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Ideally, inhaled therapy is driven by the needs of specific disease management. Lung biology interfaces with in-
haler performance to allow optimal delivery of therapeutic agent for disease treatment. Inhalation aerosol prod-
ucts consist of the therapeutic agent, formulation, and device. The manufacturing specifications on each of the
components, and their combination, allow accurate and reproducible control of measures of quality and in-
vitro performance. These product variables in combination with patient variables, including co-ordination skill
during inhaler use, intrinsic lung biology, disease and consequent pulmonary function, contribute to drug safety

Keywords:
Ae}r,(v,vsols and efficacy outcomes. Due to the complexity of pulmonary drug delivery, predicting biological outcomes from
Inhalers first principles has been challenging. Ongoing research appears to offer new insights that may allow accurate pre-

Lungs diction of drug behavior in the lungs. Disruptive innovations were characteristic of research and development in
Particles inhaled drug delivery at the end of the last century. Although there were relatively few new inhaled products
Particle size launched in the first decade of the new millennium it was evident that the earlier years of exploration resulted
Biopharmaceutics in maturation of commercially successful technologies. A significant increase in new and generic products has oc-
curred in the last decade and technical, regulatory and disease management trends are emerging. Some of these
developments can trace their origins to earlier periods of creativity in the field while others are a reflection of ad-
vances in other areas of basic and computer, sciences and engineering. Select biological and technical advances

are highlighted with reflections on the potential to impact future clinical and regulatory considerations.
© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

High quality, pharmacologically mechanistic targeted Inhaled ther-
apy has become the primary strategy for pulmonary disease manage-
ment over the last seventy years. These modern therapies can, in
many cases, trace their origins to the earliest records of anecdotal use
of inhaled natural products in India and China [1]. The last decade has
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been characterized by the innovative technologies of the previous quar-
ter century maturing into commercial products or being fine-tuned to
meet development, quality, safety or efficacy needs. As this evolution
of inhaled medicines has occurred the opportunity space has been filled
leaving little to explore in the context of conventional pulmonary dis-
ease targets. A disruptive technological approach will likely come from
the demands of as yet unmet medical need. In this regard, rare and in-
fectious lung diseases are receiving considerable attention and the
field of systemic drug targeting through pulmonary drug delivery re-
mains in its infancy.
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Fig. 1 summarizes the requirements of matching the therapeutic
agent to the desired treatment outcome while considering the overall
host system barriers (deposition and clearance mechanisms) and target
(receptor or pathogen) biology guiding selection or development of a
suitable drug delivery technology. The therapy, biology and technology
each introduce complex variables that must be taken into account to op-
timize efficacy and safety. The nature of the therapeutic agent (small
molecule, nucleic acid or other biological) imposes specific limits on for-
mulation and device based on stability and performance considerations.
Specialized formulation technologies may be required to modulate the
physico-chemical behavior and biological disposition of the therapeutic
agent. Device technology is generally adopted to accompany the formu-
lation which is dictated by the needs of the drug properties (i.e. solubil-
ity, crystallinity, stability) and to support delivery to the lungs. Elements
of the lung physiology that are involved in the pharmacokinetics of dis-
position, such as local dissolution, clearance mechanisms (absorption,
mucociliary and cell mediated transport), metabolism or sequestration
(transporters) need to be considered on a drug by drug basis [2].

There is increasing interest in less common diseases such as pulmo-
nary arterial hypertension, idiopathic pulmonary fibrosis and acute lung
injury as targets for novel therapeutic strategies [3-5]. Consequently, in-
novations may be anticipated in the treatment of these diseases, More-
over, the ongoing COVID-19 pandemic raises questions of the role that
protecting lung integrity during an overwhelming immune response
might play in reducing mortality [6,7]. Understanding response to infec-
tion and the role of co-morbidities may give greater insight into the role
of the pulmonary immune system in both protection from, and exacer-
bation of lung damage. This will have significant implication for future
efforts in vaccine and immunomodulator delivery [8].

The intent of this review is not to describe comprehensively inhaled
dosage forms. Thorough reviews of this nature, some of which are refer-
enced below, are available in the literature. Indeed, the author has re-
cently co-edited two volumes on this topic [9,10]. The perspective

taken below is to highlight key developments and speculate on direc-
tions that may drive future advances in inhaled drug delivery. This ap-
proach is intended to complement the existing literature.

2. Inhaler design and function

Inhaler design has seen little change in the last decade but some fea-
tures have resulted in improvements that offer new opportunities for
disease treatment.

The most significant improvement in nebulizer technology was the
development of vibrating mesh systems [11]. The most prominent of
these are the eFlow (Pari) and iNeb (Philips) [12,13]. While the technol-
ogies themselves were developed over several decades the applications
seem to be increasing the range from very small (individual micro-
grams, Treprostinil, [loprost) to large (hundreds of milligrams, Tobram-
ycin) doses of drug delivered [14,15]. In addition, a unique opportunity
has been explored of evaporating vibrating mesh nebulizer output to
create an aerosol that can be introduced through a nasal cannula. This
aerosol increases peripheral lung deposition though the use of excipi-
ents that are subject to hygroscopic growth [16].

Dry powder inhaler technology has three major components, the
formulation, the metering system and the aerosol dispersion features
[17]. All commercially available inhalers are actuated passively in re-
sponse to the patients' inspiratory flow. Regulatory approval and com-
mercialization of Advair®/Seretide® (GlaxoSmithKline) was one of
the most significant developments at the beginning of the millennium
[18,19]. The combination salmeterol xinafoate/fluticasone dipropionate
product was the first dry powder product for maintenance therapy of
asthma, notably containing a long-acting 3,-agonist, unlike earlier com-
bination products. Subsequently, this product was also approved for the
treatment of Chronic obstructive pulmonary disease. The complexity of
the drug-lactose blend and Diskus® inhaler was challenging to manu-
facture and in the interval since approval has proven difficult to

Nucleic Acids Drugs Biologics Therapy
Lung Function Lung Structure
Biology
Local Target
= Pathogen Targeted
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Techno
High Dose : p
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Fig. 1. Considerations of therapy and technological challenge to be overcome to address the biology associated with disease.
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reproduce rapidly as a generic product [20]. Despite these challenges
Mylan received US FDA approval for its generic salmeterol xinafoate/
fluticasone dipropionate in 2019. The combination of two drugs in a sin-
gle powder was both an exciting new therapeutic development and a
formidable test of quality and performance controls. In this context,
one of the most significant advances of the last decade was the approval
of Ellipta® devices that are capable of delivering two drugs indepen-
dently from two separate blister strips, thereby avoiding the arduous
task of ensuring combination drug stability and optimizing performance
of two drugs from a single formulation [21,22]. Fig. 2a depicts schemat-
ically the Ellipta in the configuration used in the Breo product
(vilanterol trifenetate/fluticasone furoate). The illustration shows the
separate indexing systems for the lidding and base components of the
blister strips arranged to bring the dosing blisters to the mouthpiece
mechanism and concurrently opened to allow for concurrent dosing.

As will be discussed in the next section the difficulty of dispersing
micronized dry powders has been recognized since modern DPIs were
developed in the 1960s and 1970s [1,23]. Often tortuous paths and baf-
fles have been inserted in DPIs to help de-agglomerate drug but histor-
ically this was not possible without the presence of lactose in the
formulation [24]. The challenge has been to generate sufficient energy
on the inspiratory flow of the patient to disperse micronized particles
alone. The use of a cyclone classifier as part of a passive inhaler design
has allowed a device driven approach to disperse micronized particles
[25]. This has opened the possibility for relatively high dose delivery
of antimicrobials, as required for the treatment of infectious diseases.
Fig. 2b show the Cyclops™ device [25]. The powder is drawn from a
metering blister built into the device through a cyclone classifier such
that only respirable particle can pass into the airstream to the patient.
This is a simple disposable inhaler, approximately the size of a credit
card, resulting in ease of storage and transport of bulk product and offer-
ing a discreet form factor for patient convenience.

Metered dose inhaler technology has undergone incremental devel-
opments with regard to new actuator orifice inserts and dimensions,
and, particularly during the propellant transition from chlorofluorocar-
bons (CFC) to hydrofluoroalkanes (HFA), elastomers, O-rings and seals
that were compatible with the new propellant [26]. These are important
to the products they serve but they do not change the overall operating
principles of the device. Perhaps the most substantial new develop-
ments in pMDI technology are the addition of counters and exploration
of electronic patient data recording systems that may ultimately lead to
major steps forward in personalized medicine [27].

(a)

Mouthpiece/Manifold and Subassembly

It should be noted that as the vigorous debate on climate change and
global warming agents begins to focus on limiting their use another
transition may be required from existing HFA propellants to alternatives
with lower global warming potential. If history repeats itself this will
support another period of innovation.

3. Formulation

The preparation of formulations for inhalation is constrained by the
device employed for drug delivery. Nebulizers and soft mist sprays em-
ploy solutions or suspensions in an aqueous medium. Dry powders in-
halers contain formulations of solid drug with excipients that enhance
performance. Metered dose inhalers employ solutions or suspensions
in a non-aqueous medium.

Nebulizer solutions and suspensions use limited formulation ad-
ditives. However, recently the use of liposomes to aid in drug prepa-
ration and delivery and to aid in targeting of macrophages has
advanced formulation options [28,29]. The use of ethanol in the solu-
tions delivered from the Respimat™ soft mist inhaler, e.g. tiotropium
(Spiriva®, Boehringer Ingelheim) enhances the solubilization prop-
erties of the medium and facilitates a hand held aqueous based sys-
tem with accurate and reproducible performance in delivering very
low doses (<10 pg) on a single breath analogous to a metered dose
inhaler [30,31].

Dry powder inhaler products began their modern development with
a characteristic respirable drug particle blend in lactose that allowed de-
livery of small drug doses (<1 mg) from large total powder masses
(225 mg) [24]. These lactose blends were employed due to the large
forces of interaction that typified micronized powders and prevented
their accurate metering and reproducible dispersion [32]. Many highly
successful products have been manufactured that conform to this gen-
eral description. A breakthrough occurred in the late 1990s when it
was observed that low density particles prepared by spray drying exhib-
ited low forces of interaction and were easily dispersible [33]. Since
these particles could be manufactured with the presence of small quan-
tities of excipient it was possible to deliver large drug doses. Fig. 3a illus-
trates the low density, collapsed hollow sphere appearance of the early
low-density particles [34,35]. Fig. 3b shows the whiffle ball appearance
of Pulmosphere™ tobramycin in the TOBI® Podhaler® product
(Novartis) [36]. This low-density morphology allows the delivery of
112 mg of drug (4 capsules, 28 mg/capsule) increasing the previous
limit on dry powder drug delivery by 2 orders of magnitude. However,

!
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Fig. 2. lllustrations, not to scale, of (a) Ellipta® dual blister strip mechanism to allow independent drug delivery in combination products and (b) Cyclops® micronized drug particle high
dose delivery device* showing the cyclone classifier dispersion mechanism. *Courtesy of Dr. Anne de Boer.
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(b)

Fig. 3. (a) Collapsed hollow sphere spray dried; (b) Whiffle ball spray dried; and (c) micronized agglomerate particle morphologies.

a formulation conundrum was exposed with this major advance in dry
powder drug delivery. In order to deliver a large mass of low-density
powder, large volumes are required. Hence the need for 4 capsules in
the tobramycin product. This may be acceptable for certain severe disor-
ders but increasing the number of actuations/breaths required to deliver
the dose increases the possibility of lack of patient adherence to the
therapy. Recently, it was observed that micronized particles may be pre-
pared in a manner that forms aggregates that mimic low density parti-
cles and may, therefore, exhibit reduced interparticulate forces
sufficient to allow their dispersion [37].This represents a compromise
between low volume and low density that allows for accurate and re-
producible dispersion in a minimum number of actuations/breaths
that would pose less of a challenge to patient adherence. Fig. 3¢ shows
a stable aggregate of micronized particles of clofazimine with sufficient
interstitial space to provide the agglomerate low-density performance
and ease of dispersion characteristics.

The infectious disease drivers of innovation in high dose drug deliv-
ery are evident from the application of tobramycin to treat Pseudomonas
aeruginosa infection in cystic fibrosis and clofazimine to treat non-
tuberculous mycobacteria infection in populations with compromised
lung function.

Metered dose inhalers have had a standard composition for de-
cades, namely canister, propellant formulation, valve and actuator
[23]. There have been advances in each of these most significantly
the shift from chlorofluorocarbon propellants to hydrofluoroalkanes
[38]. The latter required considerable reformulation efforts but the
transition is now complete. The new HFA formulations have lower
velocities and smaller droplets that maximize lung deposition
while minimizing oropharyngeal deposition [39]. As the reformula-
tion effort was occurring it became evident that the excipient options
were even more limited than had been the case with CFCs. In a recent
development, knowledge gained from dry powder formulation
has been transferred to metered dose inhalers. The addition of
low-density lipid particles to HFA as a dispersant for micronized
drug has allowed for a range of new metered dose inhaler products
to come to market [40]. The environmental concern over ozone
depletion that was the cause of the CFC to HFA transition has been
superseded by concern over global warming potential [41,42]. Unfor-
tunately, HFAs have significant global warming potential. As a conse-
quence, the search for new propellants is underway that will extend
the future of metered dose inhalers in the event of new environmen-
tal regulation on global warming [42].

4. Diseases therapy

Fig. 4 depicts two important characteristics of disease management
using inhalers. On the x- axis the dose that has been delivered from dif-
ferent inhalers, depicted on the left, and the number of breaths required
to inhale the dose of drug, shown on the right. While there are differ-
ences in the performance of these inhalers with respect to aerodynamic
particle size distribution, the parameter governing lung delivery, for the
purposes of this discussion it is sufficient to assume that all deliver re-
spirable aerosols (<5 pm) [43]. Nebulizers have long been known to
be capable delivering large doses, >100 mg. The introduction of vibrat-
ing mesh nebulizers allowed for much shorter delivery times on large
doses (5-7 min) and much lower therapeutic doses than historically
possible on individual breaths as is the case in the treatment of pulmo-
nary arterial hypertension with treprostinil and iloprost. Dry powder in-
halers were limited initially by the need for lactose excipient to facilitate
the dispersion of micronized drug. However, the advent of low-density
and other engineered particles extended the dose to >100 mg while in-
creasing the number of breaths/actuations required to deliver the dose.
The range of pMDI dosing has remained fairly constant over several de-
cades. Broadening the range of accurate and reproducible dosing is a
significant achievement of the last decade.

Fig. 5a depicts schematically the anatomical representation of an al-
veolus and its blood supply. Fig. 5b shows a transverse section through
this alveolus depicting the proximity of the capillary blood supply to the
alveolus and the presence of lumenal alveolar macrophages. These im-
ages are frequently depicted as textbook representations. However,
Fig. 5b also points out that the milieu in which these anatomical features
exist also contains interstitium and lymphatics, shown as the shaded re-
gion. As a consequence, the usual discussion of disposition of drug in
and from the lungs would benefit from an additional level of scrutiny
that is rarely considered, disposition within lung tissue not simply
from the airways to the vasculature. A number of disease states that
might be treated with aerosols are not associated with airways.

Potent drugs that are given in low doses and penetrate readily
though the lung mucosa to the blood supply may be suitable for treating
diseases that require systemic delivery. The most recent development in
inhaled insulin to treat diabetes is Afrezza® (MannKind). This product
employs a dry powder formulation including a unique carrier particle
composed of the excipient fumaryl diketopiperazine [44]. Additionally,
loxapine, an antipsychotic for the treatment of schizophrenia, has
been delivered from an evaporation condensation device, Staccato®,
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Fig. 4. lllustration of the dosing range of each of the major therapeutic categories of (a) nebulizer; (b) dry powder inhaler and (c) pressurized metered dose inhaler and the limit on
actuations/breaths to deliver the dose. Dotted line represents increase in dose range accomplished by particle engineering.
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Fig. 5. Terminal bronchiole and alveolus illustrating (a) three-dimensional anatomy and (b) transverse section.

in the Adasuve® product (Alexa) [45,46]. The delivery of systemically
acting agents continues to be a promising area of opportunity for future
aerosol products.

Recent interest in pulmonary arterial hypertension and idiopathic
pulmonary fibrosis focuses attention on the transport of drug at the cel-
lular level in the regions of the lungs between airway and blood vessel
lumens [3,4]. Residence time of drug at therapeutic concentrations is
crucial to the effectiveness of drugs to target the local manifestations
of these diseases. When placed in the context of the illustration in
Fig. 5 consideration of techniques of maintaining locally efficacious
drug concentrations outside the airways may offer new opportunities
for innovation.

Pulmonary infectious diseases have long presented an opportunity
for inhaled drug therapy. Non-tuberculous mycobacteria, primarily

caused by Mycobacterium avium complex and Mycobacterium abscessus,
lung infections are found in immunocompromised and otherwise func-
tionally compromised lungs. It is particularly serious in cystic fibrosis
patients and a portion of the elderly population identified in Lady Win-
dermere Syndrome [47-49]. The disease manifests as extracellular
biofilms associated with bronchiectasis and intracellular disease in
lung macrophages [50]. The recent approval of Arykace® (liposomal
amikacin) for the treatment of non-tuberculous mycobacteria repre-
sents a thoughtful approach to matching device, formulation to the
needs of the disease. The liposomes are taken up by infected macro-
phages and penetrate biofilms sufficiently to treat the infection and im-
prove lung function [51]. Clofazimine offers a unique potential to
intervene in this disease as the drug spontaneously targets macro-
phages and local delivery as an aerosol obviates systemic side effects
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arising from other routes of administration [52]. Development of new
therapies for NTM treatment capitalizes on the decades of research
into development of inhaled therapy for tuberculosis [53].

This brief review of example disease targets and their therapy illus-
trates the range of dosing that is required and can now be achieved from
very low, single microgram, to high, several hundred mg, doses that
support efficacious concentrations of drugs at different sites in the
lungs not simply the airways.

5. Regulatory advances

As changes to aerosol products have occurred new guidance from
regulatory agencies was necessary to accommodate the needs of indus-
try. In the last ten years many new guidances to industry on generic
products have been issued [54]. The initial challenge was replacement
HFA products for the existing CFC products with the first albuterol prod-
uct being approved in 2003 [55]. Subsequently, complex combination
products such as the salmeterol xinafoate/fluticasone dipropionate
(Advair®) took longer to consider with the guidance appearing in
2013 [56]. Perhaps the most significant event of the last decade was
the first revision to the draft guidance (1998) on chemistry manufactur-
ing and controls relating to testing of dry powder and metered dose in-
haler products in 2013 [57,58]. Also, the weight of evidence approach
advocated by the Food and Drug Administration gives applicants insight
into expectations that can be pursued in formal discussions at various
stages of development.

The demand for an approach to bioequivalence has been a driver of
industry activities over the last ten years [60]. Two consensus meetings
can be noted in this context. The first occurred in 2006 and framed the
issues surrounding pharmaceutical and bio-equivalence [61]. More re-
cently, a workshop considered the foundations of an inhaled Biophar-
maceutical Classification System (iBCS) that might be used, as was the
original oral BCS is, to guide product development and illuminate regu-
latory review [62]. These events facilitated discussion of standard
methods to assure quality and safety in the context of product perfor-
mance but they also encompassed efforts to develop predictive ap-
proaches that would conform to the philosophy of quality by design.
This will continue to be a focus for inhaled drug product development
and regulation.

6. Illustrations of potential disruptive change

New observations in biology may emerge from the evolution of
thought over decades of scientific endeavor or from sudden disruptive
events that expose new challenges and illuminate underlying mecha-
nisms. Two examples can be given, recognizing that many more may
be in the literature to illustrate this point.

It has recently been observed that the fibroblast cytoskeleton may
play a role in asthma. This has implications for the function of muscle
function in conducting airways. Protein tyrosine phosphorylation has
been reported to regulate actin polymerization in smooth muscle con-
tractile stimulation. Consequently, the role of protein/threonine phos-
phorylation in modulating actin dynamics has been investigated with
a specific focus of Ste20-like kinase (SLK), a serine/threonine protein ki-
nase that plays a role in apoptosis, cell cycle, proliferation and migration
[63]. The major finding of this study was that SLK mediates actin cyto-
skeleton reorganization and may facilitate force transmission between
contractile units and the extracellular matrix. Since bronchoconstriction
as a response to airway hyper-reactivity is mediated by muscle tone in
asthma this may offer a new target for bronchodilatation.

The recent observation that caspase, an important protein in
defending from bacterial infection, may become overactive and
provoke a damaging inflammatory reaction has implications for allergic
asthma therapy [64]. Caspase-11 causes cell death which results in the
release of cell contents and is a key driver of inflammation in asthma.
Caspase-4, the human equivalent of Caspase-11 has never been

implicated in asthma so it is a promising possible target for new drugs
to treat this disease.

The recent COVID-19 pandemic caused by the SARS-CoV2 virus has
one significant and alarming clinical outcome, the rapid progression in
susceptible individuals to bilateral interstitial pneumonia [6,7]. Major ef-
fort has been expended in preventing deterioration of lung function in-
cluding, in the extreme, the use of ventilators to support gaseous
exchange [65]. However, since understanding of the pathogenesis of dis-
ease is increasing, it is evident that being able to ensure the patency of
the lungs is a key to survival. The historical precedents of zanamivir
(Relenza, GSK) and ribavirin to treat influenza and respiratory syncytial
virus indicate that lung delivery of therapeutics has merit for respiratory
viral infections [66-68]. However, to prevent the manifestations of dis-
ease seen in COVID-19 early intervention with agents that prevent viral
uptake and/or replication and can target affected areas of the lung in
therapeutic concentrations is desirable. Examples would include aerosol
delivery of antibodies, antisense oligonucleotides or antivirals, such as
remdesivir [69,70]. In addition, the observation that in countries where
Bacille Calmette Guerin (BCG, attenuated Mycobacterium bovis) immuni-
zation for tuberculosis is conducted the population has a lower incidence
of COVID-19 mortality raises the potential for a directed vaccine strategy
[71]. Further research is required to address some of the inconsistencies
in this initial observation. However, if evidence based on rigorous inter-
rogation of the data supports any protective effect conferred by BCG, it
should be noted that mycobacterial antigens delivered as aerosols induce
a systemic and lung mucosal immune response. [72-74]. Moreover,
work continues on the pharmaceutical properties of inhaled BCG vaccine
[75] and a recombinant viral vector approach is also under development
for Antigen 85A, a mycobacterial secreted subunit protein [76].

Raising these speculative opportunities for potential clinical inter-
vention simply highlights new biological challenges posed by our evolv-
ing understanding of the pathophysiology of disease. The disease
biology will drive both new therapeutic agent development and the
technological needs to address them. As the potential disease applica-
tions for aerosol therapy expand innovation will necessarily follow.

7. Conclusion

There has been continuous development of novel inhaled medicines
for decades. The last ten years has seen a maturation of technologies and
some novel excursions to expand the application of inhalation technol-
ogy to more effectively treat pulmonary diseases. There have been de-
velopments in each of the major categories of inhaler that have
enabled a wider range of doses and improved the accuracy and preci-
sion of dosing from which it can be inferred that quality has improved.
The safe and efficacious new products improve management of pulmo-
nary diseases for which aerosols have long been used, such as asthma
and more recently chronic obstructive lung disease. In addition, the ex-
panded range of dosing allows for the treatment of emerging infectious
diseases and local rare and systemic diseases. The growth and variety of
new regulatory submissions has led to many new guidance documents
being issued and new product approvals. If there is likely to be disrup-
tive change in inhaled design it will be in the adoption of electronics
and the use of data collection systems that support patient adherence
and inform clinicians/manufacturers facilitating effective dosing and
disease maintenance. There do not appear to be obvious limits to the fu-
ture of inhaled therapy as new underlying causes are observed and dis-
eases appear. The identification of clear new challenges will drive
disruptive change. Perhaps the latest pandemic will inform the biology
of the lung, open up new possible targets and drive new technology.
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