
Full Terms & Conditions of access and use can be found at
http://www.tandfonline.com/action/journalInformation?journalCode=uast20

Aerosol Science and Technology

ISSN: 0278-6826 (Print) 1521-7388 (Online) Journal homepage: http://www.tandfonline.com/loi/uast20

Medical Aerosol Inhalers: Past, Present, and Future

A. R. Clark

To cite this article: A. R. Clark (1995) Medical Aerosol Inhalers: Past, Present, and Future,
Aerosol Science and Technology, 22:4, 374-391, DOI: 10.1080/02786829408959755

To link to this article:  https://doi.org/10.1080/02786829408959755

Published online: 12 Jun 2007.

Submit your article to this journal 

Article views: 1341

View related articles 

Citing articles: 72 View citing articles 

3M Company Exhibit 1018 
3M Company, Merck & Co., Inc., and Merck Sharp & Dohme Corp., v. AptarFrance S.A.S. 

Page 1 of 19

http://www.tandfonline.com/action/journalInformation?journalCode=uast20
http://www.tandfonline.com/action/journalInformation?journalCode=uast20
http://www.tandfonline.com/loi/uast20
http://www.tandfonline.com/loi/uast20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/02786829408959755
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/02786829408959755
https://doi.org/10.1080/02786829408959755
https://doi.org/10.1080/02786829408959755
http://www.tandfonline.com/action/authorSubmission?journalCode=uast20&show=instructions
http://www.tandfonline.com/action/authorSubmission?journalCode=uast20&show=instructions
http://www.tandfonline.com/action/authorSubmission?journalCode=uast20&show=instructions
http://www.tandfonline.com/action/authorSubmission?journalCode=uast20&show=instructions
http://www.tandfonline.com/doi/mlt/10.1080/02786829408959755
http://www.tandfonline.com/doi/mlt/10.1080/02786829408959755
http://www.tandfonline.com/doi/mlt/10.1080/02786829408959755
http://www.tandfonline.com/doi/mlt/10.1080/02786829408959755
http://www.tandfonline.com/doi/citedby/10.1080/02786829408959755#tabModule
http://www.tandfonline.com/doi/citedby/10.1080/02786829408959755#tabModule
http://www.tandfonline.com/doi/citedby/10.1080/02786829408959755#tabModule
http://www.tandfonline.com/doi/citedby/10.1080/02786829408959755#tabModule


Medical Aerosol Inhalers: Past, Present, and Future 

A. R. Clark 
Genentech, Inc., 460 Point Sun Bruno Blud., South Sun Francisco 

The need to deliver pharmaceutical molecules to the 
respiratory tract has lead to the development of three 
major types of medical aerosol inhalers: The nebulizer, 
invented around the turn of the century, which uses 
aqueous solutions as its atomization substrate; the 
pressurized metered dose inhaler, invented in the mid- 
1950s, which uses a finely divided drug in a chloroflu- 
orocarbon propellant suspension; and the dry powder 
inhaler, first commercialized in the early 1960s, which 

uses a powdered drug form. In general, these dosage 
forms have served the medical and patient community 
well, but recent advances in protein chemistry and the 
ozone depletion issues related to CFC propellants have 
lead to a renewed interest in the development of more 
efficient non-CFC inhalers. This article discusses the 
history of medical inhaler device technology and high- 
lights the new technologies which may replace some of 
the existing delivery systems. 

INTRODUCTION 

Using the inhaled route for the adminis- 
tration of both topically active and sys- 
temic compounds is becoming increas- 
ingly popular. In the case of topical ther- 
apy this popularity is undoubtedly related 
to the fact that the inhaled route gives 
direct access to lungs. For diseases such 
as asthma, inhalation has become the pri- 
mary route of administration of pharma- 
cological agents. In the case of systemic 
therapy it is the inherent convenience of 
respiratory delivery coupled to the large 
surface area and long residence times as- 
sociated with peripheral lung deposition 
that has made the lower airways a legiti- 
mate portal of entry into the systemic 
circulation (Niven 1994; Taylor 1994). 

Successful administration to the lung 
requires the generation and delivery of 
'fine' aerosols. In order to avoid inertial 
impaction in the oropharyngeal cavity and 
reach the lung aerosol particles of 7 pm 
or less are required. To reach the periph- 
eral lung, the site of absorption for 

systemic therapy and the site of action 
of some topical therapies, particles of 
the order of 2 to 3 pm are required 
(Stahlhofen et al. 1980). Thus, one of the 
major requirements of any medical in- 
haler is that it generate aerosols contain- 
ing particles within this "respirable" size 
range. 

However, the design of medical in- 
halers is not limited to this particle size 
performance criterion. Successful inhalers 
must also be acceptable from a pharma- 
ceutical standpoint. This means that the 
device must store the medication in a 
suitable fashion and that the drug product 
must be chemically and physically stable 
during both storage and atomization. In 
this respect, problems can arise if the 
drug substance and/or excipients are not 
suitably isolated from the external envi- 
ronment or if the drug and excipient are 
not chemically compatable. 

Medical inhalers must also "interact" 
correctly with the patient, delivering a re- 
liable, uniform, and consistent dose. This 
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Medical Aerosol Inhalers: Past, Present, and Future 375 

latter criterion, in many respects, limits 
the choice and success of a particular 
inhalation dosage form and takes the sci- 
ence of inhalation aerosols outside of the 
standard aerosol laboratory. For example, 
portability is an inherent requirement in 
most medical inhalers because of the need 
for treatment regimes that require deliv- 
ery of medication thoughout the day and 
night. Self-contained inhalers are re- 
quired because medication may be needed 
in situations where electricity or com- 
pressed gas sources are not available. 
Simple devices that are easy to maintain 
are required in order that a patient's de- 
bilitating condition is not aggravated by 
strict cleaning and maintenance regimes. 
Of course the particular combination of 
reliability, portability and simplicity cho- 
sen depends upon the dosing require- 
ments for the particular molecule being 
delivered. However, above all, simple de- 
vices that are straightforward and easy to 
use are required because, in general, both 
patients and health care specialists pos- 
sess very limited knowledge of the sub- 
tleties of inhalation science (Kelly 1993). 

Finally, cost can be an important fac- 
tor. For example, for expensive molecules 
such as proteins it may be economical to 
use highly efficient, but expensive delivery 
systems. Whereas with less expensive 
molecules, such as p, agonists, it may be 
more economical to accept poorer deliv- 
ery efficiency from a cheaper delivery de- 
vice. 

Table 1 summarizes the requirements 
for an "ideal" medical inhaler as exempli- 
fied by Wolff and Niven (1994). 

The size and portability restrictions de- 
scribed above, together with the need to 
generate aerosols containing fully active 
drug, severely limits the choices of an 
aerosol generator for pharmaceutical in- 
halation delivery. For example, condensa- 
tion growth methods of aerosol genera- 
tion cannot be used since volatilization of 
most pharmaceutical molecules would 

TABLE I. Summary of Criteria for the Ideal 
Medical Inhaler (Wolff and Niven, 1994) 

Reliability, reproducibility, accuracy 
Small particle size (1-5 pm) 
Simple to use and handle 
Multiple dose capability 
Resistance to bacterial contamination 
Durability 
Cost effectiveness 
Product stability 

cause severe thermal degradation. To 
some extent the choice of a particular 
type of generator can also be limited by 
the particular properties of the compound 
to be delivered. For example, mechanical 
atomization of liquid solution of some 
fragile protein molecules could cause de- 
naturation. 

Over the last four to five decades three 
main types of pulmonary delivery systems 
have evolved to meet patient needs. In 
general, none of these systems meet all 
the above requirements, but rather they 
reach different compromises between the 
various criteria. These "inhaler" types are 
based on either the atomization of liquids, 
solutions, or suspensions or the dispersion 
of dry powders. The oldest of these is the 
pnuematic nebulizer. The nebulizer uses 
an external power source to break up 
aqueous drug solutions. In the mid-1950s 
the pressurized metered dose inhaler 
(pMDI) joined the nebulizer as a popular 
dosage form. The pMDI uses a propellant 
liquid as both its power source and the 
suspending, or dissolution, medium for the 
drug. Its inherent portability and per- 
ceived ease of use have made it the most 
popular form of inhalation delivery. How- 
ever, because of the need to deliver rela- 
tively large quantities of drug to the air- 
ways, the nebulizer and pMDI were joined, 
in the early 1960s by the dry powder in- 
haler (DPI). The conventional DPI uses 
the energy supplied by the patient's inspi- 
ration to dispense and disperse a preme- 
tered quantity of drug substance. 
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376 A. R. Clark 

NEBULIZERS 

Medical nebulizers are probably one of 
the oldest forms of respiratory drug deliv- 
ery device. They rely upon the ability of 
the pharmaceutical formulator to solubi- 
lize the drug in a suitable solvent, invari- 
ably water. The majority of commercial 
nebulizer devices were developed from 
more conventional nasal sprays and they 
utilize compressed gas to generate liquid 
aerosol droplets; a technique commonly 
known as 'airblast' atomization. However, 
as with all "airblast" techniques the 
droplet sizes generated at the atomizer 
head are relatively coarse (Lefebvre 1988) 
and inertial filtration techniques are 
needed in order to limit the output to 
"respirable" droplet sizes. This combina- 
tion of "airblast" and inertial filtra- 
tion leads to some interesting delivery 
characteristics. Nebulizers that generate 
relatively "coarse" aerosols deliver medi- 
cation quickly but produce high oropha- 
ryngeal deposition. 

However, nebulizers which deliver 
"fine" aerosols do so by baffling out and 
recirculating coarse droplets. Hence they 
take much longer to deliver a dose of 
medication. The result is less oropharyn- 
geal deposition, but greater problems with 
patient compliance due to long nebuliza- 
tion times. Figure l a  presents some typi- 
cal "pneumatic" nebulizer configurations. 

The second method of liquid atomiza- 
tion commonly employed in medical nebu- 
lizers is high frequency ultrasound. In this 
type of device piezo crystals are used to 
generate high frequencies sound waves of 
the order of a few MHz. This technique 
usually generates "respirable" droplets di- 
rectly (Lang 1962), but baffles are still 
required in order to prevent solution loss 
from the central geyser which is formed 
by the high-energy sound pulses. Figure 
1b presents a diagram of a typical domes- 
tic ultrasonic nebulizer. It will be noted 
that in contrast to some large commercial 
machines the piezo crystal is in direct 

contact with the drug solution and the 
device does not use a transmission fluid 
(Leigh et al. 1991). This has the advantage 
of making the device smaller and easier to 
use. However, the dramatic changes in 
load as the nebulizer empties can cause 
considerable stress on the crystals and in 
the past this has lead to some reliability 
problems. Current designs, however, use a 
number of electronic tricks, such as load 
sensing and automatic frequency match- 
ing (Baker and Stimpson, 1994), to control 
crystal temperatures and reliability is re- 
portedly improved. 

The main problems associated with 
nebulizers are that the devices themselves 
have large internal solution "dead vol- 
umes." A high percentage of the dose, as 
much as 50% from a standard 2 mL am- 
poule, can remain trapped inside the neb- 
ulizer. Also, the long nebulization times 
associated with some nebulizer designs can 
lead to patient compliance problems. 
Table 2 presents some recent data (Cipolla 
et al. 1994) summarizing the output char- 
acteristics of a number of nebulizer sys- 
tems. It will be seen that the overall deliv- 
ery efficiency varies from 10% to 50%; 
with nebulization times ranging from 2 to 
10 min. When assessing the dose deliv- 
ered by a nebulizer however, it has to be 
remembered that most nebulizers deliver 
aerosol continuously whereas patients only 
inhale for approximatelq half of their res- 
piratory cycle. Hence the "respirable" 
dose actually inhaled i ,  only about a half 
of that delivered. In ge leral about 10% of 
the dose placed in the nebulizer actually 
deposits within the lung (Hardy et al. 
1993). Obviously there is room for im- 
provement in nebulizer design. 

A number of devices, such as the Pari 
LC Jet' (Knoch 1994), have optional in- 
terrupters or inspiratory control valves 
which allow synchronization of delivery 
and inspiration. Other devices such as, the 
System 22 Mizer (O'Doherty et al. 19901, 
have holding chambers which fill during 
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O 'Respirable' 
O o 0  Aerosol 

'Dead Volume' ' o ( 1 - 7 ~ )  - 
(1-1 .5111 

Baffle 
ertial filtration) 

Coaxial Channel 
Nebulizer 

'Airblast' Atomization 
Coarse Aerosol 

(1-50 pm) 

Compressed 
Gas t 

I 

(a) Pneumatic Designs 

Quartz 1 Zirconium 
Crystal 

(b) Domestic Ultrasonic Design 

FIGURE 1. Nebulizer designs. 

expiration and empty on inspiration. These then during inspiration the chamber con- 
"storage chambers" rely on the fact that tents and the nebulizer output are 
patient's minute volume is larger than the inhaled. However, all of these improve- 
nebulizer's volumetric delivery rate. Hence ments deal with the problem of syn- 
during expiration the chamber fills and chronicity and current nebulizer designs 
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A. R. Clark 

all suffer from large "dead volumes" which 
cause low overall efficiency. 

PRESSURIZED METERED DOSE INHALERS 

The pressurized metered dose inhaler 
came into being in the mid-1950s. How- 
ever, like most spray products which use 

liquefied gases as their power source, the 
pMDI had its roots in work carried out 
many years before. In 1899, Helbing and 
Pertch (1899) described the first aerosol 
generator to be driven by the vapor pres- 
sure of a propellant liquid. They used 
methyl or ethyl chloride as the propellant 
and the 'heat of the hand7 caused enough 

TABLE 2. In  Vitro Nebulizer Performance Using 2.5 ml PulmozymeB Nebulizer 
Solution" (Cipolla et al. 1994) 

Nebulizer 

Nebulizer Respirable Nebulizer 
Time Fraction Efficiency Delivery 

Compressor (min) (%) (%) (%I 

Marquest Customized 
Respirgard I1 
Marquest Acorn I1 

Hudson T Up-Draft I1 

Baxter Airlife Misty 

Pari LL 

Pari LL 

Pari IS-2 

Pari IS-2 

Pari LC 

Pari LC 

Sidestream 

SidcStream 

System 22 

System 22 

Aiolos 

Optineb 

Pulmo-Aide 

Pulmo-Aide 

Pulmo-Aide 

Pulmo-Aide 

Inhalierboy 

Master 

Inhalierboy 

Master 

Inhalierboy 

Master 

Freeway 

CR60 

Freeway 

CR60 

Aiolos 

0, Cylinder 

9:32 
(851 -959) 
10:12 
(9:42-10:36) 
9:13 
(8:09-10:32) 
6:39 
(5:42-7: 12) 
4:04 
(3:31-4:34) 
2:35 
(2:lO-2:38) 
953 
(9:44-959) 
5:39 
(5:19-5:44) 
516 
(5: 12-5: 16) 
2:30 
(no variation) 
4:28 
(3:59-4:48) 
3:08 
(258-3:15) 
4:33 
(3:47-5:36) 
3:02 
(2:49-258) 
155 
(1:48-156) 
212 
(2:02-2:28) 

a The droplet size data were obtained using a Malvern Mastersizcr X diffraction analyzer. The values for the Respirable 
Fraction are calculated from the diffraction-derived size distribution and are the means of nine values (three independent 
measurements using three individual nebulizers). The values for the Nebulization Time and the Nebulizer Efficiency are the 
means of three measurements using three individual nebulizers and were determined by stop watch and UV assay, 
respectively. The range of individual values is given in brackets. 

"Respirable Fraction" is the 5% of droplets generated in the 1-6 p m  range. 
"Nebulizer Efficiency" is the % of the dose placed in the nebulizer which is actually delivered. 
"Delivery" is the % of the  dose placed in the nebulizer delivered as "respirable" droplets. The "respirable" dose 

actually inhaled will be approximately half that delivered, due to the expiratory phase of the breathing cycle. 
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pressure to develop to atomize the liquid 
via a small orifice. Some 2 years later 
Gebauer (1902) discovered that partial va- 
porization of the propellant liquid prior to 
final atomization at the spray nozzle pro- 
duced a finer spray and, in a U.S. patent, 
he described the use of the first twin 
orifice expansion chamber. However, it 
was not until the 1930s and 1940s, with 
the discovery of freon propellants such as 
12, 114, 11, and 22, that these inventions 
came together to make liquefied gas gen- 
erators a real and practical proposition. 
The first, rather crude, "aerosols" devel- 
oped during the 1940s, were nonmetered 
systems designed for spraying insecticides. 
However, in 1956 the pressurized metered 
dose inhaler, as we now know it, became a 
possibility when the metering valve was 
invented (Meshburg 1956). In that same 
year 3M Healthcare, then Riker Labora- 
tories, combined the Meshberg valve and 
CFC propellants with a number of respi- 
ratory compounds and the pressurized 
metered dose inhaler was born. Since that 
time the pressurized metered dose inhaler 
has become the most popular form of 
respiratory drug delivery system. 

The pMDI delivers a metered "dose" 
of a CFC drug suspension, or occasionally 
a solution, containing a predetermined 
quantity of active drug. It consists of three 
major components: a reservoir, containing 
raw drug suspended, or solubilized, in liq- 
uefied gas propellant; a metering valve, 
which when depressed delivers a known 
quantity of the reservoir contents; and a 
spray actuator, which combined with the 
stem of the metering valve comprises a 
twin orifice expansion chamber and spray 
nozzle. Figure 2 presents a diagram of a 
typical pMDI and illustrates the valve 
'firing' sequence. 

In the rest position the metering cham- 
ber of the valve is connected to the pro- 
pellant reservoir. On depression of the 
valve this connection is closed and me- 
tered discharge begins. The metered dose 

is ejected from the metering chamber un- 
der the pressure of the boiling liquid pro- 
pellant. The two phase vapor liquid mix- 
ture then flows through the valve stem 
orifice into the valve stem. While in the 
valve stem it 'expands', by further vapor 
formation, before discharge through the 
spray orifice. The atomization process at 
the final spray orifice is two phase 
gas/liquid, i.e. "airblast" (Clark 1991) and 
is similar to the process involved in nebu- 
lization, as described above. However, af- 
ter droplet formation has taken place the 
droplets in the emerging cloud quickly 
evaporate and lose their forward velocity 
(Clark 1995). It is the CFCs capacity to 
both generate sufficient vapor to produce 
efficient two-phase atomization, without 
the need for an external power source, 
and to evaporate quickly, after droplet 
generation has taken place, which makes 
the pMDI such a successful inhalation 
delivery system. Of course, the low toxic- 
ity of propellants 12, 11, and 114 and their 
favorable formulation chemistry has added 
to this success. Nearly all the major respi- 
ratory drugs are now offered in the form 
of pMDIs. 

The main advantages of the pMDI are 
that they are reasonably efficient, if used 
correctly, and that they are inherently 
portable and very convenient to use. Table 
3 summarizes the deposition efficiency ob- 
tained during a number of deposition 

99 studies using mTc labeled pMDIs 
(Dolovich 1993). The fraction of the dose 
reaching the lung varies from 6.5% to 
24%. 

However, the major problems with 
pMDIs are high oral deposition (Newman 
19821, brought about by the high droplet 
velocities associated with the atomization 
process, and patient coordination/compli- 
ance, brought about by the pulsed nature 
of the pMDI's sprays (Crompton 1982). 
To overcome the high droplet velocities a 
variety of spacer devices have been devel- 
oped. These devices quite literally put 
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a /ALUMINIUM CANISTER 

DRUG SUSPENSION 

METERING VALVE 

ORAL ADAPTOR ' 

Filling of metering valve Discharge of metered dose 
through valve stem groove through valve stem groove 

and spray orifice 
Closure of valve stem groove 
and isolation of metering valve 

FIGURE 2. The major elements of the pressurized metered 
dose inhaler. 

space between the patient and the pMDI simple tubes, which still require patient 
actuator and hence allow the aerosol coordination for effective use (Newman 
cloud's velocity and the size of the droplet and Clark 1989), to small and large cham- 
inside the cloud to decrease substantially bers with inspiratory valves to control the 
before inhalation. Spacers range from flow of aerosol and hold the aerosol cloud 
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TABLE 4. Major Alternative Propellant Patents (More than 30 formulation patents either 
filed or wblished) 

Author Patent/Patent appl. 
(Company) Patent Subject No. 

Schultz and Schultz (1990) Co-solvent WO 92/06675 
(3M Healthcare) 
Taylor and Burnell (1991) Surface Coating WO 92/08447 
(Glaxo) 
Steel, Somani and Lim (1991) Flourinated Surfactant WO Y1/11173 
(Fisons) 
Weil and Dabb (1991) Vapour Pressure Control WO 91/11495 
(Boehringer) 
Fassberg et al. (1992) 'Propellant 227' EP 92305252.6 
(Schering) 

DRY POWDER INHALERS 

In a United States patent in 1939 Stuart 
(1939) described what could arguably be 
called the first dry powder inhaler. Stuart's 
patent describes a device which was de- 
signed to aid the inhalation of aluminum 
dust for the chelation of inhaled silica. It 
was intended for use by miners who suf- 
fered from silicosis induced by inhaled 
dust. However, it appears that the device 
was never commercialized and one has to 
ask if this is because the risk from inhal- 
ing aluminum was higher than that from 
inhaling silica or, since the device illus- 
trated in the patent used nasal inhalation, 
because the delivery efficiency to the lungs 
was inadequate. Ten years later Fields 
(1949) patented what was probably the 
first dry powder inhaler to be used for the 
administration of a pharmaceutical agent. 
The AerohalerB, as it came to be known, 
was the first truly commercially available 
dry powder inhaler and was marketed by 
Abbot laboratories for the delivery of 
~ o r i s o d r i n e ~ ,  isoprenaline sulphate. The 
device consisted of "sifter" cartridges con- 
taining the powdered drug, a steel ball 
assembly for "knocking" the dose out of 
the cartridge and a mouthpiece through 
which the aerosol was inhaled. There was 
very little control over the delivered dose, 
other than patient symptom titration, and 

there was no dispersion mechanism inside 
the device to aid aerosol generation. 

In the 1960s this "cartridge and ball" 
technology was replaced by hard gelatin 
capsule technology when Fisons Pharma- 
ceuticals and Allen and Hanburys intro- 
duced the Spinhaler@ (Bell et al. 1971) 
and Rotahaler@ (Over and Dah 1985) 
(Figs. 3a and 3b). These latter devices use 
hard gelatin capsules as the dose storage 
media, but differing techniques to open 
the capsule and disperse its powdered 
contents. In the Spinhaler the capsules 
are pierced, with the aid of 2 needles, and 
the contents emptied via a 'friction whirl' 
(Bell et al. 1971) motion. The aerosol is 
generated when the powder is drawn 
through a venturi. In the Rotahaler the 
two capsule halves are separated, with the 
aid of a plastic bar, and the contents 
inhaled through a plastic mesh or grid. 

It is important to realize that in con- 
trast to nebulizer formulations, or indeed 
to some extent pMDl formulations, the 
formulation of dry powders for use in 
DPls is critically important for their ef- 
fective performance (Ganderton and 
Kassem 1992). The powder must be able 
to flow readily in order that the capsule, 
or powder reservoir, will empty properly, 
but the powder must also generate a fine 
aerosol in order that the patient can in- 
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(d) Turbuhaler 

(c) Diskhaler 

@ Hard gelatin capsule /dose storage 

@ Dispersion apparatus 

@ Mouthpiece 

@ Dosing mechanism 

FIGURE 3. The evolution of the dry powder inhaler. 

hale a respirable dose. In powder technol- 
ogy terms these two factors are usually 
mutually exclusive. Fine powders tend to 
be cohesive and have poor flow proper- 
ties, whereas coarse powders flow well, 
but contain little in the way of respirable 
particles. Traditionally formulators have 
developed two ways of combating this 

problem. The first is to blend coarse "car- 
rier" particles with fine drug particles. This 
produces a powder which flows and, with 
the correct dispersion elements in the 
DPI, generates a reasonable respirable 
aerosol. The second method is to pelletize 
the drug. Soft pellets of the drug powder 
flow well because they are larger than the 
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constituent particles, but they also gener- 
ate respirable aerosol when the pellets 
are broken down inside the DPI. Pelleti- 
zation can be quite difficult however; too 
soft and the pellets may break inside the 
capsule before delivery can be achieved; 
too hard and the pellets may not be bro- 
ken down inside the device and hence a 
cloud of poor respirable quality will be 
delivered. In general successful DPI de- 
sign relies as much on the powder formu- 
lation as it does on the device engineer. 

The main advantage of DPIs is that 
they are inherently breath actuated in that 
they only deliver drug when the patient 
inhales. However, one of the main criti- 
cisms of this type of device is that the 
doses are packaged discretely and that 
each individual dose has to be handled by 
the patient. This makes the device diffi- 
cult to use. Hence, more recently, Allen 
and Hanburys have introduced a cartridge 
multidose powder inhaler (Fig. 3c). The 
Diskhaler@ uses a PVC disk containing 
between 4 and 8 "blisters" of drug. The 
blisters are pierced using a large plastic 
"needle" and the contents are inhaled via 
a plastic dispersion grid. The patient 
therefore carries between 4 and 8 doses in 
a single cartridge and does not have to be 
concerned with loading each individual 

dose into the device. One of the most 
recent commercial additions to the array 
of dry powder systems goes even further 
in the multidose convenience direction. 
The Astra Turbuhaler @ (Wetterlin 1988) 
(Fig. 3d) stores its drug powder in a bulk 
reservoir and uses a miniature metering 
mechanism, based on volume, to control 
the delivered dose. Again the powder 
medication is delivered only when the pa- 
tient inhales and a dispersing spiral chan- 
nel in the device's mouthpiece is used to 
generate the aerosol cloud. A number of 
other multidose reservoir devices have 
been introduced in the world arena. Table 
5 lists the DPIs which are currently avail- 
able in the various pharmaceutical mar- 
kets throughout the world. 

Paradoxically, the main problem with 
DPIs is the very attribute which is their 
main advantage. All currently available 
DPIs utilize the energy in the patient's 
inspiration as the power source for aerosol 
generation. Therefore their delivery and 
dispersion performance, and hence the 
dose which they deliver to the lung, is 
affected by a patient's ability to inhale at 
a suitably high flow rate (Newman et al. 
1991; Newman et al. 1994). Table 6 sum- 
marizes the lung deposition data from 2 
recent radiolabel deposition studies. The 

TABLE 5. Currently Marketed Dry Powder Inhalers 

Unit dose Unit Multidosc Multidose 

Dose Dose 
Device Storage Device Storage Device Metering 
(Manufacturer) Media (Manufacturer) Media (Manufacturer) Method 

Spinhaler 
(Fisons) 

Rotahaler 
(Allen and Hanburys) 
Cyclohaler 
(ISF/Orion/Phabrita) 
Inhalator 
(Boehringer) 

Hard gelatin Inhalator Hard gelatin Clenil Flow through 
capsule (Bochringer) capsule (Chiesi) chamber 

cartridge 
Diskhaler 4/8 blister Turbuhaler Perforated 
(Allen and Hanburys) cartridge (Astra Draco) plate 

Easyhaler Blind 
(Orion) dimplc 
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TABLE 6. Typical Deposition and Flow 
Dependence for Patient Driven Dry 
Powder Inhalers 

Device/Flow 
Rate (l/min) 

Spinhaler" 
60 

120 
Turbuhaler" 
30 
60 

Device Oropharynx Lungs 

a Newrndn c t  a1 (1994) 
o Newrndn c t  al. (1993) 

paradox is, of course, that it is this very 
fact that makes them the ultimate in 
breath activated devices. However, recent 
data (Hansen and Andersen 1993; Clark 
1994) suggests that even relatively sick 
patients can attain satisfactory flow rates 
though most devices. 

THE FUTURE 

What of future developments then? Fig- 
ure 4 summarizes the various options 
available in terms of power source and 
physical form of the drug substance. Obvi- 
ously, some drugs will be more suited to a 
particular physical form due to their 
chemical or physical nature. 

However, as will be discussed below the 
majority of the options shown in Fig. 4 are 
being investigated by various pharmaceu- 

LIQUID 

I I I 
LJIuasonic Nebulizers Pneumatic Nebulizers 

Mechanical Break-up ? 
Solution MDrs I I 

I Mechanical DPl's 
Patient Driven DPPs 

A i  Assisted DPPs I I 
Mechanical Break-up ? 

I Not Accessible I 

Suspension MDPs 

Pneumatic Nebulizers 

I I 
GAS 

FIGURE 4. Options for the generation of medi- 
cal aerosols. 

tical and device manufacturing compa- 
nies. 

One of the major driving forces for the 
development of these new technologies is, 
as described above, the forced introduc- 
tion of alternative aerosol propellants. For 
the past 5-8 years the pharmaceutical in- 
dustry has been working to reformulate 
existing drugs in the new ozone friendly 
propellants, HFAs 134a and 227. These 
efforts have led to what could probably be 
called the most inventive phase of inhala- 
tion aerosol delivery since its inception. 
As stated above there are currently over 
30 published patents in the area of alter- 
native propellant formulations and it 
would seem that the industry is well on 
the way to filing for the approval of its 
first CFC replacement metered dose in- 
haler. 3M Healthcare have announced 
that they intend to file their first NDA for 
Dymel' 134a/P formulations by the end 
of 1994. However, the inventions have not 
been restricted to alternative propellants 
and both aqueous atomization and dry 
powder devices have enjoyed a resurgence 
of interest. 

Patents on aqueous atomization cover 
pure mechanical break-up (Weston et al. 
19911, the use of ultrasound (Siemens 
1988), and the use of meshes driven by 
peizoelectric crystals (Takahasi et al. 1988; 
Ross and Humberstone 1992). In the We- 
ston device (Fig. 5a), hydraulic amplifica- 
tion is used to generate high liquid pres- 
sures, typically 400 bar, and atomization is 
via a small orifice, typically 3-10 p m  in 
diameter. The high liquid pressure and 
small spray orifice ensure an aerosol cloud 
of reasonable respirable quality and a 
number of check valves and the hydraulic 
piston stroke are used to ensure metered 
delivery. In order to operate such a device 
the patient would be required to arm the 
device, by retraction of the piston, and 
then discharge the dose during inspiration 
in a similar manner to current pMDIs. 
Boehringer Ingelheim developed, and for 
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short while marketed, a device, Res- 
pimate, which utilized high-frequency ul- 
trasound to deliver therapeutic doses of 
an aqueous solution of a bronchodilator 
in a single actuation (Zierenberg 1992). 
The main disadvantage of this technique, 
however, was the large power require- 
ment of the atomizer and the Respimat 
device required frequent recharging in or- 
der to maintain efficient operation. More 
recently, Baum et al. (1993) have de- 
scribed a multidose aqueous atomizer 
which can deliver up to 100 unit doses of 

medication. Their device (Fig. 5b) which 
employs ultrasonic mesh technology 
(Ueha et al. 1985) to atomize the drug, is 
small and to an external user would ap- 
pear as simple to use as a pMDI. The 
advantage of the ultrasonic mesh tech- 
nique is that it operates at frequencies of 
the order of 40 kHz. Its power require- 
ments are therefore low and efficient op- 
eration could be maintained by standard 
dry cell disposable batteries. However, 
there are product sterility issues with such 
aqueous multidose devices and if they are 

piston 

Q = Liquid flow rate through hole 
u = Vibration frequency of mesh 

Aerosol Cloud 

Droplets @ 

'Pinholes' 

Vibrational Direction of Mesh 

(b) Ultrsonic Mesh atomisation 

reservoir 

I 

Mouthpiece 

NiCad cel 

Electronics 

(c) Ultrasonic mesh inhaler 
(Baum & Greenleaf, 1993) 

FIGURE: 5. Liquid atomizers o f  the future. 
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ever to become marketed products multi- 
dose aqueous atomizer formulations will 
probably have to contain preservatives or 
be packaged in a multidose/unit dose 
cartridge configuration. 

The most prolific area of invention in 
the past few years has undoubtedy been 
dry powder inhaler design. Device designs 
have tried to incorporate the concept of 
the multidose convenience of the pMDI 
with efficient and uniform delivery. The 
two main performance criteria have been 
dose uniformity and flow independent de- 
livery. 

Some of the devices reported in the 
literature are multidose, but maintain the 
breath activated nature of the current 
DPIs (Clark et al. 1990; Braithwaite 1992). 
In the Braithwaite device the dose is me- 
tered by a small "dimple7' (Fig. 6a). In the 
Clark device the dose is "shaved" from a 
compacted powder-bed by the action of a 
knife or blade, the dose weight is con- 
trolled by the pitch and angular displace- 
ment of the blade, figure 6b. 

Jago Pharma AG (Switzerland) have 
developed a multidose device which uses 
a dosing 'notch' to meter the powder, but 

a) Braithwaite, 1992 

c) Chawla & Clark, 1993 

@ Dosage storage reservoir 

@ Dosing mechanism 

@ Dispersion apparatus 

@ Mouthpiece 

b) Clark et al, 1990 

FIGURE 6. Patient driven dry powder inhalers of the future. 
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also incorporates a novel breath activated 
piston. The dosing "notch" is only moved 
to the dispensing position, by the action of 
the piston, when the patient has reached 
an inspiratory flow high enough to prop- 
erly disperse the powder formulation. 

In yet another novel attempt to bring 
simplicity to inhalation devices Chawla 
and Clark (1993) have patented a dispos- 
able inhaler (Fig. 6c). This system uses a 
unit dose preformed blister containing 
drug powder as its own inhaler. After 
removing a foil seal the patient inhales 
directly from the blister, through a small 
array of holes, and then disposes of it. 
Device cleaning and maintenance are 
therefore avoided. 

However, despite these many advances 
in DPI design, it is probably the "power 
assisted" multidose dry powder inhalers 
which represent the real 'new wave' of 
powder aerosol delivery. 

Two groups, Boehringer Ingelheim and 
3M Healthcare, have described systems 
which utilize tapes containing microscopic 
dimples or fibre like structures as the drug 
storage media (Figs. 7a and 7b). In the 
Boehringer Ingelheim device (Gupte et al. 
1992) the drug powder is stored on a 
valour tape, or plastic microstructure, at a 
density of 1-1.5 mg/cm2 and it is deliv- 
ered by a small compressed air pulse. The 
device is purely mechanical and the pa- 
tient is only required to arm a small pis- 
ton and initiate delivery in the same way 
as they would a pMDI. In the 3M Health- 
care device (Schultz et al. 1992) the drug 
is stored on a polyester or polypropylene 
film at a density of 25-100 pg/cm2. The 
dose is delivered with the aid of a me- 
chanically, or electrically, operated ham- 
mer. The hammer is reset when the pa- 
tient opens the mouthpiece and actuation 
is via a pressure sensing vain. Delivery is 
therefore flow independent and is auto- 
matically synchronized with inspiration. 
However, as with the breath activated 
pMDIs discussed above, it is likely that 

some degree of patient training will still 
be required if effective delivery is to be 
ensured. Both of the above devices obvi- 
ously rely on the uniform distribution of 
the drug in the microstructure storage 
media to ensure delivered dose uniform- 
ity. The delivered dose is also limited by 
the void space in the microstructure. 
These systems are therefore limited in 
terms of the maximum dose which they 
can deliver. 

A recently patented device (Galli 1993; 
Bruna et al. 1994) overcomes this limita- 
tion in the magnitude of the delivered 
dose by utilizing a multidose powder 
reservoir (Fig. 7c). In this device a large 
chamber, isolated from the external envi- 
ronment by elastomeric seals, contains the 
powdered drug and a 'brush and sweeper' 
arrangement loads the drug into a dosing 
hole. The delivered dose is controlled by 
the bulk density of the formulation and 
the volume of the dosing hole. The me- 
tered dose is discharged with the aid of a 
small compressed air pulse which is gen- 
erated when the patient squeezes the de- 
vice. This device, as other devices of simi- 
lar design, requires a free flowing powder 
in order to ensure delivered dose uniform- 
ity. This requires not only good formula- 
tion, but also good control over the mois- 
ture uptake of the powder. 

Mecikalski and Williams (1994) de- 
scribe a device which overcomes the drug 
storage problem by using a cartridge ap- 
proach similar to that of the Diskhaler 
(Fig. 7d). The drug is stored in a multi- 
dose cartridge and then dispersed by an 
electrically driven impeller. The impeller 
is activated by a pressure sensor that 
senses the patient's inspiratory flow rate. 
The use of a dosing cartridge has the 
advantage that the delivered dose uni- 
formity is primarily controlled at source, 
in the factory, by the cartridge filling ma- 
chine and it is therefore not subject to 
whims of the drug powder, such as changes 
in flowability and bulk density. The 
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d 
b) Schultz et al, 1992 

d) Mecikalslu &Williams, 1994 

a Dosage storage media; Tape, reservoir or casette 

@ Power source; Compressed air or electric motor 

@ Dispersion apparatus; air jet, hammer or impeller 

@ Mouthpiece 

FIGURE 7. "Power assisted" dry powder inhalers of the future. 

C) Galli et al, 1993 

Mecikalski device also has the advantage pulse similar to Galli et al. to deliver the 
that its delivery is flow independent and dose of medication. 
breath activated (Hill 1994). 

In yet another approach Jager-Waldau 
et al. (1994) utilize the cartridge approach SUMMARY 

to control dose uniformity and drug in- In summary the design of medical in- 
tegritty, but use a small compressed air halers has to be a compromise between 
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many factors. Efficient and uniform deliv- 
ery being the main performance criteria, 
but ease of use, patient acceptance, and 
compliance being just as important. Over 
the years three major classes of inhaler 
have evolved to meet patient needs: the 
nebulizer, which uses aqueous solutions 
as its atomization substrate; the pressur- 
ized metered dose inhaler, which uses 
highly volatile propellant liquids; and the 
dry powder inhaler, which uses a pow- 
dered drug form. Each class of device has 
its advantages and disadvantages from 
both pharmaceutical and clinical perspec- 
tives. pMDIs are undoubtedly the most 
popular and convenient form, although 
clinical issues relating to incorrect use 
and environmental issues relating to the 
ozone layer have increased the use of 
DPIs. Nebulizer devices appear to be re- 
stricted to the very sick, very young and 
those who have compliance problems with 
the other two dosage forms. 

As a direct result of the ozone deple- 
tion controversy there has been a resur- 
gence of interest in the search for the 
"ideal" medical inhaler. However, would 
be inventors should beware; it costs many 
millions to develop a new inhaler and 
many technical and clinical difficulties 
have to be overcome. The development 
path is also very unclear. In some respects 
it is necessary to couple inhaler develop- 
ment and a new pharmaceutical molecule 
in order to enlist the necessary funds and 
resource for clinical development. How- 
ever, this very alliance can be the down- 
fall of a device if the clinical efficacy of 
the compound fails to be confirmed. The 
development of an inhaler with an exist- 
ing compound can also be fraught with 
difficulties. Since a direct efficacy com- 
parator exists a considerable advantage 
has to be demonstrated before the neces- 
sary impetus to develop and market a 
device can be gained. The paradox is that 
it is usually necessary to carry out some 

clinical development before a "consider- 
able" advantage can be demonstrated. 

In summary, invention is 5% of the 
solution, development, both pharmaceuti- 
cal and clinical, is the remaining 95% and 
it is what is really at the heart of the 
successful introduction of any new medi- 
cal inhaler. 
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