liZers, and pressuriZed metered dose inhalers. The desired 
particle siZe of these methods and devices usually are in the 
?ne aerosol region (1-3 micron) and not in the ultra ?ne 
region (10-100 nm). A large percentage of these devices fall 
short of the type of partical siZe control desirable for 
reproducible and ef?cient delivery of compounds to the 
lung. Additionally current devices focus on the ?ne aerosol 
region because to date a practice device that can reproduc 
ibly generate an ultra ?ne aerosol has not been commercially 
available for drug delivery to the lung. 

[0006] There are many types of dry poWder inhalers 
(DPI’s) on the market With some common problems. The 
?rst problem is the manufacturing of the dry poWder. For a 
dry poWder inhalation system it is necessary to mill the drug 
until it falls into the desirable particle range. Some mills 
used for microniZation are knoWn to produce heat, Which 
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can cause degradation of the drug, and tend to shed metallic 
particles as contaminants. FolloWing milling it is often 
necessary to mix the drug With a carrier to impart ?oWabil 
ity. The microniZed drug and the drug-excipient mix must be 
maintained in a dry atmosphere lest moisture cause agglom 
eration of the drug into larger particles. Additionally it is 
Well knoWn that many dry poWders groW as they are 
delivered to the patient’s airWays due to the high levels of 
moisture present in the lung. Thus, this approach requires 
scrupulous attention during milling, blending, poWder ?oW, 
?lling and even administration to assure that the patient 
receives the proper particle siZe distribution. 

[0007] NebuliZers generate an aerosol from a liquid, some 
by breakup of a liquid jet and some by ultrasonic vibration 
of the liquid With or Without a noZZle. All liquid aerosol 
devices must overcome the problems associated With for 
mulation of the compound into a stable liquid state. Liquid 
formulations must be prepared and stored under aseptic or 
sterile conditions since they can harbor microorganisms. 
This necessitates the use of preservatives or unit dose 
packaging. Additionally solvents, detergents and other 
agents are used to stabiliZe the drug formulation. The FDA 
is increasingly concerned about airWay hypersensitivity 
from these agents. 

[0008] PressuriZed metered dose inhalers, or pMDI’s, are 
an additional class of aerosol dispensing devices. PMDI’s 
package the compound in a canister under pressure With a 
solvent and propellant mixture, usually chloro?uorocarbons 
(CFC’s, Which are being phased out due to environmental 
concerns), or hydro?ouroalkanes (HFA’s). Upon being dis 
pensed a jet of the mixture is ejected through a valve and 
noZZle and the propellant “?ashes off” leaving an aerosol of 
the compound. With pMDI’s particle siZe is hard to control 
and has poor reproducibility leading to uneven and unpre 
dictable bioavailability. pMDIs are inef?cient because a 
portion of the dose is lost on the Walls of the actuator, and 
due to the high speed ejection of the aerosol from the noZZle, 
much of the drug impacts ballistically on the tongue, mouth 
and throat and never gets to the lung. 

[0009] Another method suggested in the prior art to gen 
erate aerosols is to volatiliZe the drug and administer the 
vapor to a patient. (See Rosen, PCT Publication No. 
94/09842, published May 11, 1994.) HoWever, the teaching 
of Rosen is not a viable solution to the problem because it 
yields (1) a large quantity of degradation products, and (2) 
too much variability in particle siZe distribution (PSD) to 
insure reproducible and predictable bioavailability. 

[0010] Predicting the reactions that result in a compound’s 
degradation, and anticipating the energies necessary to acti 
vate those reactions are typically very difficult. Reactions 
may involve only the parent compound or may involve other 
chemicals such as oxygen in air and materials in the surfaces 
to Which the compound may be exposed. Reactions may be 
single step or multiple steps, leading to the potential of many 
degradation products. Activation energies of these reactions 
depend on molecular structures, energy transfer mecha 
nisms, transitory con?gurations of the reacting molecular 
complexes, and the effects of neighboring molecules. Fre 
quently, on the practical macroscopic scale, a drug dose may 
suffer from many degradation reactions in progress at the 
same time. Because of this complex potential for degrada 
tion, drug substances are often stored at or beloW room 
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temperature. International health authorities recommend 
that the stability of a drug be evaluated under exaggerated 
(stress) conditions to determine the mechanism of degrada 
tion and the degradant structures. (See Guidance for Indus 
try: Stability testing of drug substances and products; FDA 
CDER May 27, 1998). For these tests, 50° C. is recogniZed 
as a stress temperature. 

[0011] The present invention overcomes the foregoing 
disadvantages and problems, making it possible to produce 
pure aerosols of degradable compounds Wherein the particle 
siZe is stable and selectable. 

SUMMARY OF THE INVENTION 

[0012] Embodiments of the present invention are directed 
to a method and a device for generating and delivering an 
aerosol formed through vaporiZation of a compound With 
real or potential physiological activity. 

[0013] A physiologically active compound With real or 
potential physiological activity is de?ned here as a chemical 
compound or mixture of compounds that alters affects, 
treats, cures, prevents or diagnoses a disease after it is 
administered to the mammalian body. The compound With 
real or potential physiological activity Will be referred to 
hereafter as the compound or as the drug. Examples Would 
include medicinal drugs, or “pro-drugs” (substances con 
verted into drugs Within the body), that Would be adminis 
tered for the treatment, cure, or diagnosis of diseases. 

[0014] The method of the present invention for generating 
an aerosol comprises the steps: 

[0015] (a) heating the physiologically active com 
pound to a temperature that results in an acceptably 
loW level of decomposition, While 

[0016] (b) simultaneously passing a gas across the 
surface of the compound to achieve a desired rate of 
vaporiZation. 

[0017] A desired particle siZe is typically from molecular 
to about 10 microns in diameter. Aerosols having “ultra ?ne” 
(0.01 to 0.1 micron) and “?ne” (1 to 3 micron) particle siZes 
are knoWn to provide ef?cient and effective systemic deliv 
ery through the lung. Current literature suggests that the 
middle siZe range of particles, betWeen ultra ?ne and ?ne, 
i.e., betWeen 0.1 and 1 micron in siZe, are too small to settle 
onto the lung Wall and too massive to diffuse to the Wall in 
a timely manner. Thus, a signi?cant number of such particles 
are removed from the lung by exhalation, and thus are not 
involved in treating disease (see Gonda). 

[0018] This method creates a mixture of vapor and gas for 
administration to the patient. For the purposes of controlling 
particle siZe the terms “air , mixing gas”, “dilution gas” 
and “carrier gas” are interchangeable. 

[0019] Various alternatives to generate the desired aerosol 
in accordance With the method of the present invention are 
summariZed here: 

[0020] 1. Simultaneous vaporiZation of the com 
pound and mixing With a gas. 

[0021] 2. Simultaneous vaporiZation of the com 
pound and mixing With a portion of a volume of a gas 
folloWed by additional mixing With the balance of 
the volume. 
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[0022] 3. Rapid vaporiZation of the compound With 
simultaneous mixing With a gas. 

[0023] 4. Simultaneous vaporiZation of the com 
pound With rapid mixing With a gas. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0024] Further features and advantages Will become 
apparent from the folloWing description of various embodi 
ments of the invention, as illustrated in the accompanying 
draWings in Which: 

[0025] FIG. 1 is a schematic diagram of the overall system 
for conducting experiments using a laboratory device of the 
present invention; 

[0026] FIG. 2 is a top, right end and front perspective 
vieW of the actual laboratory device depicted in FIG. 1; 

[0027] FIG. 3 is a partial cross-sectional and partial sche 
matic side vieW of the device shoWn in FIG. 2; 

[0028] FIG. 4 is a partial cross-sectional and partial sche 
matic end vieW of the device shoWn in FIG. 2; 

[0029] FIG. 5 is a partial cross-sectional and partial sche 
matic top vieW of the device shoWn in FIG. 2; 

[0030] FIG. 6 is a schematic cross-sectional side vieW of 
an alternate embodiment of the device of the present inven 
tion using an annunciating device; 

[0031] FIG. 7 is a top, left end and front perspective vieWs 
of the removable sub-assembly containing the compound 
and a movable slide of the device shoWn in FIG. 2 shoWing 
the sub-assembly being mounted Within the slide; 

[0032] FIG. 8 is a schematic vieW of the heating element 
of the embodiment shoWn in FIG. 2 shoWing the electric 
drive circuit; 

[0033] FIG. 9 is a schematic side vieW of a second 
embodiment of the present invention using a venturi tube; 

[0034] FIG. 10 is a schematic side vieW of third embodi 
ment of the present invention using a thin-Walled tube 
coated With the compound; 

[0035] FIG. 11 is a schematic side end vieW of the 
embodiment shoWn in FIG. 10; 

[0036] FIG. 12 is a schematic side end vieW of the 
embodiment shoWn in FIG. 10 shoWing an inductive heat 
ing system generating an alternating magnetic ?eld; 

[0037] FIG. 13 is a schematic side vieW of an alternate 
embodiment of that shoWn in FIG. 10 using a How restrictor 
Within the thin-Walled tube coated With the compound; 

[0038] FIG. 14 is a schematic side vieW of a fourth 
embodiment of the present invention using a pressuriZed gas 
to How over the compound; 

[0039] FIG. 15 is a schematic end vieW of the embodi 
ment shoWn in FIG. 14; 

[0040] FIG. 16 is a schematic side vieW of a ?fth embodi 
ment using a re-circulation of a gas over the compound’s 

surface; 
[0041] FIG. 17 is a schematic side vieW of a sixth embodi 
ment of the present invention using a tube containing 
particles coated With the compound; 
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[0042] FIG. 18 is a schematic side vieW of the embodi 
ment shown in FIG. 17 using a heating system to heat the 
gas passing over the coated particles; 

[0043] FIG. 19 is a schematic side vieW of a seventh 
embodiment of the present invention referred to herein as 
the “oven device”; 

[0044] FIG. 20 is a schematic side vieW of an eighth 
embodiment of the present invention using gradient heating; 

[0045] FIG. 21 is a schematic side vieW of a ninth 
embodiment of the present invention using a ?ne mesh 
screen coated With the compound; 

[0046] FIG. 22 is a top, right end and front perspective 
vieW of the embodiment shoWn in FIG. 21; 

[0047] FIG. 23 is a plot of the rate of aggregation of 
smaller particles into larger ones; 

[0048] FIG. 24 is a plot of the coagulation coef?cient versus particle siZe of the compound; 

[0049] FIG. 25 is a plot of vapor pressure of various 
compounds, e.g., diphenyl ether, hexadecane, geranyl for 
mate and caproic acid, versus temperature; 

[0050] FIG. 26 is a plot of blood levels for both the IV 
dose and the inhalation dose administered to various dogs 
during the experiments using the system shoWn in FIG. 1; 

[0051] FIG. 27 is a plot of calculated and experimental 
mass median diameter (MMD) versus compound mass in the 
range of 10 to 310 ,ug; 

[0052] FIG. 28 is a plot of calculated and experimental 
MMD versus compound mass in the range of 10 to 310 pg; 
and 

[0053] FIG. 29 is a plot of the theoretical siZe (diameter) 
of an aerosol as a function of the ratio of the vaporiZed 
compound to volume of the mixing gas. 

DETAILED DESCRIPTION 

[0054] In the method and device of the present invention, 
compounds With real or potential physiological activity can 
be volatiliZed Without medicinally signi?cant degradation 
and the resulting vapors controlled to form aerosols With 
particle siZes useful for the administration of the compound 
to a patient. 

[0055] In the preferred embodiments of the present inven 
tion, compounds are volatiliZed into vapors avoiding 
medicinally-signi?cant degradation and thus maintaining 
acceptable compound purity by the steps of (1) heating the 
physiologically active compound to a temperature for a 
limited time and (2) under the conditions of step (1), 
simultaneously passing a gas across the surface of the 
compound. 

[0056] As described previously in the BACKGROUND 
OF THE INVENTION section, it is often difficult to predict 
the susceptibility to, and the mechanisms and conditions of 
chemical degradation for a compound of pharmaceutical 
potential. As a rule, therefore, such compounds are typically 
protected from temperatures above room temperature. HoW 
ever, vaporiZation is sloW at loW temperatures as evidenced 
by the rapid decline in the equilibrium vapor pressure as a 
compound’s temperature decreases beloW its boiling point. 
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The plot in FIG. 25 of the vapor pressures for a number of 
compounds shoWs that a small decrease in temperature 
beloW the boiling point results in a large drop in vapor 
pressure. At temperatures roughly 200° C. beloW the com 
pound’s boiling point, the vapor pressure is betWeen 25 and 
50 mm of Hg. A vapor pressure of 50 mm Hg implies that 
the ratio of the volumes of the compound vapor to the 
atmospheric gases above the liquid compound is 50/760. 

[0057] In vieW of the foregoing, vaporiZation has not 
previously been vieWed as a reasonable mechanism for the 
delivery of most pharmaceutical compounds. In fact, it is 
common practice to create a form of a medicinal compound 
that is chemically and physically stable at room temperature 
to deter vaporiZation. This can be accomplished by creating 
a salt, Which has a higher melting point and boiling point 
than the parent molecule. 

[0058] The present invention, hoWever, makes vaporiZa 
tion a practical delivery method in part, by utiliZing a How 
of gas across the surface of the compound, to create a 
dynamic situation in Which a compound’s vapor molecules 
are sWept aWay from its surface, driving the chemical 
equilibrium process toWards further vaporiZation. For many 
compounds, this method creates a practical rate of vapor 
iZation With only moderate heating. Thus, 1 mg of nicotine, 
(boiling point of 247° C./745 mm), for example, Was 
observed to vaporiZe around 130° C. in less than 2 seconds 
With a laboratory device of the present invention described 
in detail in the EXAMPLES beloW. Similarly, fentanyl, 
Which decomposes rapidly at 300° C. before reaching its 
boiling point, Was vaporiZed in quantities up to 2 mg at 
temperatures around 190° C. VaporiZation can therefore be 
accomplished With the embodiments of this invention at 
practical rates, i.e., in the range of about 0.5 to about 2 
mg/second, and at temperatures much beloW the com 
pounds’ boiling points. The ability to vaporiZe at these 
reduced temperatures provides a means to loWer rates of 
degradation reactions in many compounds. 

[0059] HoWever, even these loWer temperatures noted 
above could lead to signi?cant decomposition for some 
compounds, so the ability of the present invention to also 
limit the time during Which the compound is exposed to an 
elevated temperature is also critical. Limiting the exposure 
time of a compound to temperature is accomplished by rapid 
heating of a thin ?lm of a deposited compound folloWed by 
immediate cooling of the compound vapors as they enter a 
carrier gas stream. In the preferred embodiments, the com 
pound is moved quickly through a heating/mixing Zone to 
facilitate a rapid temperature rise on the order of 2,000° 
C./second. Compounds thus reach vaporiZation tempera 
tures in ten’s of milliseconds. Under these conditions, com 
pound molecules quickly escape as vapors from thin layers 
of deposited compound, and move into a cool carrier gas 
stream that ?oWs across the surface of the compound. The 
vapor molecules, thus quickly created, lose their thermal 
energy When they collide With molecules of the cooler 
carrier gas. 

[0060] The method of the present invention, Which uses 
rapid heating to reach vaporiZation temperatures of com 
pounds, and after vaporiZation, rapid cooling of the vapor, 
has been shoWn to be signi?cant in reducing decomposition, 
one of the obstacles to generating the desired aerosol. 
Lipophilic substance # 87, for example, decomposed by 
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more than 90% When heated at 425° C. for 5 minutes, but 
only 20% When the temperature Was lowered to 350° C. 
Decomposition Was lowered further to about 12% When the 
time Was decreased to 30 seconds, and to less than 2% When 
the time Was decreased to 10-50 milliseconds. Similarly, 
100% of a fentanyl sample decomposed When heated to 200° 
C. for 30 seconds, but decreased to 15-30% decomposition 
When fentanyl Was heated to 280° C. for 10 milliseconds. 
When fentanyl Was vaporiZed using the laboratory device, 
Which minimiZed the vaporiZation temperature and limited 
the exposure time to that temperature, no medicinally sig 
ni?cant decomposition (<0.1%) Was observed. 

[0061] After a compound has been vaporiZed, the method 
of this invention also overcomes the second obstacle to 
generating the desired aerosol by controlling the generated 
compound vapors so that an aerosol is formed that (1) is 
comprised of particles Within a desired siZe range and (2) 
these particles are sufficiently stable so they Will retain their 
siZes Within that range during the time necessary to admin 
ister the aerosol to a patient. Particle siZe is usually 
expressed as the equivalent diameter of a spherical particle 
With the same physical behavior. The range of particle siZes 
in an aerosol is most often described by its mass median 
diameter (MMD) or mass median aerodynamic diameter 
(MMAD), and its geometric standard deviation (GSD). As 
the siZe of the particles is changed, the site of deposition 
Within the lung can be changed. This can alloW targeting of 
the site of deposition of the compound in the lung and 
airWays. 

[0062] The method of the present invention forms an 
aerosol With particles of a desired siZe range and stability by 
applying the principle that particle groWth can be predicted 
from the number concentration of the particles in a given 
volume. In high concentrations, particles frequently collide 
and adhere to each other. Such a collision and adhesion 
event (aggregation) creates one particle from tWo smaller 
ones. In a population of particles in an aerosol, these events 
lead to an increase in mean particle siZe and a decrease in 
number concentration. The frequency of collisions among 
particles then decreases, since there are feWer particles 
available and because the remaining larger particles move 
more sloWly. As a consequence, the rate of particle siZe 
groWth sloWs. (See “Aerosol Technology” W. C. Hinds, 
second edition 1999, Wiley, NY.) The term “stable particle 
siZe” can be applied in a practical sense When particle siZe 
groWth has sloWed suf?ciently to ensure the purpose of the 
application. For the purposes of drug delivery by inhalation, 
a stable particle Would be one that exists in the ultra ?ne or 
?ne siZe range for the 1 to 3 seconds required for a typical 
inhalation. 

[0063] In accordance With the present invention, a particle 
of the ultra ?ne or ?ne siZe range is produced that is stable 
for several seconds. Also in accordance With the present 
invention, a predetermined amount of compound in its 
vapor-state can be mixed into a predetermined volume of a 
carrier gas in a ratio to give particles of a desired siZe as the 
number concentration of the aerosol itself becomes stable. 
As detailed beloW, a stable number concentration is approxi 
mately 109 particles/cc. 

[0064] The method of the present invention forms the 
aerosol With particles of a desired siZe range and stability by 
controlling the rate of vaporiZation, the rate of introduction 
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of a carrier gas, and the mixing of the vapors and the carrier 
gas, thereby manipulating the parameters that govern the 
physical processes of a compound’s condensation and par 
ticle aggregation. 

[0065] Controlling the ratio of the vaporiZed compound to 
the volume of mixing air can be done by a number of 
methods including: (a) measuring the quantity and regulat 
ing the How rate of the mixing air; and/or (b) regulating the 
vaporiZation rate of the compound, eg changing the energy 
transferred to the compound during the heating process or 
changing the amount of compound introduced into a heating 
region. As the siZe of the particles is changed, the site of 
deposition Within the lung can be changed. This can alloW 
targeting of the site of deposition of the compound in the 
lung and airWays. 

[0066] A desired particle siZe is achieved by mixing a 
compound in its vapor-state into a volume of a carrier gas, 
in a ratio such that When the number concentration of the 
mixture reaches approximately 109 particles/ml, a “stable” 
particle siZe is present. The amount of compound and the 
volume of gas are each predetermined to achieve this ratio. 

[0067] FIG. 23 shoWs the time in seconds it takes for the 
number concentration of an aerosol to aggregate to half of its 
original value as a function of the particle concentration. It 
is a plot of theoretical data calculated from a mathematical 
model, (See Hinds). For example, a 1.0 mg vaporiZed dose 
of a compound With a molecular Weight of 200 that is mixed 
into 1 liter of air Will have approximately 3><1018 molecules 
(particles) in the liter. This results in a number concentration 
of 3><1015/cc. Extrapolating from FIG. 23, one can see that 
the time required for the number of particles to halve in this 
example is less than 10 microseconds. This demonstrates 
that to insure uniform mixing of the vaporiZed compound, 
the mixing must happen in a very short time. Even if the 
compound is alloWed to aggregate in siZe (for example to 12 
nm in diameter), the number concentration is still 1><1012 
particles/cc, and the time required for the number of par 
ticles to halve is still about 1 millisecond. FIG. 23 also 
shoWs that When the number concentration of the mixture 
reaches approximately 109 particles/cc, the particle siZed 
Will be “stable” for the purpose of drug delivery by inhala 
tion. 

[0068] FIG. 23 is for an aerosol having a Coagulation 
Coef?cient of 5x10“16 meters3/second. This K value 
corresponds to a particle siZe of 200 nm. As the particle siZe 
changes, so can its Kvalue. Table 1 beloW gives the Kvalues 
for various particle siZes. As K increases, the time required 
for the aerosol to aggregate from a particular particle siZe to 
a larger particle siZe is reduced. As can be seen from Table 
1 and FIG. 24, When the particle is in the ultra ?ne region, 
as de?ned in the BACKGROUND OF THE INVENTION 
section, the effect of a changing K value tends to accelerate 
the coagulation process toWards 100 nm in siZe. In calcu 
lating the stability of an aerosol’s particle siZe, the siZe of the 
particle affects its stability. Smaller particles in this region 
Will tend to aggregate faster than the larger siZed particles. 
Therefore, the stability of particle siZe in the ultra ?ne range 
is not linear With dose siZe. In the ?ne particle siZe range, K 
remains fairly constant. Thus, the stability of particle siZe 
can be calculated from the dose siZe alone and consideration 
of particle siZe on the aggregation procession is unnecessary. 
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TABLE 1 

Coagulation Coe?icient (xe’15 
Particle size (diameter in nm) meters3/second) 

1 3.11 
5 6.93 

10 9.48 
20 11.50 
50 9.92 

100 7.17 
200 5.09 
500 3.76 
1000 3.35 
2000 3.15 
5000 3.04 

10000 3.00 

[0069] In creating an aerosol of a particular particle size, 
the ratio of mass of vaporized compound to the volume of 
the mixing gas is the controlling condition. By changing this 
ratio, the particle size can be manipulated (see FIG. 29). 
However, not all compounds and not all gases, With the same 
ratio Will result in the same particle size distribution (PSD). 
Other factors must be knoWn to be able to accurately predict 
the resultant particle size. A compound’s density, polarity, 
and temperature are examples of some of these factors. 
Additionally, Whetheer the compound is hydrophilic or 
hydrophobic Will affect the eventual particle size, because 
this factor affects an aerosol’s tendency to groW by taking on 
Water from the surrounding environment. 

[0070] In order to simplify the approach used to predict 
the resulting particle size, the folloWing assumptions Were 
made: 

. e com oun is non 0 ar or as a Wea 0071 1 Th p d' p l h k 
polarity). 

[0072] 2. The compound is hydrophobic or hydro 
philic With a mixing gas that is dry. 

[0073] 3. The resultant aerosol is at or close to 
standard temperature and pressure. 

[0074] 4. The coagulation coefficient is constant over 
the particle size range and therefore the number 
concentration that predicts the stability of the particle 
size is constant. 

[0075] Consequently, the folloWing variables are taken 
into consideration in predicting the resulting particle size: 

[0076] 1. The amount (in grams) of compound vapor 
ized. 

[0077] 2. The volume of gas (in cc’s) that the vapor 
ized compound is mixed into. 

[0078] 3. The “stable” number concentration in num 
ber of particles/cc. 

[0079] 4. The GSD of the aerosol. 

[0080] Predicting the particle size Would be a simple 
matter for a given number concentration and amount of the 
compound, if the GSD is 1. With a GSD of 1, all of the 
particle sizes are the same size and therefore the calculation 
of particle size becomes a matter of dividing a compound’s 
mass into the number of particles given by the number 
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concentration and from there calculating the particle size 
diameter using the density of the compound. 

[0081] The problem becomes different though if the GSD 
is other than 1. As an aerosol changes from a GSD of 1 to 
a GSD of 1.35, the mass median diameter (MMD) Will 
increase. MMD is the point of equilibrium Where an equal 
mass of material exists in smaller diameter particles as exists 
in larger diameter particles. Since total mass is not changing 
as the GSD changes, and since there are large and small 
particles, the MMD must become larger as the GSD 
increases because the mass of a particle goes up as the cube 
of its diameter. Therefore larger particles, in effect, carry 
more Weight so the MMD becomes larger to “balance” out 
the masses. 

[0082] To determine the effect of a changing GSD, one can 
start With the formula for the mass per unit volume of an 
aerosol given a knoWn MMD, GSD, density, and number 
concentration. The formula is from Finlay’s “The Mechanics 
of Inhaled Pharmaceutical Aerosols” (2001, Academic 
press). Formula 2.39 states that the mass per unit volume of 
an aerosol is: 

[0084] p=density in gm/cc 

[0085] N=Number concentration in particles/cc 

[0086] MMD=mass median diameter (in cm) 

[0087] og=the GSD 

[0088] M=the mass per unit volume of the aerosol in 
gms/cc 

[0089] If the change in the MMD is considered as an 
aerosol changes from one GSD to another, While the density, 
number concentration, and the mass remain unchanged the 
folloWing equality can be set up: 

[0090] 

[0091] Or 

simplifying: 

[0092] 
6Xp[—9/2(1n0g1)2=1 

[0093] And therefore: 

If one sets the GSD of case 1 to 1.0 then: 

[0095] It is advantageous to calculate the change in the 
MMD as the GSD changes. Solving for MMD2 as a function 
of MMD1 and the neW GSD2 yields: 




























