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Nebulised antibiotherapy: conventional versus nanotechnology-
based approaches, is targeting at a nano scale a difficult subject?
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Abstract: Nebulised antibiotics offer great advantages over intravenously administered antibiotics
and other conventional antibiotic formulations. However, their use is not widely standardized in the
current clinical practice. This is the consequence of large variability in the performance of nebulisers,
patient compliance and a deficiency of robust preclinical and clinical data. Nebulised antibiotherapy may
play a significant role in future pulmonary drug delivery treatments as it offers the potential to achieve
both a high local drug concentration and a lower systemic toxicity. In this review, the physicochemical
parameters required for optimal deposition to the lung in addition to the main characteristics of currently
available formulations and nebuliser types are discussed. Particular attention will be focused on emerging
nanotechnology based approaches which are revolutionizing inhaled therapies used to treat both infections
and lung cancer. Promising carriers such as Trojan-Horse microparticles, liposomes, polymeric and lipid
nanoparticulate systems have been investigated and proposed as viable options. In order to achieve site-
specific targeting and to optimize the PK/PD balance critical nanoscale design parameters such as particle
size, morphology, composition, rigidity and surface chemistry architecture must be controlled. Development
of novel excipients to manufacture these nanomedicines and assessment of their toxicity is also a keystone

and will be discussed in this review.
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History of nebulised drugs

One of the first described inhalation therapies, was the use
of atropine cigarettes obtained from the leaves of the afropa
belladonna plant, for treating respiratory ailments occurring
in the chest and throat. Limited reports of cigarettes and
inhalation vapors appeared in medical literature during

the following centuries. One of the most remarkable
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publications was the use of “Potters Asthma Cigarettes”
(with datura stramonium leaves) and its bronchodilator
action similar to that of ipratropium aerosol. In the early
nineteenth century, the steam driven device appeared as the
first inhalation therapy. Even though, several nebulizing
devices were developed for therapeutic and diagnostic
purposes, the current use of nebulised drugs remains in
third position behind metered dose inhalers (MDIs) and dry
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Figure 1 Fate of an inhaled active pharmaceutical ingredient (API): pharmacokinetic/pharmacodynamic (PK/PD) profile. Modified from: (3,4).

powdered inhalers (DPIs). However, nebulisers can offer
advantages over both MDIs and DPIs, for example through
the ability to use existing intravenous drug solutions off
license. Other notable advantages of aerosols or nebulised
products are their ease of use, particularly amongst geriatric
and paediatric populations as well as their suitability
for emergency treatments and the capability to deliver
higher drug amounts when compared with either DPIs or
MDIs (1-3).

Pulmonary drug delivery
Aerosol deposition and airway physiology

Developing an efficient nebulised therapy requires a deeper
understanding of the airway physiological pathway, aerosol
deposition and physico-chemical properties of the drug
product (Figure I). The first question to be addressed is
how much and where the aerosol particles are deposited
within the lung cavity. Another key point is to know how
long the drug will remain in the lung as this will dictate the
posology and dose to be administered which will depend on
(I) physicochemical properties of the active ingredient (e.g.,
dissolution rate, mucociliary transport and tissue binding);
and (II) free drug concentration present in the lung which
correlates with the pulmonary effect. It is also important
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to note that on average 60-90% of all aerosol particles will
be swallowed and thus, it is critical to know the oral drug
bioavailability, plasma protein binding levels, elimination
rates as well as the systemic correlation between the free
drug concentration and adverse effects. In those cases where
the drug administered is a prodrug, it is necessary to know
how efficient is the activation process within the lung and
also, the activation in the bloodstream for those swallowed
particles (5,6).

It is possible to predict how the formulation will
behave after pulmonary administration by accounting for
mechanisms of aerosol deposition in the lung tissue and
the factors that may affect the aforementioned deposition.
Among these factors, the air velocities within the respiratory
tract is of vital importance as well as the different diameters
and angles of branching of the anatomic regions and the
breathing cycle.

After nebulization, the drug passes through many
physical and physiological barriers consisting of multiple
bifurcations and the immune system (1). A thick surfactant
layer is secreted by ciliated columnar epithelium cells
located in the upper airway with the aim of protecting the
lungs by removing foreign particles through the mucociliary
escalator system (5).

Particles deposit in the respiratory track depending
on their size, morphology and surface chemistry. The
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Figure 2 Deposition pattern of inhaled particles within the upper, mid and lower respiratory tract. Modified from: (3,7).
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Figure 3 Diagram of the alveoli and inhaled particle deposition in
the respiratory tract. Modified from: (8,9).

three main mechanisms of particle deposition are:
(I) impaction; (II) sedimentation; and (III) diffusion
(Figure 2). As inhaled particles travel down the respiratory
tract, the airways become narrower, but at the same time
more numerous increasing the cross-sectional area of the
airways and reducing the air flow velocity. In the upper part
of the respiratory tract, the speed of inhaled air is largest
in the central airways and those particles larger than 5 pm
(Mass Median Aerodynamic Diameter, MMAD) will be
removed mainly by impaction. In the mid and lower tract
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(smaller bronchi, bronchioles and alveoli), particles will be
removed by a combination of impaction, sedimentation
and diffusion mechanisms. When the particles possess a
smaller size than 5 pm, the chance of peripheral penetration
and retention increases. The optimal MMAD for lung
deposition is considered to be between 1 to 5 pm. However,
for very fine particles (<0.5 pm MMAD), there is increasing
probability of not being deposited in the lung parenchyma
and be subsequently exhaled (1,4).

A final line of protection within the lung tissue is
provided by alveolar macrophages which can phagocyte
particles reaching the deep alveolar region specially those
between 1 and 2 pm (Figure 3) (8). To evade both the
clearance by macrophages and the mucociliary trapping
and clearance, the inhaled particle should be small enough
to pass across the upper part and possess a suitable surface
chemistry to avoid adhesion to the mucosal layer. The main
advantage when treating lung infections is that mucociliary
escalator system is compromised facilitating the penetration
through the mucus and hence the drug efficacy (10). For
example, certain pharmaceutical technological approaches
such as PEGylation facilitate the penetration across the
mucus layer (5). The entrapment and removal of particles
from the mucus layer usually occurs through hydrophobic
interactions and formation of polyvalent adhesive
interactions due to the negative charges of the mucin
proteoglycans (11). Polyethylene glycol (PEG) possesses
a near-neutral surface charge with negligible protein
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adsorption and hence, PEG coated particles have shown an
enhanced transport across mucus layers (11,12).

Formaulation and nebuliser performance

In nebulisers, the drug is commonly formulated as either a
suspension or an aqueous solution, which is atomized into
fine droplets via an external nebulization source during
the inhalation process (1). Sterility of these aqueous-based
inhalation solutions and suspensions must be ensured and to
achieve this, formulations are usually packaged in single-use
containers (1-3 mL). Sterile water for injection is normally
used as solvent, and in some cases, ethanol or propylen
glycol can be employed as co-solvents.

Historically, the off license use of intravenous drug
solutions as aerosols was common, however, it had many
drawbacks as the formulations were not originally intended
for lung delivery such as unpleasant taste, irritation
or bronchoconstriction (9). Nowadays, although the
development of inhaled formulations has reduced the risk
of adverse effects, formulation scientists have to carefully
consider the necessity of including certain excipients in
the formulation in order to improve the physicochemical
properties of drugs as the potential for adverse effects
always exists. For example, antimicrobial preservatives such
as benzalkonium chloride or parabens are usually needed
but they can cause allergic reactions (13).

Physical stability of suspensions is vital to avoid
aggregation of particles. Surfactants such as polysorbates
and sorbitans are commonly added to facilitate the
dispersion or dissolution of drugs. Interaction with
packing components can occur and hence compatibility
assays should be performed in particular with proteins and
peptides that have high tendency to adsorb onto plastic
materials. The addition of antioxidants like ascorbic acid
or metabisulphites and chelating agents like EDTA may
be required when the influence of oxygen, light and trace
metals lead to drug degradation (1,14).

Other critical factors to note when developing inhaled
formulations are: log P, pKa, isoelectric point and solubility.
Tonicity and solution pH tend to be a problem during
preformulation as acidic pH and non-isotonic aerosols can
provoke bronchoconstriction which is of major importance
in patients with asthma (4). The lungs have limited
buffering capacity unlike the blood and thus, isotonicity
and pH must be adjusted (targeting neutral solutions of
300 mOsm/L) in order to avoid bronchoconstriction by
the addition of pH and osmolarity regulators such as HCI,
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NaOH, citric acid, phosphates, trometamol and/or NaCl
and other salts (15).

Regarding nebuliser performance, the critical quality
attributes (also denominated as CQAs) of the product
need to be assessed and maintained across of all supported
devices. Amongst them, drug delivery rate (output) and
aerodynamic droplet size distribution are usually the most
relevant factors. It is important to study in depth and
understand how the key formulation parameters, such as
viscosity, surface tension and drug concentration, influence
these CQAs. An increase in solution viscosity could slow
down the nebulization and reduce the drug output for
jet nebulisers but also lead to decreased particle size, and
modification of the drug deposition pattern (16,17). The
electrostatic charge in the aqueous solutions can inhibit
the flow and detachment of fluid through the mesh, and
the introduction of electrolytes can suppress the charges
improving particle size, drug output and nebulization
time. Drug concentration levels have been known to have
a negative effect on nebuliser output but this has been
demonstrated to be specific to certain nebuliser types (6,18).

Types of nebulisers and methods of nebulisation

The main principle of all drug nebulisers is based on the fact
that an aqueous drug solution or suspension is transformed
into an aerosol containing the drug dispersed in fine
droplets which will be consequently inhaled and deposited
in the lung parenchyma. By controlling the rate (or amount)
of drug aerosol and its particle size, a desired dose of drug
can be delivered and site-specific targeted within the lung
cavity, thereby minimising dosage and systemic distribution
as well as side effects.

However, significant differences in aerosol output and
particle size exist among the different nebuliser devices.
Even with the same nebuliser, different droplet size
distribution can take place when using different compressors
or pressures. It is important to note that one cannot select
a theoretical nebuliser design suitable for all applications.
It is not possible for a single device to be employed where
individual patient needs, target areas and desired doses must
be accommodated. For example, inspiratory flow rate and
lung volume capacity are significantly altered in patients
with pulmonary infections or chronic diseases such as
asthma and chronic obstructive pulmonary disease (COPD)
affecting drug output and deposition (19). In order to
improve delivery efficiency, some breath devices such Pari
LC Star or AeroEclipse II have been created in such a way

atm.amegroups.com Ann Transl Med 2017;5(22):448



Annals of Translational Medicine, Vol 5, No 22 November 2017

that aerosols are generated only during inspiration (20).

Regarding the method for aerosol generation, it is key to
use systems that keep constant the particle size distribution
and the drug concentration in the solution or suspension.
These parameters are highly affected for the method of
aerosolisation and the duration of the process and will
significantly affect the characteristics of the resulting
aerosol. Particles between 0.5 to 5 pm are the ones that
can reach the lung and the pulmonary alveoli giving a local
effect during the administration of the drug.

Larger particles will be eliminated by impaction not
reaching the mid and deeper lung parenchyma and smaller
particles will be exhaled, without achieving efficacy in any of
the cases. The generation of the highest amount of particles
or droplets within this range is necessary for the successful
delivery of the drug.

The most commonly utilized systems for pulmonary
delivery are the following: (I) the evaporation-condensation
method which is not very stable and reproducible and
generates a result with particle sizes from 0.1 to several
microns; (II) electrospray which is based on electrostatic
charges that decreases the surface tension and cause
breakup of the surface of the liquid; (III) nebulisers that
employ either compressed air or ultrasounds for air blast
atomization of liquids; and (IV) spinning-disk based on
the breakup into larger and smaller droplets created at the
edges of the rotating disk (5). One of the major drawbacks
associated with the electrospray method is the generation
of small particles between 0.002 and 0.3 pm, which are
easily exhaled resulting in less efficacy. On the contrary,
the spinning disk system leads to the formation of larger
particles (up to 100 pm) compared to other techniques
that will not reach the lung. Overall, nebulisers generate
aerosols with the best particle size characteristics between
0.01-5 pm (3).

The two classical devices for nebulization are: jet and
ultrasonic nebulisers which operate using compressed air
and vibrating piezo-electric crystals respectively (18,21). Jet
nebulisers are still the most utilised device for inhalation
of solutions and suspensions. However, these systems have
some disadvantages such as noise, less comfortable to carry
and long dosing duration (10-15 min). The cooling effect
of jet nebulisers due to the expansion of atomising gas
and evaporation of solvent also influences patient’s use. In
contrary, ultrasonic nebulisers are compact and silent, and
the dosing time is shorter. Nevertheless, heat may often
be generated during ultrasonic nebulization, making then
unsuitable for heat sensitive drugs.
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Vibrating mesh nebulisers, a new generation of
nebulisers, are a recent technology that uses vibrating
perforated mesh to generate respirable sized droplets. The
main advantages of these nebulisers are: (I) fast treatment
time; (II) minimal residual dose; and (III) reduced drug
waste. Spiriva Respimat®, commercialised by Boehringer
Ingelheim, works by creating a slow-moving aerosol cloud
within a pocket size form factor. Due to the inherent
differences in terms of atomisation mechanisms and device
designs, even though the device is still classified as nebuliser,
many clinicians prefer to consider it as a propellant free
MBDI or classified it as a metered dose liquid inhaler (MDLI).
This portable device format allows for multiple doses and
enables drug delivery in a single breath of moistened vapour
without the need for continuous inhalations and is seen as
the future direction of new nebulisers (22).

Another marketed nebuliser with enhanced performance
characteristics is the AERx® Pulmonary Drug Delivery
System. In this system, a bolus of aerosol particles is
generated at the same time that the inspiration process takes
place (23). The AKITA® Inhalation System (Activaero) is
another advanced aerosol technology where the nebulisation
is controlled by a computer programmed to mimic the lung
function characteristics and the inhalation pattern of the
patient (24).

Nebulised therapies in clinical practice

Currently nebulisers remain widely utilised in hospitals and
home settings. The major advantage of the nebulisers is that
allow patients to inhale drug aerosols with tidal breathing
movements and little training required. Nebulisers are
especially suitable for patients unable to coordinate their
breathing or activate MDIs or DPIs, such as the geriatric
and paediatric population. Nebulised therapy is primarily
intended as a treatment for pulmonary infections or chronic
diseases such as asthma and COPD (Tables 1,2) (3).

Asthma and COPD

Most currently marketed inhalation solutions and
suspensions used to treat bronchospasm during asthma
and COPD consist of one or two combined drugs which
can behave as: (I) short acting 2-agonist (SABA) like
salbutamol; (II) long acting $2-agonist (LABA), such
as formoterol; (III) short-acting muscarinic antagonist
(SAMA), such as ipratropium; and (IV) long-acting
muscarinic antagonist (LAMA), like tiotropium. Several
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administrations per day are usually required to obtain the
desired effect. However, the FDA has recently approved
the inhalation spray of a LAMA/LABA combination
(tiotropium/olodaterol), which can be delivered to patients
as a single daily dose (16,25). Inhaled corticosteroids such as
budesonide are also common (7able 2). Most of the excipients
employed are those described in section “Formulation and
nebuliser performance” (Table 1).

Pulmonary infections

Nebulisers have the advantage that can continuously
deliver drugs for a long dosing duration, being suitable
for the administration of large doses, generally required
to treat infections. Also, the administration of aerosol
antibiotics through the pulmonary route allows high
drug concentrations at the infection site (26). This may
decrease intravenous toxicity, particularly the renal adverse
effects, commonly caused by intravenous administration of
aminoglycosides, colistin and amphotericin B (27).

Tobramycin was the first antibiotic solution approved
for inhalation for the treatment an also the prevention
of Pseudomonas aeruginosa infection in patients suffering
from cystic fibrosis (CF). A long-term therapy study
indicated that inhaled tobramycin improved lung function
and reduced exacerbation rate for patients with CF (28).
Multiple nebulised formulations are currently in the market
to treat this disease (Tuble 2).

Inhalation antibiotic therapy has been also investigated
for both prophylactic and acute treatment of Gram-negative
and, fungal pneumonia. It has previously been shown that
intermittent or short-term use of prophylactic inhaled
antibiotics can be effective in decreasing colonisation of
the airways by Gram-negative bacteria and reducing the
incidences of pneumonia. However, increased bacterial
resistance is a global health problem, and prolonged use
of antimicrobials is associated with an unacceptably high
prevalence of pneumonias caused by multi-drug resistant
(MDR) bacteria. The use of aerosolised antibiotics should
therefore be limited to well established bacterial pulmonary
infections (29,30).

The safety of nebulised antibiotherapy has been
proven in numerous studies. Its efficacy as concomitant
treatment along with parenteral drug administration
or in monotherapy has been also demonstrated when
treating respiratory infections in mechanically ventilated
(MV) patients. Nebulised antibiotherapy has several
advantages in this patient group such as: (I) improvement

© Annals of Translational Medicine. All rights reserved.
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of pharmacokinetic profile compared to traditional
systemic administration of antibiotics; (II) prevention of
MDR bacteria; and (IIT) minimization of side effects and
drug interactions. Until recently, development of this
technique was slow, partly due to the limited knowledge
of the determinants of aerosolisation during mechanical
ventilation and poor technique implementation. The
major disadvantage of conventional nebulisers was that
lower amounts of drug reached the alveolar region due
to great amounts of particles remained trapped either in
the tracheobronchial tree or ventilator circuits. On the
contrary, the latest generation of nebulisers has improved
considerably the inhaled particle deposition and antibiotic
aerosolisation in MV patients has received renewed
interest (1).

However, multiple meta-analyses have failed to show
a clear effect due to the heterogeneity of the studies. The
optimal use of nebulised antibiotherapy can be achieved
if techniques are standarised, indications are clarified and
clinical guidelines are implemented. An important limitation
in many studies has been the inadequate characterisation
and control of variables affecting the efficiency of drug
deposition, such as nebuliser design, operating conditions,
particle size and patient’s breathing pattern.

Clinical trials on nebulised antibiotherapy

Clinical trials on nebulised antibiotherapy have increased
in recent years especially in the treatment of local diseases
(Table 3). One such drugs that has awoken interest is
amphotericin B probably because it is an antifungal drug
with a broad spectrum of action and limited resistance but
its adoption is limited in clinical practice due to its severe
nephrotoxicity after intravenous administration (32,33).
The efficacy and safety of nebulised amphotericin B lipid
complex (ABLC) and liposomal formulation (AmBiosme®)
are being evaluated in clinical trials in neutropenic hemato-
oncologic patients for prophylactic use against invasive
pulmonary aspergillosis. Preliminary data has shown
promising results in reducing the incidence of pulmonary
aspergillosis in this patient group (31). The use of other
antibiotics such as tobramycin and gentamicin are also being
investigated in clinical trials for pulmonary administration.
All the formulations undergoing clinical trials are of
extreme importance for clinicians as a guide about the
use of new inhalable therapies as well as the prevalence of
microbial contamination that may be associated with the
use of inhalation devices.
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Nano scale for lung delivery systems

Pulmonary drug delivery has many advantages over
other routes such as oral or parenteral administration.
It is an attractive route due to two main reasons: (I) its
non-invasive character allowing self-administration that
leads to enhanced patient compliance and adherence to
treatment; and (II) its large surface area for absorption
along with reduced drug degradation and high permeability
(34,35). This route has been used successfully for local
delivery of a variety of APIs including proteins, peptides,
chemotherapeutics, antibiotics and vaccines that could not
have been possible via other administration routes (36,37).

In order to achieve successful pulmonary drug delivery,
particle engineering is a key factor to take into account
when developing inhalable formulations. Micro and
nanoparticulate systems have been especially useful in
sustained delivery and drug targeting with enhanced
therapeutic effects (38).

An aerodynamic particle size below 5 pm is crucial for
particles reaching the mid and deep lung parenchyma.
However, bearing in mind that particles below 0.5 pm
in size are easily exhaled, the development of successful
nanotechnological approaches for lung application is not

© Annals of Translational Medicine. All rights reserved.

an easy task. Amongst all the critical nanoscale design
parameters, particle size, morphology, composition, rigidity
and the surface chemistry architecture have to be controlled
in order to optimise the PK/PD balance and to achieve site-
specific targeting.

The combination of a variety of techniques at the micro
and nanoscale has transformed pulmonary drug delivery.
The most successful approaches will be discussed in the
next section (Figure 4) (1).

Trojan Horse microparticles

One nanotechnology strategy for lung delivery is the use of
“Trojan Horse microparticles” which are basically porous
nanoparticles assembled within microparticulate systems
(commonly between 2-5 pm in diameter), in such a way that
the potential for drug targeting of the nanoparticles and the
better flow and aerolisation properties of the microparticles
are combined in the same system.

Trojan Horse microparticles have been successfully
produced using different strategies such as spray
drying of solutions consisting of polymeric and non-

polymeric nanoparticles (39) or using supercritical CO, as

atm.amegroups.com Ann Transl Med 2017;5(22):448
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antisolvent (40). During the spray drying process, Van der
Waals forces are created which keeps the nanoparticles
together within a matrix of excipients such as phospholipids
or other polymers. Upon inhalation, the microparticulate
systems dissolve releasing the nanoparticles within the lung
parenchyma.

As an example for the treatment of lung cancer or
bacterial infection, superparamagnetic iron oxide Trojan
Horse microparticles (MMAD of 2.2 pm) have been
produced utilising PEG, hydroxypropyl-f-cyclodextrin,
ammonium carbonate and magnesium stearate as excipients.
The particles are highly sensitive to the magnetic field and
the targeting and deposition within the lung parenchyma
can be facilitated by means of a magnet (41).

Polymeric nanoparticles and micelles

The use of multiple polymers for pulmonary drug
delivery have been thoroughly investigated such as: (I)
polycaprolactone; (II) alginate; (III) poly(lactic acid);
(IV) poly(lactic-co-glycolic acid); (V) carbohydrate-
based polymer such as chitosan; and (VI) gelatin base
(42,43). The usage of these polymers has numerous
advantages such as high drug encapsulation, sustained
release, long shelf life, modified surface properties
and prevention of drug degradation. Amongst all
excipients for building nanoparticulate systems, block
copolymers, chitosan and PEG are the most successful for
achieving optimal sustained drug release and improved
uptake (44). In addition, PEGylation also avoids
phagocytosis of the particles and prolongs their half-
life in the lung parenchyma (45). Nevertheless, in order
to promote their biodegradability, modification of the
polymer surface chemistry is required for therapeutic
purposes and actually, their degradation rate in
physiological media must be analysed along with toxicity
assays to check the efficacy/toxicity balance of the carriers.

Multiple studies have been performed loading polymeric
nanoparticles with anti-cancer drugs for targeted lung
diseases. For instance, paclitaxel was loaded into polymeric
particles consisting of PEG and polymer poly(ethylene
oxide)-block-distearoyl phosphatidylethanolamine.
The intratracheal instillation administration of the
particles showed better drug absorption and improved
drug localisation in the lung parenchyma in comparison
with the intravenous administration of taxol (marketed
formulation) (46).

© Annals of Translational Medicine. All rights reserved.
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Solid lipid nanoparticles

They are single layered solid particles consisting of solid
lipid as matrix material, emulsifier and water which
can be found physiologically. Several techniques have
been successfully employed in the manufacture of these
systems such as solvent evaporation or high pressure
homogenization which are easily scalable from an industrial
point of view. Good results in treating lung infections have
been achieved when formulating amikacin with cholesterol
using the latter strategy (47).

Phospholipids are found in most regions of the lung
parenchyma at the alveolar surface (Figure 3). They are
essential for friction reduction and maintaining of surface
tension necessary for the proper functioning of the
breathing mechanism (42,48). These type of nanoparticulate
systems have shown a better efficacy/toxicity ratio than
the polymeric ones due to their composition based
on physiological components that are less toxic and
demonstrate greater biocompatibility towards pulmonary
drug delivery. As an example, solid lipid nanoparticulate
systems consisting of a 30:70 ratio of phospholipids and
triglycerides has demonstrated a good safety profile after
nebulisation with no activation of pro-inflammatory

cytokines in mice (49).

Liposomes

The difference between solid lipid nanoparticles and
liposomes is that the latter consists on single or multiple
concentric lipid bilayers manufactured primarily from
phospholipids and cholesterol encapsulating an aqueous
environment. As solid lipid nanoparticulate systems,
liposomes exhibit higher biocompatibility than polymeric
nanoparticles and possess sustained release characteristics,
enabling the maximum drug effect over a prolonged
period of time. For example, AmBisome®, amphotericin
B-loaded liposomes are commonly used in the prophylaxis
of pulmonary fungal infections; however, currently, it is
only commercialised for parenteral use but yet not for
pulmonary.

Nonetheless, inhaled liposomes are challenging to
manufacture as it is critical to maintain their optimal
physical properties after nebulisation (50). Currently, two
such liposomal formulations are in the final stages of clinical
trials prior to commercialisation as dry powder systems.
Arikace® (containing amikacin) and Pulmaquin” (containing
ciprofloxacin) both developed for use in the treatment

atm.amegroups.com Ann Transl Med 2017;5(22):448
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of pulmonary infections (42,51). Arikace®, consisting of
amikacin, dipalmitoyl-phosphatidylcholine and cholesterol,
is in phase 2 clinical trials with the aim of treating CF-
associated lung infection caused by P. aeroginosa. After
treatment with the liposomal inhaled formulation, an
improvement in lung function and reduction in the number
of colonies of P. aeruginosa in sputum was achieved along
with a satisfactory safety and tolerability profile. A further
application of liposomal formulations is the encapsulation
of antioxidant molecules for the treatment of acute oxidant-
related lung injury (52).

Regulatory perspective of inhalation products
by EMA and FDA: bioequivalence and toxicity
issues

The European Standard recognizes that different nebulisers
will deliver different doses of drug to the same patient—
even if all conditions are controlled, such as breathing

© Annals of Translational Medicine. All rights reserved.
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pattern, volume fill of drug solution or suspension and what
is more, in a wide range of diseases and patient groups (3).
Even though, a great effort is being doing in developing
more effective and reproducible inhalation products, they
are still far from ideal.

Ideally, inhalers should deliver the desired drug
aerosol dose across a variety of drug preparations with
no significant wasted residual drug left in the device after
use. They should be easy to use for all patients including
paediatric and geriatric populations. Nebulisers should
be portable (small and light), silent, inconspicuous and
smart (signals indicating when not functioning properly;
dose delivery is complete; patient compliance monitor,
etc.). They should be a cost-effective therapeutic device
with limited wasted aerosol and environmentally friendly,
with no damaging propellants such as chlorofluorocarbons
and hydrofluoroalkanes and ideally recyclable. All these
characteristics are summarised in Figure 5 (3).

The differences in bioequivalence studies of the
inhalation devices and their high cost is an issue of concern
for the regulatory bodies such as FDA and EMA. In 2009,
the EMA issued the guideline focused on the demonstration
of therapeutic equivalence between two inhaled products,
based on a step-wise approach for the approval of generic
inhaled formulations (53). From the point of view of the
formulation, both the originator and the generic product
should have an identical dosage form with the same APL.
Differences in crystalline structure, polymorphic form
of the active ingredient or qualitative and quantitative
variation in excipients should not unduly influence the
pharmaceutical performance and efficacy/safety balance of
the inhaled product.

The handling and resistance to airflow within the device
for both the generic product and reference formulation
should be the same. The CQAs to determine iz vitro
equivalence are: (I) dose delivery uniformity; and (II)
particle size distribution (assessed by impactor stage),
which should be within 15% of each other. The sole use
of in vitro data is acceptable for approval when the generic
formulation satisfies all of the above pharmaceutical criteria
for equivalence. Otherwise, in vivo studies (pharmacokinetic
or pharmacodynamics assays) may be required.

In 2013, five separate draft guidance were published by
the FDA for each specific inhalation product: fluticasone
propionate/salmeterol DPI and salbutamol sulphate,
levalbuterol tartrate, ipratropium bromide, budesonide/
formoterol fumarate MDIs (54,55). There are several
challenges in gaining FDA approval for generic products

atm.amegroups.com Ann Transl Med 2017;5(22):448
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as it requires that all tests including in vitro (single
actuation content and MMDA), pharmacokinetic and
pharmacodynamic assays demonstrate equivalence. In
addition, in order to demonstrate the similarity of physical
components for generic MDIs, plume geometry, spray
pattern, priming and repriming studies may also be required.

The requirements for equivalence of DPI devices
include: (I) premetered multi-dose format; (II) the
device mechanism; (IIT) the dose administered; (IV) the
operating procedure; (V) the size; (VI) the shape; (VII)
the device resistance; and (VIII) the dose counter. It is
also a requirement to demonstrate both qualitative and
quantitative equivalence or sameness. Qualitative sameness
(Q1) implies that the generic product uses the same inactive
ingredient as the originator whereas the quantitative
sameness (Q2) infers that the concentration of the inactive
ingredients in the generic product must be within 5% of
those in the originator. The guidance documents have
been criticised and challenged by bodies representing the
pharmaceutical industry and rather than follow the Q2
requirement, it has been proposed to incorporate a quality-
by-design (QbD) approach to study the control space of the
excipient concentration for each generic product (20,56,57).

It is worth noting that there are a limited amount of
excipients approved for pulmonary applications and there
remains a dearth of published literature guidance regarding
safety and marketing authorization of pharmaceutical
excipients for pulmonary use. Some guidelines mention the
type of toxicity assays required to determine whether the
use of a novel excipient is safe for human use ICH, M3,
S3A and S7A) (15). In order to achieve regulatory approval
for a new excipient, a complete toxicological evaluation may
be sufficient without to include an inhalation toxicology
profile. Consequently, there remains no inhalation
toxicology or LD50 data available for many well-known
excipients (15).

Opverall, pulmonary delivery is very challenging in terms
of: (I) to show bioequivalence between innovator and
generic inhaled formulations; and (II) to approve the use
of nanoparticulate systems as inhaled therapies. One of the
main reasons why there is no inhaled nanomedicines in
the market is due to its potential toxicity, not only within
the respiratory tract but also in extrapulmonary tissues
that can be secondarily targeted. Currently, most drugs
are very potent and many of them can produce adverse
effects at the lung level specially in those patients with
impaired pulmonary functions due to smoking and/or
chemotherapy (58,59). For example, inhalation of cytostatic

© Annals of Translational Medicine. All rights reserved.
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drugs can have a significantly negative effect leading to
severe complications on the lungs. However, this can be an
advantage in treating lung cancer and targeting cytostatic
agents towards the lung parenchyma, limiting penetration
into the bloodstream and protecting the rest of the body
from adverse effects (35,42).

Future perspectives and concluding remarks

Nebulised antibiotics offer great advantages over intravenous
administered antibiotics as well as other conventional
antibiotic therapies. However, their use is not widely
standardized in the current clinical practice leading to large
variability between patients. This is the consequence of
large differences in nebuliser performance and the lack of
robust preclinical and clinical data. Nanotechnology based
approaches are revolutionizing inhaled therapies especially in
lung cancer and infections. Promising carriers such as Trojan
Horses microparticles, polymeric and lipid nanoparticulate
systems and liposomes are emerging. Amongst all the critical
nanoscale design parameters, particle size, morphology,
composition, rigidity and surface chemistry architecture have
to be controlled in order to optimise the PK/PD balance
as well as the efficacy/toxicity balance and to achieve site-
specific targeting. Development of novel excipients to
manufacture these nanomedicines and assessment of their
toxicity is also a keystone. Indeed, pharma companies need
to evaluate carefully the benefits of using novel substance
versus the delay in commercialisation due to objections from
regulatory agents. For this reason, many companies prefer to
use first, the few excipients already approved for inhalation
in different concentrations and second, physiological and
biocompatible excipients whose toxicity profile is well-known
in other routes. In conclusion, the development of novel
excipients and drug delivery systems is a current clinical
need in order to achieve safer and more effective pulmonary
formulations.
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