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Abstract

The management of difficult-to-treat acute and chronic respiratory infections (infections in cystic fibrosis, non-cystic fibro-
sis bronchiectasis, immunocompromised and mechanically ventilated patients) and difficult-to-treat pathogens (including
multidrug-resistant strains) has become a challenge in clinical practice. The arsenal of conventional antibiotic drugs can
be limited by tissue penetration, toxicities, or increasing antibiotic resistance. Inhaled antimicrobials are an interesting
therapeutic approach for optimizing the management of respiratory infections. Due to extensive developments in liposome
technology, a number of inhaled liposome-based antibiotic and antifungal formulations are available for human use and
many products are undergoing clinical trials. Liposomes are biocompatible, biodegradable, and nontoxic vesicles able to
encapsulate and carry antimicrobials, enhancing the therapeutic index of various agents and retention at the desired target
within the lung. Liposomes reduce drug toxicity and improve tolerability, leading to better compliance and to decreased res-
piratory side effects. The aim of this article was to provide an up-to-date overview of nebulized liposomal antimicrobials for
lung infections (with a special focus on liposomal amikacin, tobramycin, ciprofloxacin, and amphotericin B for inhalation),
discussing the feasibility and therapeutic potential of these new strategies of preventing and treating bacteria, mycobacterial
and fungal infections.

1 Introduction approaches are warranted for optimizing treatment in diffi-
cult-to-treat infections, cystic fibrosis (CF), non-cystic fibro-
sis bronchiectasis (NCFB), and immunocompromised and
mechanically ventilated patients.

Liposomes are safe and suitable carriers for a variety of
drugs and have been used in a broad range of pharmaceuti-
cal applications [4]. The use of antibiotic liposomal delivery
systems result in targeting of the antimicrobial agent at the
site of infection to the infectious organism, increasing intra-
cellular antibiotic concentrations, reducing drug toxicity, and
improving tolerability [5].

The aim of this article was to provide an up-to-date over-
view of inhaled liposomal antimicrobials for lung infections,
discussing the feasibility and therapeutic potential of these
new strategies of preventing and treating bacterial, myco-
bacterial, and fungal infections.

Over recent years, there has been a worldwide increase in
the prevalence of multidrug-resistant (MDR) and difficult-
to-treat pathogens [1, 2]. This issue has forced clinicians
to rediscover old drugs with suboptimal pharmacokinetics
and toxicity issues and has resulted in significant research
efforts, with few new molecules proposed for use in clinical
practice. In addition, alternative novel therapies have been
developed including monoclonal antibodies, vaccines, stem
cells, bacteriophages, and liposomes [3]. Lung infections
include a challenging spectrum of clinical conditions, rang-
ing from acute to chronic infections, and new therapeutic
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Liposomes are biocompatible, biodegradable, and
nontoxic vesicles able to encapsulate and carry drugs,
and have been used in a broad range of pharmaceutical
applications, including for nebulized antibiotic delivery

Use of inhaled liposomal antimicrobial treatment in
lung Infections results in targeting of the antimicrobial
agent at the site of infection to the infectious organism,
increasing intracellular antibiotic concentrations, reduc-
ing drug toxicity, and improving tolerability

The most important liposomal antimicrobial drugs for
inhalation include amikacin, tobramycin, ciprofloxacin,
and amphotericin B

New avenues of research in the delivery of lung-targeted
liposomal antimicrobials alone or in association with
other treatment alternatives are being investigated

mid-1960s, are sphere-shaped vesicles (typically in the range
of 20 nm-20 pm) consisting of one or more phospholipid
bilayers of natural or synthetic origin enclosing an internal
aqueous space. Liposomes are biocompatible, biodegrad-
able, and nontoxic vesicles and are able to encapsulate and
carry both hydrophilic and lipophilic drugs, allowing a pre-
cise release of the drug at the site of infection (Fig. 1) [6].
The liposomal encapsulation efficiency varies depending on
the physicochemical characteristic of the drug (hydrophobic
antibiotics can be intercalated in the phospholipid bilayer
and hydrophilic antibiotics can be loaded in the aqueous
core), the therapeutically feasible concentration of the drug
into liposomes, the characteristics of the liposome vesicles
(lipid composition, surface charge, size distribution, and
lamellarity) and the preparation methods [5]. In addition, the
size of liposomes plays an important role in the clearance.
The most common routes of liposomal drug delivery are
oral, topical, and parenteral. In addition, inhaled drug deliv-
ery for treatment of respiratory diseases is an interesting
alternative treatment option and has been used increasingly
over the last few decades. Targeting antibiotics to the lungs
via aerosolization can offer a way to achieve high exposure
of antibiotics directly at the site of infection, including for
antibiotics with poor lung penetration and tissue distribution
(B-lactams, colistin, aminoglycosides, and glycopeptides).
Optimal drug deposition is dynamic and is associated both
with particle-related and with patient-related factors. Par-
ticle deposition patterns are critically dependent on size
(ideally particles between 1 and 5 um), proper viscosity
(inversely proportional to the rate of aerosolization) and
shape. Patient-related determinants include the diameter of
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the large airways (relative to age), the quality of the inhala-
tion technique in spontaneously breathing and mechanically
ventilated patients, the presence of structural abnormalities
(including mucus of the airways), and the ability of the lung
[7]. Theoretically inhaled drugs may allow high drug con-
centration that exceed the minimal inhibitory concentration
(MIC) for MDR pathogens as well as reduce the potential for
development of drug resistance [8]. However, depending on
the amount of drug inhaled and on the aerosol characteris-
tics, a wide range of sputum concentrations exist throughout
the lung with lower concentrations in the small airways and
the risk of therapeutic levels below the MIC [9, 10]. Low
concentrations below the MIC can lead to the development
of high mutation rates and hence resistant subpopulations of
bacteria that cannot be eradicated [10].

In addition, there are several factors that influence the
clinical efficacy of inhaled antibiotics after delivery, espe-
cially for CF patients, although antibiotics may display activ-
ity against planktonic bacteria in vitro. Firstly, the antimi-
crobial aerosol particles need to dissolve in the epithelial
lining fluid and in mucus. Secondly, the need for antibiotic
diffusion toward the bacteria depends on the site, since in the
case of CF with Pseudomonas aeruginosa chronic infections
the location is most likely intraluminal within the mucus.
Thirdly, microorganisms may have specific mechanisms to
overcome antibiotic activity, including resistant mucoidal
strains and increased biofilm production, and the environ-
ment of sputum-containing factors produced by the host and
the microbes can reduce antibiotic activity [7, 11].

The properties of an inhaled antibiotic can be modified
by use of liposomes, which enhance the therapeutic index of
various agents, mainly through alterations in their pharma-
cokinetics and pharmacodynamics (PK/PD) enhancing drug
delivery and retention at the desired target within the lung.
Liposomes reduce drug toxicity and improve tolerability,
leading to better compliance and to decreased respiratory
side effects [12, 13].

Most inhaled antibiotics and antifungals have a short
half-life in the lungs and require two- or three-times-daily
administration. An important benefit of an inhaled liposome
formulation is to provide a slow release of the antibiotic,
which reduces the dosing frequency and continuously main-
tains high drug concentrations in the lung above the MIC.

Liposomes can also deposit drug within alveolar mac-
rophages via phagocytosis to improve treatment of intra-
cellular infections (although many chronic lung infec-
tions reside in the conducting airways of the lung lumen)
and can have the ability penetrate biofilms to enhance activ-
ity against P. aeruginosa and other biofilm producer bacte-
ria and fungi [14]. Previous studies have demonstrated that
liposomes are stable in the presence of sputum and inhibi-
tory factors, with the ability to protect the antibiotic from
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Fig. 1 Liposomal antibiotic
drug delivery
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inactivation, although the sputum may act as a barrier to
larger liposomes [11].

Despite the advantages of a liposome vehicle for nebu-
lized drug delivery, there are some additional factors that
need to be considered. Liposome nebulization can lead
to changes in their physical properties and deposition of
liposomes within alveolar macrophages may affect their
functions, although there is no evidence of changes in lipid
content of pulmonary surfactant or lung immune response
[15, 16]. With the current dearth of safety and tolerability
data of liposomal inhaled antibiotics and antifungals, cau-
tion should be exercised, although the most common adverse
events are local mild pulmonary effects [16, 17] (Table 1).

Modern technologies involving pulmonary drug deliv-
ery have employed new devices with liposomal formulations
that should be aerosolized into particles that have a high fine
particle fraction to achieve improved delivery throughout
the lung.

There are four types of devices that are used for the pul-
monary delivery of liposomes: pressurized metered-dose
inhalers, dry powder inhalers, soft mist inhalers, and medi-
cal nebulizers [18].

Medical nebulizers are the most commonly used inha-
lation devices to deliver liposomes. Compared to other

inhalation devices, nebulizers are particularly useful for
diseases that require high pulmonary doses, with no need to
perform drying procedures or to involve propellants, and are
useful for patients who are unable to coordinate or achieve
flow rates [18]. Nebulizers can be categorized into four gen-
eral types: air jet, ultrasonic, vibrating mesh, and static mesh
nebulizers [8]. The air jet type nebulizer is the most com-
monly used aerosolized delivery system in the world and
is the best-established nebulizer for delivering liposomes.
Vibrating mesh nebulizers have become increasingly popu-
lar, especially in pharmaceutical-sponsored studies, and have
demonstrated excellent suitability in delivering vesicles in
fine-particle fractions, including large liposomes and lipo-
some aggregates [18]. Compared with jet nebulizers, vibrat-
ing mesh nebulizers are more efficient (less residual antibi-
otic in the nebulizer reservoir), but are more expensive to
manufacture [19]. Vibrating mesh nebulizers have not been
consistently shown to be superior to jet nebulizers in terms
of pulmonary drug delivery, clinical outcome, and safety
[20, 21]. The ultrasonic nebulizer has generally been shown
to be the least suitable to deliver liposomes [19].
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3 Inhaled Treatment for Acute and Chronic
Infections and Possible Role for Liposomal
Antimicrobials

Use of inhaled antimicrobials is an interesting therapeutic
approach for optimizing respiratory tract infections in diffi-
cult-to-treat acute and chronic respiratory infections and for
difficult-to-treat pathogens, including MDR bacteria, typical
and atypical mycobacteria, and potential inhaled biowarfare
agents. The possible role of liposomal inhaled preparations
in different clinical settings is discussed below.

CF patients have a deficiency in mucociliary clearance,
which makes the airways susceptible to infections that typi-
cally become chronic and lifelong [22]. CF registry data con-
firm that P. aeruginosa typically becomes the predominant
organism cultured from the respiratory tract by adulthood
and chronic P. aeruginosa infection is linked to progressive
pulmonary function decline. The eradication and treatment
of this organism from CF airways is particularly challenging.
NCFB results from a permanent and progressive destruction
of the airways leading to poor lung function, and is char-
acterized by recurrent lung infection. Patients with NCFB
and chronic infections with P. aeruginosa have a high risk
of hospitalization, reduced quality of life, and increased
mortality [23]. Current guidelines recommend inhaled
tobramycin for individuals with CF and persistent P. aer-
uginosa infection who are aged 6 years or older [24]. Trials
with long-term inhaled antibiotics in NCFB have indicated
some benefits, but not in the way anticipated from trials
in CF [25]. The new European Respiratory Society (ERS)
guidelines for the management of bronchiectasis recognize
the place of inhaled antibiotics, yet there is no international
agency approval for NCFB [21, 26]. In these patients, the
effectiveness of classical inhaled antibiotics is limited by
poor penetration into infection sites, inactivation by sputum,
non-penetration of biofilm, emergent resistance, bacterial
phenotypic changes, and bacterial retention in mucous plugs.
These limitations could be theoretically overcome with lipo-
somal inhaled preparations and are discussed in the next
paragraph with a focus on specific antimicrobials.

The global spread of MDR pathogens and limited effi-
cacy of currently available intravenous antibiotics for the
treatment of pneumonia in hospitalized and mechanically
ventilated patients are also a growing cause for concern [13].
Despite lacking high-quality efficacy and safety data, and
lack of international guideline recommendations, clinicians
worldwide are increasingly using antibiotic nebulization for
respiratory infections in critically ill adult patients. The role
of liposomal antibiotics is yet to be defined in this setting
[8, 21,27, 28].

Aspergillus spp. is the most common cause of invasive
fungal pulmonary infection in lung transplant recipients
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(LTR) and hematological patients, and despite the advances
in antifungal drugs is associated with persistently high mor-
tality. Inhaled antifungal agents have been investigated as
antifungal prophylaxis and as adjunctive agents to systemic
antifungals. In addition, inhaled antibiotics have been largely
used off-label to prevent and treat bacterial in LTR, mainly
in patients with devascularized anastomotic infections, his-
tory of MDR infections, and to prevent donor to host trans-
mission [16, 29-31].

Use of nebulized antibiotics for tuberculous (TB) or non-
tuberculous mycobacterial (NTM) infections remains a very
active area of research. Inhaled antibiotics for TB and NTM
have the potential to reduce dosage (up to ten times less used
for the standard oral treatment of care), to limit side effects,
and to result in higher drug concentrations, potentially over-
coming drug resistance [32]. Liposomal formulations have
the ability to be more readily and effectively phagocytosed
by alveolar macrophages within the airways and alveoli, with
in vitro and in vivo therapeutic advantages for TB and NTM
treatment [32, 33].

There are a number of other severe infections including
melioidosis (endemic to South East Asia), potential inhaled
biowarfare agents including Francisella tularensis, Yersinia
pestis, and Coxiella burnetiid, and anthrax, which also do
not have approved inhaled antibiotic therapies for preven-
tion or treatment [34]. Limited data on the role of liposomal
formulation are available in this setting but may improve
treatment of intracellular infections [35].

4 Liposomal Antimicrobial Drugs for Lung
Infections

Due to extensive developments in liposome technology, a
number of liposome-based antibiotic and antifungal formu-
lations are available for human use and many products are
undergoing different clinical trials [12].

In vitro studies with animal models are the first step to
evaluate new drugs essentially based on acute infection mod-
els and reduction of bacterial loads. However, there are no
good animal models available for chronic lung infections.
Despite this limitation, in vitro and in vivo studies, phar-
macokinetic and pharmacodynamic characteristics, clinical
efficacy, and the safety profile of liposomal drugs for lung
infections are discussed with regard to liposomal amikacin,
tobramycin, ciprofloxacin, and amphotericin B. In addi-
tion, limited in vitro and animal model data have been pub-
lished for the use of nebulized liposomal formulations of
gentamicin [36], capreomycin [37, 38], streptomycin [39],
polymyxin B [40], isoniazid [41], rifampicin, [42], pyrazi-
namide, and ethambutol [39].

Table 1 summarizes available treatment options.
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4.1 Liposomal Amikacin for Inhalation

Liposomal amikacin for inhalation (LAI) (trade name Ari-
kayce ™) is a unique formulation that encapsulates aqueous
amikacin in charge-neutral liposomes composed of dipal-
mitoyl phosphatidyl choline and cholesterol, which is very
similar to surfactant [43, 44]. These lipids have a neutral
charge, shielding the positively charged amikacin from the
characteristic negatively charged components of CF sputum
[45]. In addition, the small diameter (~ 300 nm) and uniform
size of the liposomes permits the molecule to penetrate the
meshwork of P. aeruginosa biofilm in CF sputum.

The activity of LAI has been studied extensively both
in vitro and in vivo. LAI has been shown to have deposi-
tion of higher local concentrations and a prolonged lung
half-life of several hours relative to liposome-free antibiotics
[46]. LAl reduced and eradicated P. aeruginosa in a rat lung
model more effectively than inhaled free amikacin and has
shown in a macrophage model significant activity against
NTM (Mycobacterium avium complex, MAC, and Myco-
bacterium abscessus) [44], without being associated with
macrophage defects in immune function [47, 48].

Initial Phase I and Phase II studies in CF patients with
chronic P. aeruginosa infections demonstrated that LAI was
a safe drug with no clear dose-dependent pulmonary adverse
events. In addition, LAI resulted in significant improvements
in lung function after 14-28 days of treatment [14, 15].
Phase III studies of LAI compared to tobramycin inhalation
solution in CF patients with P. aeruginosa infection did not
demonstrate its superiority over conventional tobramycin
inhalation, showing a comparable increase in forced expira-
tory volume in 1 s (FEV 1) at the end of three cycles [49].

In addition, LAI has other potential applications in the
management of difficult-to-treat pulmonary infections
including NTM. In the COVERT trial, LAI has proven statis-
tically significant improvement in bacterial clearance when
added to guideline-based therapy (GBT) therapies in refrac-
tory MAC patients, leading to increased sputum conversion
(29% vs. 9%) [33]. Although current evidence for efficacy
is limited to microbiological outcomes, LAI has received
US Food and Drug Administration (FDA) approval for adult
patients with MAC lung disease refractory to conventional
therapy and with limited or no alternative treatment options.
Furthermore, the CONVERT and extension trials are ongo-
ing, with final results awaited to establish clinical benefit
[50].

4.2 Liposomal Tobramycin for Inhalation
Many studies have described the efficacy of inhaled tobramy-
cin (TOB) in lowering P. aeruginosa pulmonary infection

in CF patients and the CF guidelines recommend chronic
use of inhaled TOB in patients 6 years of age and older with
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moderate to severe lung disease and chronic Pseudomonas
colonization [24]. The high dose required and the prolonged
use of tobramycin has raised investigators’ concerns about
its toxicity.

In vitro studies show that encapsulation of TOB in
liposomes enhances bacterial killing and increases efficacy
against both P. aeruginosa and Burkholderia cepacia com-
plex when compared with the corresponding conventional
form [51, 52]. Bismuth-ethanedithiol (BiEDT) has been
shown to inhibit the exopolysaccharide, lipopolysaccha-
ride, and alginate production by P. aeruginosa and has been
incorporated into a liposome-loaded tobramycin formulation
(LipoBiEDT-TOB). A study on rats chronically infected with
P. aeruginosa showed that the MIC of LipoBiEDT-TOB was
16-fold lower than the MIC of tobramycin alone and four-
fold lower than the MIC of free BIEDT-TOB. In addition,
LipoBiEDT-TOB has been shown shown to reduce the pro-
duction of quorum-sensing molecules and virulence factors
[53, 54]. There are limited data and no randomized clinical
trial ongoing on the in vivo role of liposomal TOB for inha-
lation. In contrast, research has focused on tobramycin for-
mulated as a dry powder (tobramycin inhalation powder or
TIP), which is currently being investigated [55].

4.3 Liposomal Ciprofloxacin for Inhalation

Liposomal ciprofloxacin is prepared using negatively
charged liposomes (liposome surfaces coated with polyeth-
ylene glycol or PEG) and is delivered by inhalation or intra-
venous routes. In preclinical studies liposomal ciprofloxacin
has shown great promise in the treatment of P. aeruginosa
and MAC lung infections, since it was able to infiltrate estab-
lished biofilms and penetrate infected macrophages [56—58].
The in vivo release profile after intratracheal instillation in
mice confirmed that the liposomal formulation satisfied the
requirement for sustained levels of ciprofloxacin in the lung
for a duration of 24 h, having a lung clearance half-life after
inhalation of approximately 12 h (compared with 1 h for free
ciprofloxacin).

There are two types of liposomal ciprofloxacin formu-
lation commercially available: rapid-release formulations
(Lipoquin™ or ARD-3100) and slow release formulations
CF (Pulmaquin™ or ARD-3150). Lipoquin™ consists of
ciprofloxacin active-loaded in a liposomal formulation,
while Pulmaquin™ is a dual-release ciprofloxacin formula-
tion for inhalation containing Lipoquin™ mixed with a solu-
tion of free ciprofloxacin for inhalation in order to provide an
initially high peak of ciprofloxacin in the lung. In a clinical
Phase II trial involving 22 adult CF patients, Lipoquin™ was
shown to be safe and well tolerated when administered once
daily for 14 days at a 300 mg dose [59]. It was the remark-
able tolerability in CF that encouraged the exploration of
Lipoquin™ in NCFB patients colonized with P. aeruginosa,
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since this population of patients historically failed to show a
positive clinical response to inhaled antibiotics, in contrast
to CF patients [60].

Further Phase II clinical trials (ORBIT-1 for Lipoquin™
and ORBIT-2 for Pulmaquin™) to evaluate the efficacy and
safety of liposomal ciprofloxacin in adults with chronic P.
aeruginosa lung infection by ciprofloxacin-sensitive strains
and CF/NCFB have proven that a once-daily inhaled dose
had strong antipseudomonal microbiological efficacy, was
well tolerated, and delayed the risk P. aeruginosa exac-
erbation [59, 61]. Based on the totality of the preclinical
and clinical evidence, 6 mL of once-daily Pulmaquin™
was selected for the Phase III program in NCFB, with the
ORBIT-3 and ORBIT-4 trials [57]. Pulmaquin™ led to a
significantly longer median time to first pulmonary exac-
erbation compared with placebo in ORBIT-4, but not in
ORBIT-3 or the pooled analysis. Inconsistency between
the trials and disappointing results suggest the need for fur-
ther research, but could support the rationale for the use of
inhaled ciprofloxacin in this specific setting [62].

4.4 Liposomal Amphotericin B for Inhalation

Amphotericin B has broad activity against various yeasts,
molds, and dimorphic fungi, including Aspergillus species.

The first stage in the pathogenesis of Aspergillus spp. dis-
ease includes inhalation of spores, colonization of Aspergil-
lus spp. in the airways, and its proliferation. In patients with
altered local or systemic defense mechanisms, colonization
may cause invasive pulmonary aspergillosis (IPA).

Several types of nebulized amphotericin B prepara-
tions are available. The unique particle structure and size
of each amphotericin B product is inversely related to the
aerosolized particle size. To achieve aerosolization, the
large molecules of the various intravenous amphotericin B
formulations—deoxycholate (AmBd), liposomal (L-AmB),
colloid dispersion (ABCD), and lipid complex (ABLC)—
result in small-aerosolized particle sizes ranging from 0.90
to 2.43 pm. The variable sizes of these different aerosolized
amphotericin B formulations influence the extent of alveolar
distribution and the half-life of the drug in the lungs [63].

Current clinical evidence for the use of liposomal aero-
solized delivery in preventing fungal infections is limited to
L-AmB, with few data on ABLC [64, 65]. Other publica-
tions have reported good tolerance to n-LAB and an opti-
mal safety profile with no evidence of significant systemic
absorption, effects on respiratory function, or changes in
lipid content of pulmonary surfactant, permitting long-term
administration [16, 66]. After comparing nebulized L-AmB
and nonliposomal amphotericin B deoxycholate, rates of IPA
were low and comparable between the two treatment groups,
but the liposomal form was better tolerated and had a longer
half-life. In addition drug concentrations after nebulized

L-AmB remained high and adequate for Aspergillus spp.
prophylaxis over 14 days, a convenient administration inter-
val [67].

Current clinical evidence for the use of aerosolized deliv-
ery is limited to amphotericin B products for prophylaxis
against IPA in patients with LTR, but rigorous randomized
controlled trials evaluating their use after transplant have not
been conducted [68]. Moreover, prophylactic inhalation of
L-AmB has been proven to also significantly reduce the inci-
dence of IPA in hematological patients with chemotherapy-
induced prolonged neutropenia (> 10 days) [16, 69].

L-AmB may serve also as an alternative method of treat-
ment for patients with pulmonary fungal infections either
used alone or in combination with systemic treatment.
Nebulized L-AmB has been used as adjunctive treatment in
devascularized anastomotic infections in LTR and for fun-
gal infections other than aspergillosis [70]. Furthermore,
L-AmB may have a place in the treatment of patients with
corticosteroid-dependent allergic bronchopulmonary asper-
gillosis [71].

5 Conclusions

The potential use of liposomal compounds for the treat-
ment of acute and severe infections has recently emerged.
Liposomes are safe and suitable for delivery of variety of
antibiotics and antifungals to improve the therapeutic index
of encapsulated agents and reduce drug toxicity. The com-
bination of specifically designed drug formulations and
modern, high efficiency delivery devices has the potential
to overcome current challenges with aerosolized treatment.
Their effects on infected macrophages and biofilms have
promising applications in CF, NFCF, and pulmonary NTM
infections. However, the promise of liposomal aerosol for-
mulations has partially fulfilled the developed expectations.
New avenues of research in the delivery of lung-targeted
liposomal antimicrobials alone or in association with other
treatment alternatives are needed.
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