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universally recognized at that time) and the work of 
different physicians, summarized below, which 
serves to illustrate the international interest in pow-
der inhalation. This uncontrolled world of medical 
development enabled a number of eminent respira-
tory specia lists to start developing their own 
approaches to dry powder inhalation.4 Through the 
1850s and 1860s, Trousseau (in Paris, France), for 
example, developed a glass inhaler; Burow (in 
Königsburg, Germany now Kaliningrad, Russia) 
adapted a steel pen (Figure 1); Cornell, Pserhofer (in 
Vienna, Austria) and Ebert (in Berlin, Germany) 
reported using a feather quill; Lewin (in Berlin) a 

The first 100 years
The earliest reference to therapeutic dry powder 
inhalation may also be the earliest reference to “engi-
neered particles.” It dates from 1849 when Cham-
bers, working in London, devised a method for creat-
ing particles using silver nitrate and copper sulphate; 
loading 1 grain of silver nitrate

 
to 2.5 grains of lyco-

podium pollen.1 The insufflation was administered 
to the subject via glass funnel, with an attendant 
dusting powder from a gum ball. The work was 
repeated in 1850, in Boston, US, by Cornell, who 
reported success in treating bronchitis and laryngi-
tis.2 In 1851, Warren, also working in Boston, 
described, and subsequently commercialized for $1 
US, a glass inhaler to deliver a powder containing sil-
ver nitrate, copper sulphate and mercury nitrate.3 
Warren claimed that his inhaler was to deliver the 
powder to the throat and lungs but not in the mouth.
At that time, ideas were shared locally through meet-
ings and, internationally, via scientific publication. 
Methods were repeated and adjusted, leading to 
nascent product formulation and development tech-
niques. Today, with a greater understanding of toxi-
cology, we would be somewhat alarmed by the use of 
these agents in the lung. 
The emerging interest in powders for inhalation 
prompted Solis Cohen to devote a chapter to the sub-
ject in his book on inhalation.4 He summarized the 
state-of-the-art of powder inhalation in 1867, includ-
ing details of pathology experiments that proved 
inhaled particles progressed beyond the mouth and 
actually reached the lung (something that was not 

Figure 1

Mid-19th century DPIs and use of “saccharum 
lactis” (see reference 14)
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airflow (Figure 3). This was an ingenious device, pat-
ented by Mack Fields,8 that helped to establish the 
need for gelatin capsules. Capsule inhalers rapidly 
followed, often for delivery of antibiotic therapy via 
the nose or lung, for example the Upjohn powder 
inhaler for penicillin “dust therapy.”9

glass retort; Rauchfuss (in Berlin) a gum squeeze-
ball; and Thomas (in Baltimore, US) a rotating grind 
wheel against which a material was rubbed as the sit-
ting patient inhaled.
Meanwhile, in London in 1864, and on behalf of 
John Jones of New York, Alfred Newton filed a pat-
ent on a device that delivered finely divided potas-
sium chlorate to the patient (Figure 2), who pressed 
their face against a box and cranked a handle, which 
caused feathers to brush the powder into a cloud 
that then passed through a mesh before being 
inhaled.5 The choice of so-called medications in 
these earlier times was often based on their observ-
able physicochemical actions outside the body. 
Today, we understand potassium chlorate to be a 
lung irritant.
Control was not far away. Famously, in 1889, Roe 
invented the carbolic smoke ball to deliver the 
hygienic properties of carbolic (phenol, pioneered by 
Joseph Lister for antiseptic surgery) as a lung medica-
tion for the treatment and prevention of influenza, 
which was periodically of epidemic status and 
responsible for much mortality. A squeeze-ball 
device delivered a powder formulation comprising 
largely carbolic acid. Advertising proudly claimed 
that it would prevent influenza and offered a large 
sum of money to anyone who used the smoke ball 
and subsequently developed the disease (a reward 
that the company had no intention of paying).6 

When a Mrs. Carlill used the product and developed 
influenza she claimed the prize, was denied, and the 
whole business ended in a landmark legal battle that 
established the laws of contract within advertising.7 

An industry that had made increasingly dubious 
claims for cure-all medications had to change. The 
Carbolic Smoke Ball Company regrouped as a lim-
ited company and went on to promote its products 
with greater care. Mrs. Carlill lived for many years 
before eventually succumbing to influenza in 1942 at 
the age of 96 years.
Further control was imposed through the 1906 FDA 
Act, which also helped to reduce the more outlandish 
and unsubstantiated claims of treatments. This led to 
a greater role for scientific proof. Drugs that repre-
sent the parent compounds of much of today’s ther-
apy were pioneered; cortical substance and adrena-
line—parents of corticosteroids and beta-agonists—
were developed, initially in liquid forms.
The first recognized pharmaceutical dry powder for 
inhalation was introduced by Abbott Laboratories in 
the late 1940s for the delivery of two formulations: 
isoetharine bronchodilator and penicillin. These were 
presented in “sifter” cartridges, resembling miniature 
salt cellars. The device, the Aerohalor™, was a clear 
plastic inhaler suitable for oral or nasal use, and com-
prised a port for introducing a sifter cartridge and a 
steel ball that would move, on inhalation, to impact 
the sifter and cause some formulation to drop into the 

Figure 2

Jones inhalation device of 1864 (see reference 5)

Figure 3

Aerohalor™ device (Abbott)
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Roger Altounyan at Fisons and Kjell Wetterlin at 
Astra, were able to develop products without working 
under the tight controls that today’s regulations 
impose. The ever-larger, multi-disciplinary develop-
ment team has since, however, become essential. Spe-
cialist development companies have emerged with 
bright ideas, with dozens of patents filed describing 
formulation technology and devices, but the generally 
slow pace of pharmaceutical development and the 
uncertainties of new product development has not 
infrequently led to funding issues or companies being 
subsumed into larger pharma. Table 1 lists some of the 
types of devices (capsule, reservoir, blister) that 
reached the market. Many others did not.
All DPIs have several common features: a formula-
tion, a dose storage system, moisture protection, an air 
inlet system, and a powder lift and de-aggregation sys-
tem. Additionally, there are considerations that may 
apply to particular devices; for example, in-device 
dose metering, breath actuation, counters and lock-
outs, and filling technologies. There are patient, social 
and environmental considerations as well. No DPI is 
capable of delivering its full dose to the lung; some is 
retained within the plastic elements of the device, 
some remains attached to the carrier, some is depos-
ited in the mouth and there are other losses.

Formulation
One of the major challenges that faces successful inha-
lation of dry powder is that, typically, the active phar-
maceutical substance is a microgram quantity of 
material with poor flow properties. In many cases, the 
quantity is less than the amount that can be consis-
tently metered by industrial filling processes. 

The last 70 years
In the 1950s, the pressurized metered dose inhaler 
(pMDI) was introduced and seemed to revolutionize 
portability and delivery but two inherent limitations 
existed: the metered dose inhaler capacity was rela-
tively small and patients struggled to coordinate the 
action of inhalation and actuation of the device. The 
next landmark dry powder development that 
addressed both these limitations was the Spinhaler® 
(Fisons Limited), a capsule-based device delivering a 
20 mg payload of sodium cromoglycate (Figure 4).10

The pace of dry powder inhaler (DPI) development 
from this point onward has been astounding. Early, 
highly-driven pharmaceutical developers, such as 

Table 1

Various dry powder inhalation devices that reached the market

Device Type Company Novel feature

Spinhaler® Capsule Fisons First modern DPI 

Rotahaler® Capsule Allen & Hanbury 
(GSK)

Delivering separately corticosteroid and short-acting bronchodilator

Turbuhaler® Reservoir Astra Multidose, spheronized pure drug formulation, “fuel gauge” counter, 
Mk III for combinations

Diskhaler® Blister Allen & Hanbury 
(GSK)

Multidose, foil blister disks (pierced)

Diskus® Blister GSK Multidose, blister strips (peeled) combination formulations

Novolizer® Reservoir Asta (AstraZeneca) Multidose, replaceable reservoir, dose feedback indicator, 
breath-actuated membrane

Ellipta® Multiple Blister GSK (Glaxo Group) Multiple blister, two separate combination components, 
subsequently triple therapy

Exubera™ Blister Pfizer Single insulin blister, discharged into spacer

Figure 4

Spinhaler® dry powder inhaler (Fisons)
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Turbuhaler® (Astra) formulations,16 permitting pure 
drug substance to be supplied, but the downside was an 
absence of a confirmatory taste signal.
A great deal of research effort has been put into the 
preparation of the active ingredient for inhalation. Some 
of the processes can impart substantial electrostatic 
energy to the particle that can influence its subsequent 
behavior and create inconsistency. Research has focused 
on processes that can produce small particles that are 
consistent, have low intrinsic energy and are readily aero-
solizable. As various active drugs have different physi-
co-chemical properties, this is a major challenge: “parti-
cle engineering” techniques, such as co-suspension 
low-density phospholipid particles, have been added to 
traditional milling technology methods.17-19

Dose storage, moisture protection  
and metering
It is critical that powders remain dry throughout their 
storage life. Some capsule-based products may require 
blister over-packaging to retain their dry state. Reser-
voir devices are usually foil-packed for the same reason. 
Individual blister product packs may be made of foil or 
plastic, with considerable attention paid to correct seal-
ing. DPIs, therefore, have individual filling technology 
requirements based on the constraints of, for example, 
blister-strip size, orientation, fill weight, and format for 
loading into the DPI. The filling technology tends to be 
“made-to-measure,” requiring bespoke filling lines. 
This is distinct from pMDIs (and capsule DPIs) where 
the filling technology is standard. In summary, individ-
ual dry powder dose-metering can take place in the fac-
tory in the case of capsules or blister devices but will 
take place in situ for reservoir devices.

De-aggregative processes
In order to deliver the medication effectively, the effort 
of inhalation must lift the powder from the device and 
separate the active medicinal particles from any carrier 
or agglomeration, so that the fine particles (diameter 
< 6 µm) may transit the oro-pharynx into the airways. 
There are a number of ways to achieve this: first, tur-
bulent energy can be created to empty the formulation 
from the dose location; second, the formulation can 
encounter obstacles that cause the active to separate 
from the carrier. Processes that involve vortices, accel-
erative forces and physical impact may all have a role. 
A consequence of these processes is that DPIs have a 
resistance to air f low. A patient will typically use a 
forceful, fast, deep inhalation maneuver.20 
There has been considerable debate over whether a 
higher resistance may engender a longer inhalation 
effort or whether a lower resistance may feel easier.21 
This aspect sets DPIs apart from nebulizers and 
pMDIs that typically have very low resistance and 
where the successful maneuver is a slow, steady and 
deep inhalation. 

To cope with this situation, a “carrier” substance is 
used to dilute and loosely bind with the powdered 
active. Lactose has emerged as the most common-
ly-used carrier as it is safe, well tolerated, improves 
flow properties, and can be used as a taste signal. To 
provide the high standards of consistency required for 
pharmaceutical use, lactose manufacturers have had 
to innovate and invest.11 

It had been thought that the first use of inhaled lactose 
as an inert carrier for powdered drugs was the Aeroha-
lor; in terms of modern pharmaceutics, this certainly 
appears to be correct. There are, however, 19th cen-
tury references to the use of sugar of milk or milk-
sugar (saccharum lactis or lactose monohydrate).
The Lesser Writings12 of Samuel Hahnemann (1755-
1843), the founder of homeopathy, are clear regarding 
use of sugar of milk: “[it] is not a medicinal ingredient, 
it is a mere vehicle and recipient for the simple medici-
nal substance of the homoeopathic practitioner …” 
[from 1825]. Hahnemann further describes adminis-
tration via olfaction of a phial of homeopathic pow-
ders diluted with sugar of milk [from 1827]. By 1858, a 
book detailing the unscientific basis for homeopathy13 
cited Hahnemann: “should both nostrils be stopped 
up by coryza or polypus, the patient should inhale by 
mouth, holding the orifice of the phial betwixt his 
lips.” It would seem, therefore, that if olfaction was not 
feasible, then inhalation of inert lactose powder (plus 
homeopathic substance) was recommended.
During the intervening years, the early pioneers of 
powder inhalation (Trousseau, Burow, Ebert) were 
using sugar-of-milk to give powders “sufficient body.”4 
It is fascinating to read Ebert’s description: “So 
minutely does the sugar of milk divide the nitrate, that 
if even a small portion of the powder only reach[es] the 
larynx, it will still contain the nitrate,” and “… the 
patient is desired to draw in air rapidly and forcibly 
….”14 It is apparent that the basics of dry powder inha-
lation—a large mass of inert carrier and a forceful 
inhalation—were known 170 years ago.
Lactose can be manufactured to different sizes and, in 
some cases, optimum flow may be helped by a mixture 
of lactose types. The lactose carrier is separated from 
the active particle during the course of inhalation by 
de-aggregative processes that include turbulence and 
tortuous airways.11 Because the carrier is diametrically 
too large to pass into the airways, it is deposited in the 
mouth and is used as a convenient confirmatory taste 
signal. Alternative carriers and additives have been 
used: mannitol, magnesium stearate as an aid to flow 
and with moisture control properties,13 and sodium 
cromoglycate—which has high moisture uptake 
properties—as a sacrificial moisture control compo-
nent.15 High levels of safety are paramount for these 
carrier substances.
Non-carrier approaches have also been used, for exam-
ple, spheronization of drug into soft aggregates in early 
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pies may offer the pMDI industry another trip around 
this carousel.
Irrespective of the commercial consideration, environ-
mental social awareness is at an all-time high. Calls for 
manufacturers to facilitate recycling are strong, with 
waste plastic seen as a blight on society. Experts are 
carefully calculating the environmental burden of the 
different drug delivery approaches and the sustain-
ability of the various approaches.24, 25

Patient considerations
Despite considerable development efforts, patients con-
tinue to fail to use inhaler devices correctly and it is 
important to understand some of the reasons why. One 
inescapable truth is that the education provided to 
patients is itself sometimes incorrect: systematic study 
of inhaler training delivery identified major failings in 
inhaler technique training, partly stemming from inad-
equate knowledge and understanding of the healthcare 
professional.26, 27 Many patients receive nothing more 
than rudimentary guidance, but for those fortunate 
enough to receive instruction it is usually “show-and-
tell” rather than proper hands-on participation. Tools 
exist to facilitate training—placebos, whistling simula-
tors, inspiratory flow meters—but the delivery of train-
ing is not routinely funded in most countries, though 
there are some notable exceptions. The pharmaceutical 
industry also tends to fund support for training.
Dry powder devices benefit from not requiring the 
patient to coordinate actuation with inhalation in the 
same way that pMDIs require, but the inhalation 
effort made by the patient needs to be of sufficient 
force to de-aggregate the powder, with that force 
applied from the very start of the inhalation. This is 
because (for most DPIs) the powder will exit the 
device in about the first 0.2 seconds of inhalation, and 
if the de-aggregation effort is not provided at that 
point, the active particles will not separate from the 
carrier. Attainment of a strong inhalation effort late in 
the inspiratory maneuver will not compensate. 
The resistance to air flow of any particular device can be 
measured and devices categorized with respect to their 
resistance. For a patient, the act of generating a particu-
lar flow will require less effort if the device has a lower 
resistance, but it would be wrong to automatically attri-
bute ease-of-use to a lower flow requirement.20 Some 
would argue that a high resistance promotes a longer 
inhalation period. In some cases, a low resistance device 
may require that higher flow rates be achieved.
Apart from technique, another patient consideration 
is adherence to a treatment regimen. Poor adherence 
can be caused by a variety of things including forget-
fulness, patient beliefs and concerns, education and 
understanding. Asthma is a variable condition and 
patients may spend extended periods in remission that 
may lead them to think their medication is unneces-
sary. New technological developments are becoming 
increasingly available, including the use of sensors that 

Many patients have two or more different devices to 
control asthma and may be expected to use each in a 
different way. Unintentional misuse of inhalers is 
therefore a major obstacle to obtaining good clinical 
control. The advent of SMART and MART ([single] 
maintenance and relief therapy) from the same device 
may offer help to overcome this. Reliever medications 
are, however, generally substantially less costly than 
combination maintenance therapy so economic driv-
ers may impact this development in some territories.

Counters
Simple capsule inhalers (i.e., multi unit-dose) have no 
need of a counter, but multidose reservoir-type devices 
do.22 Different approaches have been taken with fuel-
gauge-type displays and numeric counters. Visibility 
of this information is important. Substantial work has 
been put into counter design to ensure robust func-
tioning. Most numeric counting systems count down. 
Some have an in-built lock-out at end of life.

Environment
At the time that chlorofluorocarbon propellants (CFCs) 
for pMDIs were being recognized as, and criticized for, 
causing ozone depletion (and also global warming), 
there was intense interest in the possibility that dry 
powder devices could replace these propellant-based 
devices. It was an opportunity for DPI developers to 
trumpet the virtues of obligate breath coordination and 
to incorporate dose-counting features. Many patents 
were filed on different dose isolation and metering 
approaches, on de-aggregative processes, formulations, 
counters and other features. 
The highly genericized CFC pMDI products had gener-
ally lower unit prices than potential DPI alternatives, so 
commercial considerations certainly played a role. CFCs 
were replaced by the less environmentally-harmful 
hydrofluoroalkanes (HFAs) and the demise of the 
pMDI was avoided. At the same time, and driven by 
DPI innovations, pMDI breath-actuation was intro-
duced and many manufacturers sought to include 
counters into pMDIs. In some markets, the value of 
pMDI products increased. Concurrently, the adoption 
of combination therapy was a strong value driver for the 
respiratory market and lifted all device formats.
Today, we face a similar situation where the greenhouse 
gas effect of HFAs is under scrutiny and an emerging 
alternative, hydrofluorocarbon 152a (HFC-152a),23 
seems to offer hope of a lower environmental burden. 
The emergence of generic combination therapy is also 
challenging commercial considerations again. In 
some markets, attempts to register generic DPIs are 
being thwarted by attention to device differences; a 
consideration that is seldom appropriate for the plat-
form pMDI technology. The emergence of on-device 
technique guidance tools and the newer triple thera-
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Formulation technologies will permit the delivery of 
higher payloads and more efficient lung delivery, tar-
geting lung deposition32 while conferring properties 
that will enhance flow and storage. Manufacturing 
efficiencies will also be a key driver.
This rev iew has concentrated on approved, 
patient-available devices: currently these are all passive 
technologies. The grail of the more complex, active 
DPI—one that uses an internal power source as 
opposed to the “external” patient breath, removes the 
requirement of high flow rate dependency and raises 
the possibility of delivery of a large powder payload—
has been more of a poisoned chalice to developers. The 
potential to aerosolize a greater drug mass sparked a 
surge of interest in systemic delivery of inhaled macro-
molecules (proteins [insulin], antibiotics, RNAs, vac-
cines) that, in active devices, has not been successful.33 
The Spiros™ (battery, Dura), Oriel™ (piezoelectric, 
Sandoz), and Aspirair (compressed air, Vectura) 
devices, for example, failed to reach the market, while 
Exubera (compressed air) was withdrawn.19 Research 
with more potential for success has focused on new 
passive DPIs that are capable of delivering the larger 
payloads: Orbital® (Pharmaxis) and Twincer® (Gron-
ingen Centre for Drug Research), for example.34 These 
are invariably single unit-dose devices that have bene-
fitted from the parallel progress in formulation tech-
nology. The deciding factors in any continuing enthu-
siasm for active DPIs may be regulatory complexity 
and higher unit cost; plus, their mechanism of action 
potentially re-introduces the actuation/inhalation 
coordination issues of pMDIs. These significant chal-
lenges for active DPIs are likely to ensure the contin-
ued use and further development of passive devices.
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