
Overlooked opportunities for 
nebulizers in inhalation product
development

 An introduction to nebulized therapy
The popularity of the nebulizer as a means of delivering
aerosolized medication has varied in the 150 years since its
inception. Before the advent of the pressurized metered
dose inhaler (pMDI) and dry powder inhaler (DPI), the
nebulizer was the main method of administering
aerosolized drug to the lungs. But the increased portability
and convenience that pMDIs and DPIs provided has
resulted in reduced popularity for nebulizers in recent
decades. Nevertheless, the ability to deliver therapeutic
doses of drug to patients utilizing their normal tidal
breathing is a fundamental attribute that has given the
nebulizer universal applicability in the delivery of
aerosolized medication to all groups and types of respira-
tory patient. It avoids undesirable situations, such as that
of very young children unable to understand instructions
to inhale upon command, or that of older or physiologi-
cally impaired patients not able to perform the
fast/slow/deep breathing maneuver required by inhaler
devices such as DPIs and pMDIs. This may also explain
the enduring popularity of nebulizers in emergency
departments, where the treatment of asthma exacerba-
tions has been shown to be equally achievable with a
pMDI and an add-on valved holding chamber,1 but
where the use of nebulizers has remained widespread.2, 3
Use in a hospital setting may create a perception in the
patient mind that nebulized treatment is the most effec-
tive since it helps them recover when they are feeling at
their worst. This also may give them additional confi-
dence to persist with this form of treatment when they
return home.4, 5 Other advantages of treatment via nebu-
lizer include the obvious indications that the device is gen-
erating aerosol and that drug administration is complete. 
Nebulized therapies are typically prescribed for young
children with asthma and for elderly and very sick
patients with asthma and chronic obstructive pulmonary
disease (COPD). Thus, the most commonly prescribed

drugs are short-acting β-agonists or anti-muscarinics,
alone or in combination, together with corticosteroids in
pediatric asthma. Other nebulized drugs include antibi-
otics, saline and DNase for treatment of cystic fibrosis
and prostacyclin for pulmonary arterial hypertension.
Corticosteroids, particularly budesonide, are the largest-
selling class of nebulized drug by value, comprising over
50% of the total nebulized drug market in the United
States.6 Indeed, nebulized budesonide generates the most
revenue of any inhaled drug in China, including drugs
administered via pMDI or DPI; however, this reflects the
price per dose. By number of prescriptions, short-acting
bronchodilators dominate, accounting for over 80% of
prescriptions for nebulized medication in the US.
It has been estimated that, in 2015, approximately 7%
of inhaled doses were taken by nebulizer, and that
between 2011 and 2015, the number of nebulized doses
used were growing faster than either that of pMDIs or
DPIs.7 This may not be surprising, considering the
increases in global life expectancy (an increase of 5 years
between 2000 and 2015) and the associated rise in
prevalence of COPD.8, 9 That prevalence is particularly
relevant to nebulizer use as, among the three principal
types of aerosol delivery devices (nebulizers, DPIs and
pMDIs), the nebulizer is the device most suited to deliv-
ery of aerosol to the more severe COPD patient. Such
patients may be elderly and have degraded fine motor
skills, dexterity and hand muscle strength, which can
inhibit the correct use of inhalers.10 Therefore, it is not
unexpected that 50% of patients discharged from a hos-
pital after an COPD acute exacerbation are prescribed
nebulized drugs,11 most commonly a combination of
short-acting β-agonist and muscarinic drugs. 
Despite this, the large majority of new treatments
recently brought to market have been developed in
portable inhalers.12 Yet recent developments in nebulizer
technology, along with the relative ease with which solu-
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tion formulations of drugs can be developed for nebu-
lization, have led to a number of largely overlooked
opportunities for nebulization as a means of delivering
drugs. This article will highlight some of these opportu-
nities and the reasons they have come about.

Nebulizer technology
Nebulizer technology available to patients today consists
of jet, mesh and, to a lesser extent, ultrasonic nebulizer
devices (Figure 1). Of these, the most widespread is the
jet nebulizer, which relies on a source of compressed air
to create a respirable aerosol. Nonetheless, the conven-
tional jet nebulizer also has disadvantages. Bulky size, the
requirement for a grid-connected power supply and
noisy operation lasting 6 to 15 minutes for a fill of 2 to 5
mL of liquid for each treatment are significant consider-
ations for the patient, compared with one or two puffs
taken from a DPI or pMDI. Treatments can add up to a
significant burden upon a patient’s free time and quality
of life, and the requirement to carry a bulky compressor
and associated leads and tubing may not fit well with the
active lifestyles of many patients. Ultrasonic nebulizers
that generate aerosol by means of focused ultrasonic
waves within the nebulizer liquid (Figure 1) improved
the size and noise issues inherent in jet nebulizers, but
were associated with additional disadvantages, such as
inefficient nebulization of suspensions and heating of
medication during nebulization that could damage ther-
molabile drugs. Both jet and ultrasonic nebulizers are
also inefficient, continuing to generate and thereby wast-
ing aerosol while a patient is exhaling. The efficiency of
jet nebulizers has been improved slightly with the intro-
duction of breath-enhanced models that boost output

during the inhalation phase of breathing. In addition,
breath-activated jet nebulizers provide even higher effi-
ciency, but with increases in nebulization time and
reduced applicability. Their use should be confined to
older children and adults to ensure sufficient inspiratory
force to activate the mechanism.13 Despite such
improvements, these nebulizers still retain approxi-
mately 1 mL of the medication at the end of treatment,
which will go to waste. All of these issues have led to the
nebulizer becoming the least common of the three main
delivery technologies (nebulizer, pMDI and DPI) used
to deliver aerosol therapy. 
However, the most significant of these disadvantages are
now being addressed with the increasing adoption of
mesh nebulizers, which offer battery-operated portabil-
ity and rapid, quiet operation. In mesh nebulization,
medication is aerosolized in a single pass through the
mesh (Figure 1) without needing classification via the
baffles used in jet and ultrasonic nebulizers, which return
oversize aerosol droplets to the medication reservoir.
This can result in greater efficiencies in time, energy
expenditure and volume delivered. The latest generation
of mesh nebulizer can be expected to operate with treat-
ment times of around 4 minutes and residual volumes of
about 0.3 mL.14 Improvements in the manufacturing
process include the optical assessment of meshes to
ensure that particle sizes and treatment times the patient
experiences are consistent, even after replacement of the
mesh.15Treatment burden can be further reduced, as the
new generation mesh of nebulizers can be expected to be
easier to use and clean.16 Ease of cleaning may be partic-
ularly relevant to mesh nebulizers, as treatment time
may be prolonged due to blockage of some nozzles if the

Schematic representations of nebulization via jet, ultrasonic and mesh nebulizers
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mesh is not cleaned according to manufacturer instruc-
tions.17 When developing suspension formulations for
nebulization, it is important to consider the size of the
drug particles that make up the suspension. Given most
drug particles are asymmetric in shape, it is the size along
the smallest axis that is most critical. Therefore, suspen-
sions of budesonide are able to be used successfully with
many mesh nebulizers despite having a volume equiva-
lent diameter similar to that of the nozzle due to their
asymmetric shape. 
Continuity of care can be accomplished by using the
same mesh aerosol generator to fit both the ventilator
circuit and an add-on aerosol holding chamber, with
mask or mouthpiece, for use in the emergency room and
in a portable nebulizer at home.18 Thus, within the mar-
ket for nebulizers, market research reports show that
sales of mesh nebulizers are expected to grow faster than
jet and ultrasonic types of nebulizer.19

Nebulizers in the development process 
From a pharmaceutical perspective, formulation of a
new drug for nebulization is relatively straightforward,
with addition of surfactants to stabilize a suspension if
the drug is insufficiently soluble to form a stable solu-
tion. This can either be provided in bulk, as for hospital
use, or as individual doses, usually in a blow-fill-seal con-
tainer. However, it does require manufacture under
aseptic conditions, which will add to the manufacturing
complexity. Alternatively, the drug can be supplied as a
unit dose dry powder for reconstitution with water
before use. The relative simplicity with which a liquid
formulation can be developed means it can be created
rapidly and with minimal amount of drug substance,
when the drug is at its most expensive to produce. This
is in contrast to a pMDI or DPI inhaler, which will
require formulation of inhalable particles with the pro-
pellant/carrier and demonstration of pharmaceutical
performance of the drug delivered by the inhaler. Fur-
thermore, inhalers need to be shown to maintain perfor-
mance at end-of-shelf-life before going into a clinical
trial, whereas nebulized formulations only require phys-
ical and chemical stability of the formulation to be
demonstrated. Many nebulizers can be used with up to
8 mL of liquid, which makes them particularly suitable
to administer high doses of drug during the early stages
of clinical development, when the maximum tolerated
dose needs to be established. This is because the devices
are designed to operate with normal tidal breathing so
patients tend not to tire if the size of the dose requires
treatment times in excess of 10 minutes. At the other end
of the scale, there are small volume (50-300 µL) mesh
devices in development that, for drugs that can be for-
mulated in concentrated form, can deliver a dose in one
to six breaths, thereby simulating inhaler delivery, but
with the advantages of a liquid formulation.20

Furthermore, mesh nebulizers/devices are particularly
suited to the delivery of macromolecules, as they subject
the formulation to relatively low shear, liquid passes

through the orifice only once and there is no heating of
the formulation. These factors combine to retain the
three-dimensional structure and biological activity of the
molecule. The ability to select meshes during the manu-
facturing process that produce specific mass median
aerodynamic diameters (MMADs) for the aerosol distri-
butions may also allow greater targeting of aerosols to
specific regions of the airways and lungs from mesh neb-
ulizers.21 Along with delivery of aerosol boluses and con-
trolled flow,22 this may be useful in the development of
drugs that have a narrow therapeutic window between
efficacy and the onset of side effects. 
As a result, nebulizers are often used in Phase I and IIa
trials, where there is still high clinical risk associated with
the investigational drug, so the expense of developing a
more complicated and costly DPI or pMDI inhaler for-
mulation can be avoided. Dosimetric, breath-activated,
mesh nebulizers can be used to deliver reproducible
doses with little waste and so are ideally suited for dose-
ranging studies and instances when the quantity of drug
manufactured for early studies is low. More recently,
breath-actuated mesh nebulizers, including those incor-
porating data logging capability, have been used in clin-
ical trials and have provided useful data to explain anom-
alous patient results, for example, a lack of exposure
explainable by failure to adhere to the treatment regi-
men.23 Furthermore, if remote monitoring is used while
the trial is underway, adaptive trial designs can be used
to exclude non-adherent patients.24

Evidence for the increasing adoption of mesh technol-
ogy can be found in an examination of clinical trial reg-
isters,25, 26 established in the US in 2000 and the EU in
2004. A search of US and EU clinical trial registers
undertaken in January 2015, showed that between 2005
and 2012, mesh nebulizers were used in 53% of valid
studies, while the use of jet (44%) and ultrasonic (3%)
nebulizers was lower. (Studies were considered valid if
they were clinical trials involving nebulizers with the fol-
lowing excluded from the analysis: nebulizer not speci-
fied, study withdrawn, study not a drug trial or for non-
inhaled drugs, study investigated hypertonic saline or
heliox, scintigraphy, provocation tests, used spinning-
top aerosol generators or nasal delivery.) Examination of
the clinical trials in terms of sponsorship showed that
mesh nebulizers were favored over jet nebulizers in clin-
ical trials sponsored by pharmaceutical companies as
opposed to clinician-sponsored studies (Figure 2). The
three most popular models of mesh nebulizer were the 
I-neb AAD System (Respironics Respiratory Drug
Delivery [UK] Ltd, Chichester, UK), Aeroneb Go
(Respironics Respiratory Drug Delivery [UK] Ltd,
Chichester, UK), and eFlow (Pari GmBH, Starnberg,
Germany), and all were available on the market by
2004.27-29

Demonstrating nebulizer performance
Historically, there has been a substantial difference in
performance between some of the best and worst nebu-



lizer systems on the market.30, 31However, as drug discov-
ery and development becomes more targeted and new
pharmaceutically active drugs are developed, dose con-
trol will become more important. This is already being
seen in increased restrictions by regulators, such that
modern drug approval is related to the specific nebulizer
used in the later phases of a clinical trial program, with
an advisory in the instructions for use of the launched
product stating that the performance of other devices has
not been evaluated. 
For general-purpose nebulizers intended for use with
existing drug formulations, a manufacturer must docu-
ment the performance of the new nebulizer device
according to the results of tests defined in test standards.32-
34 The tests and parameters defined in the standards offer
simplified test model approximations of the fate of
aerosol droplets/particles, to balance practicality of the
tests with relevance to the clinical situation. Recent work
has shown an area of improvement that seems practical
and may be of increasing importance in the delivery of
modern pharmaceuticals for which dose is likely to be
more of a factor. Hatley et al. showed the impact of vary-
ing the inhalation:exhalation (I:E) ratio of the simple
model of the breathing cycle used in the test standards
upon the delivered dose and respirable delivered dose
from nine different brands of nebulizer with five different
modes of operation (conventional jet; venturi jet; breath-
enhanced jet; mesh; and breath-activated jet/mesh).34
The results showed the usual wide variation (up to 2.5

times difference) in delivered dose and an even greater,
four-fold difference in respirable delivered dose between
the different nebulizers, when using the test breathing
pattern mandated in the standards. But there was also a
reduction of up to 60% in respirable delivered dose from
non-breath-activated nebulizers when tested with breath-
ing patterns defined in the standards, compared to a
breathing pattern  typical of a patient with severe airflow
obstruction/restriction. In contrast, the breath-activated
jet nebulizer demonstrated only a 10% change in the res-
pirable delivered dose over the same range, while the res-
pirable delivered dose from the breath-activated mesh
nebulizer was independent of I:E ratio, although the
treatment time from both breath-activated nebulizers
was significantly increased, providing further evidence
why mesh nebulizers, particularly breath-activated mod-
els, are more suited to drug development. 

Neglected opportunities for nebulized
therapies
For the 50% of COPD patients who are discharged
from the hospital with a nebulized drug, they may find
themselves switched from a once-daily, anti-muscarinic
inhaler to a four-times-per-day nebulized combination
of short-acting β-agonist and anti-muscarinic, with a
consequent significant increase in treatment time. It is
well documented that burden of disease can adversely
affect adherence35 and it has been estimated that a
reduction in adherence of 20% leads to an increase in

Clinical trials sponsored by pharmaceutical companies registered by year between 1999 and 2014 that used
mesh (blue), jet (purple) or ultrasonic (orange) nebulizers
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adverse events of more than 10% in COPD 
patients.36 It is therefore not surprising that patients 
are less likely to be readmitted when prescribed a 
long-acting, nebu-lized β-agonist, compared to a 
short-acting product.37 Consequently, development 
of long-acting, nebulized β-agonists and anti-
muscarinics represent a significant unmet 
therapeutic need,38 a gap one author described as a 
“compelling opportunity.”11

Nevertheless, this opportunity has been largely over-
looked to date. It has been suggested that this is due 
to unfavorable commercial considerations.38 Once 
proof-of-principle is achieved, the nebulized 
formulation is normally dropped in favor of 
continued development of the drug in a pMDI or 
DPI form to serve the majority of patients. After the 
pMDI or DPI product is marketed, a nebulized 
product may be considered as a lifecycle 
opportunity, but since this is a completely different 
delivery system and formulation requiring its own 
dose-ranging and pivotal Phase III studies, 
introduction to the market can take five years or 
more. By that time, little of the original drug patent 
life may remain, so unless for-mulation patents can 
be obtained, there is insufficient time to recover the 
investment before generic copies enter the market. 
One potential way around this would be to develop 
the product in a nebulizer with character-istics that 
are hard to copy, thereby effectively creating a co-
labelled or combination product. Such features can 
include medication volume and breath-actuation 
men-tioned above, patient management systems 
discussed below, or a bespoke interface between the 
drug packag-ing and device.39, 40 However, this would 
then potentially preclude the device from being used 
with other, general-purpose nebulized products.
Therefore, leaving nebulized product development 
until late in the drug’s lifecycle can make a new drug 
in nebu-lized form commercially unattractive. In 
order to over-come this problem, one company, 
Mylan, has decided to go straight to market with a 
new long-acting mus-carinic (LAMA) drug in 
nebulized form, despite having previously licensed a 
different LAMA for use in inhalers.41, 42 An 
alternative novel approach is to focus first on 
bringing the nebulized formulation to market, and 
only to start development of a pMDI or DPI once 
the new drug candidate has successfully 
demonstrated safety and efficacy. Not only does this 
mitigate the costs associated with drug failure during 
development, it also allows outcomes to be evaluated 
in the most severe group of patients (already 
requiring nebulized treat-ments), in whom a 
positive effect should be easiest to demonstrate. 
This has been modelled from a financial perspective, 
and shown to be likely to give a much better financial 
return on research and development invest-ments, 
even when drug sales are modest.43 Furthermore, it is 
generally easier and quicker to develop a formulation 
which is physically and chemically stable for a 
nebulizer than for an inhaler, even if this means 
developing a lyophilized product for reconstitution. 
A greater range of excipients is available to the 
formulator, resulting in

fewer challenges to making formulations that are easily
dispersible back to respirable form. Consequently, there
is more time for the inhaler formulation to be developed
while the nebulized variant is already in the clinic. 
A new drug may also benefit from a new device. The
increasing linkage between drug and delivery device dur-
ing clinical trials also has added significance beyond the
development stage. The microelectronic platform upon
which mesh nebulizers are built can easily be supple-
mented with sensors, logic circuits, antennas and micro-
processors during development. These additional fea-
tures could then be used to provide sophisticated collec-
tion, analysis and transmission of data for incorporation
into an e-health system for patient management. Data
pertaining to nebulizer operation, usage characteristics
and a range of measures relevant to monitoring disease
progression could then be leveraged to aid the success of
the new drug product during clinical studies and
approval. The assessment of adherence to drug usage in
clinical trials is required by the principles of good clinical
practice, and the collection of data such as adherence and
compliance is currently incorporated into a range of
devices.44 The expansion into parameters providing
information on disease progression is in its infancy.45 But
if the data can be shown to help the patient improve self-
management of his or her condition, it can be expected
to be seen as an advantage that outweighs concerns
around privacy. Beyond launch, these same features
could be used to ensure the continued commercial suc-
cess of the drug, with better disease control promoting
continued use of drug and device. 
Patients enrolled in clinical studies are not typical of the
wider population in terms of their amount of interaction
with healthcare providers. One of the fundamental
issues affecting the treatment of respiratory diseases
remains the issue of poor adherence to prescribed regi-
men, which can be subdivided into three phases: initia-
tion, implementation and persistence.46 The prescrip-
tion of a new drug with a user friendly “aspirational”
technology device package could contribute to success-
ful initiation of treatment while an easy-to-use design
with feedback features to aid correct use of the device
could aid implementation. But aiding persistence may
require extended logging, memory and communication
modules that are already proving to be advantageous in
the treatment of respiratory disease. One example of this
technology in use is in the treatment of cystic fibrosis. An
e-health system that consists of a mesh nebulizer fitted
with a logging function can be used in conjunction with
communication hardware and software to allow upload-
ing of adherence information to a secure central server,
compliant with all data privacy and security regulations.
Patients, clinicians and support personnel such as rela-
tives can log into the server to examine data concerning
treatment and adherence. This type of approach has
been shown to facilitate: an increase in the number of
doses taken correctly,47 high levels of adherence that can
be sustained over 12 months,48 a reduction in treatment
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times49 and a correlation of better lung function with
optimum adherence.50

Looking toward the future of nebulized
therapy
Nebulized drug therapy is outpacing that of the pMDIs
and DPIs, despite a limited number of new drug
launches compared to those formulated for inhalers.
One example of this is in the development of nebulized
therapies for the treatment of common conditions such
as COPD. The development of long-acting β-agonist
and anti-muscarinics in recent years has been mainly
restricted to pMDI and DPI inhaler formulations,12
leaving a gap in the provision of nebulized drugs for
patients discharged from the hospital with a nebulizer.
Another example of a potentially missed opportunity is
the use of nebulized formulations in the early stages of
drug development, followed by a switch to an inhaler
once proof-of-principle had been established. Contin-
uing the nebulizer formulation through to launch, in
parallel with inhaler development following proof-of-
principle may, in many cases, have given a greater
return on investment and the potential for superior out-
come data in the most severe patients. 
Coupled with innovations in mesh technology leading
to nebulizers that are more patient-friendly, there are
signs of a resurgence of interest in nebulized therapies,
recognizing that this is an opportunity that has been
overlooked in recent years. In addition, the electronic
basis on which mesh nebulizers are built provides the
opportunity to integrate e-health functions into modern
nebulizers to aid patient self-management in the quest
for better disease control. Whereas for inhalers, the
inclusion of e-health features represents significant addi-
tional cost and complexity, it can fit seamlessly into
mesh nebulizers. Such inclusion can provide an oppor-
tunity to increase, not only the adherence to prescribed
regimen and compliance with correct device use, but
also overall control and management of patients, who by
their very nature are vulnerable or in poor health and so
most likely to benefit from such advances.
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