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Abstract
Bacterial infections in the respiratory tract are considered as one of the major challenges to the public health worldwide. 
Pulmonary delivery is an attractive approach in the management of bacterial respiratory infections with a few inhaled anti-
biotics approved. However, with the rapid emergence of antibiotic-resistant bacteria, it is necessary to develop new/alter-
native inhaled antibacterial agents in the post-antibiotic era. A pipeline of novel biological antibacterial agents, including 
antimicrobial peptides, RNAi therapeutics, and bacteriophages, has emerged to combat bacterial infections with excellent 
performance. In this review, the causal effects of bacterial infections on the related pulmonary infectious diseases will be 
firstly introduced. This is followed by an overview on the development of emerging antibacterial therapeutics for managing 
lung bacterial infections through nebulization/inhalation of dried powders. The obstacles and underlying proposals regard-
ing their clinical transformation are also discussed to seek insights for further development. Research on inhaled therapy of 
these emerging antibacterials are still in the infancy, but the promising progress warrants further attention.

Keywords antimicrobial peptides · bacteriophages · emerging antibacterials · pulmonary delivery · respiratory bacterial 
infections · RNAi

Introduction

Respiratory bacterial infections are one of the leading causes 
of death worldwide [1]. The colonized bacteria are either 
the major causative agents of pulmonary infectious diseases 
(e.g. tuberculosis and pneumonia) or linked with many lung 
illnesses complications (e.g. cystic fibrosis and lung cancer), 
which greatly threaten the public health and global economy 
[2]. Proper management of pathogenic bacteria relating to 
outrageous disorders is highly demanded. Inhalation thera-
pies are attractive means for the treatment of respiratory 
infections because of a few recognizable advantages [3].

In comparison with other administration routes, pulmo-
nary delivery can directly deliver the drug into the lung, 
and promptly allow for a high therapeutic concentration at 
the site of action with lower doses, minimizing undesirable 
systemic absorption and side effects [4]. Nonetheless, the 
options of antibacterial medicine that are formulated and 

approved for inhaled applications are limited [5]. Table I 
summarized the approved inhaled antibiotic therapies to 
target bacterial lung infections. While they are effective 
against lung infections caused by the antibiotic-sensitive 
strains, increasing therapeutic challenges arouse from the 
rapid emergence of antibiotic-resistant bacteria. Therefore, 
it is imperative to develop new/alternative inhaled antibacte-
rial agents for clinical application in the post-antibiotic era.

To date, a pipeline of new/non-conventional antibacterial 
therapeutics has emerged for the treatment of bacterial infec-
tions, especially those caused by multidrug-resistant (MDR) 
strains [6]. These emerging antibacterial agents are mostly 
biologicals, including antimicrobial peptides (AMPs), 
RNA interference (RNAi) therapeutics and bacteriophages 
(phages). They are designed to selectively interact with a 
specific target, such as the bacterial cell membrane, a cel-
lular process, a gene, or a specific host pathogen [7]. These 
novel candidates exemplify promising features by providing 
a broad spectrum of action against both Gram-positive and 
Gram-negative bacteria and/or limiting drug resistance with 
excellent safety profiles [7–10]. Research and technology 
development also promotes the inhaled applications of these 
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emerging alternatives (Fig. 1), which may result in better 
efficacy against bacterial lung infections.

In this review, the associations between bacterial infec-
tions and infectious respiratory diseases will be firstly 
introduced to provide some inspiration in the causal effects 
and the corresponding therapeutic strategies. Then, recent 
advances in the pulmonary delivery of the above mentioned 
emerging antibacterials for the treatment of respiratory bac-
terial infections is overviewed, with special focus on their 
advances in nebulization and dry powder formulations. Pos-
sible safety issues and challenges that need to be overcome 
for their clinical translation will also be covered.

Bacterial Lung Infections and Pulmonary 
Diseases

Bacteria are the dominant pathogens causing respiratory 
tract infections with different epidemiology and clinical 
presentations [11]. Bacterial infections of the lung can 
occupy all levels of the airway tree and are generally cat-
egorized into two main types by anatomical location: (i) 
upper respiratory tract infections, URTIs, and (ii) lower 
respiratory tract infections, LRTIs [12]. Between them, 
LRTIs are more difficult to handle and usually complicate 
a series of existing lung diseases [13]. In this respect, 

Table I  Current Inhaled Antibiotics Approved by the Food and Drug Administration

Brand name Active Phar-
maceutical 
Ingredients

Formulation Indication Approved date

TOBI® Tobramycin Inhalation solution The management of cystic fibrosis in adults and pediatric 
patients 6 years of age and older with P. aeruginosa

1975

Bethkis® Tobramycin Inhalation solution The management of cystic fibrosis patients with P. aeruginosa 1980
Cayston® Aztreonam Inhalation solution To improve respiratory symptoms in cystic fibrosis patients 

with P. aeruginosa
1986

TOBI® Podhaler™ Tobramycin Dry powder inhalation The management of cystic fibrosis patients with P. aeruginosa 2013
Kitabis® Pak Tobramycin Inhalation solution The management of cystic fibrosis in adults and pediatric 

patients 6 years of age and older with P. aeruginosa
2014

Arikayce® Amikacin sulfate Liposomal suspension Adults who have limited or no alternative treatment options for 
treating Mycobacterium avium complex (MAC) lung disease

2018

Fig. 1  Schematic diagram of different emerging antibacterials and their formulation strategies for pulmonary delivery to treat lung infections 
with bacteria.
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bacteria-associated LRTIs are briefly introduced and the 
currently-reported associations of bacterial infections 
with various pulmonary diseases are summarized here. 
A good understanding of the causal effects and underly-
ing relationships can play vital roles in improving clinical 
infection management.

Bacterial‑Caused Lung Diseases

Tuberculosis

Tuberculosis (TB) is the deadliest pulmonary infectious dis-
ease globally. According to the World Health Organization 
report, an estimated 10 million people contracted TB and 
1.5 million people died from TB in 2021 [14]. TB is caused 
by the bacillus Mycobacterium tuberculosis (Mtb), which 
can persistently harbor within the alveolar macrophages by 
modifying host defense mechanisms. Even though the acti-
vation of macrophages by T cells and cytokines for bacterial 
control, the defense always remains incomplete. The balance 
between bacterial persistence and host immune response is 
prone to shift in a favor to bacterial survival and propaga-
tion [15].

Standard TB therapeutic regimens generally involve 
four kinds of antibiotics (rifampin, isoniazid, pyrazina-
mide and ethambutol) lasting for six to nine months, which 
greatly decrease patient compliance. The poor adherence 
with chemotherapy can cause a midway-withdrawal of 
drug administration, leading to treatment failure, relapse 
of symptoms and even emergence of MDR and extensive-
drug resistant (XDR) strains. Currently, MDR-TB and XDR-
TB account for more than 10% of TB-related deaths [16]. 
Genetic diversity can also contribute to drug resistance 
problem in TB therapy, arising limitations in clinical treat-
ment options [17]. Moreover, conventional TB therapies 
via systemic or oral administration usually fail to deliver 
the therapeutic drugs to the infected lung tissues. A num-
ber of bio-barriers, such as macrophage cell membranes, 
lysosomes, and bacterial biofilms, are considered to be the 
obstacles for effective delivery and transportation of anti-
TB drugs [11]. A lesson learned from the successfully-
commercialized Arikayce (liposomal amikacin inhalation) 
revealed that liposome formulations could be used to han-
dle the intracellular bacterial infections. With improved 
macrophage uptake due to the interaction between phos-
pholipid membrane and cell membrane, this formulation 
design sheds light to new research directions in targeting 
intracellular TB infections in the lung.

Bacterial Pneumonia

Bacterial pneumonia, defined as bacteria-induced infectious 
diseases of the lower respiratory tract, is a leading cause 

of death among both children and adults worldwide [18]. 
Pneumonia can be classified into several types based on the 
origin, including community-acquired, nosocomial/hospital-
acquired, and aspiration pneumonia [19]. The most likely 
aetiological agent producing community-acquired pneu-
monia (CAP) is Streptococcus pneumoniae, followed by 
Mycoplasma pneumoniae, Haemophilus influenzae, Chla-
mydia pneumoniae and Legionella pneumophila in descend-
ing order of frequency [19]. Hospital-acquired pneumonia 
(HAP) is reported to exhibit a higher mortality rate than any 
other hospital-acquired infections. It is mostly associated 
with some aerobic Gram-negative bacilli, like Pseudomonas 
aeruginosa and Enterobacteriaceae, and a few Gram-pos-
itive cocci, particularly Staphylococcus aureus, which has 
evolved into methicillin-resistant strains (MRSA) and pro-
vokes concerns for hospital-infection control [20].

Prompt treatment of pneumonia with antibiotics can 
relieve symptoms and lower mortality. However, the empiri-
cal use of broad-spectrum antibiotics is usually associated 
with resistant-bacterial infections, limiting the choice of 
antibiotic groups [21]. Furthermore, it is noteworthy that a 
variety of biological barriers in the lung hinder the efficient 
delivery of drugs to the target site in patients with pneumo-
nia. Firstly, the overproduction and dehydration of mucus 
on the surface of lung epithelium, under pathological state, 
can greatly impact the performance of drug delivery systems 
administered through inhalation [11]. Meanwhile, increased 
inflammatory cells gathering could further block the deposi-
tion and retention of inhaled drugs in the lung [22]. Addi-
tionally, cellular barriers in acute pneumonia and bronchitis, 
where bacterial pathogen can invade and survive inside host 
cells, provide protections for bacteria from the antibacterial 
agents and the host immune system, constituting a major 
challenge for intracellular bacteria elimination [23]. Thus, 
these pathological conditions need to be carefully considered 
when designing rational inhalable delivery systems.

Bacterial Infections‑Associated Lung Diseases

Obstructive Pulmonary Diseases

Chronic Obstructive Pulmonary Disease (COPD) COPD is a 
chronic inflammatory disease of the lung. Bacterial infec-
tions are considered as a major complication of COPD, con-
tributing to airway colonization, exacerbations of COPD and 
pneumonia [24]. The abundances of Streptococcus, Pseu-
domonas, Prevotella and Haemophilus are mostly detected 
with exacerbation of COPD [25]. Studies established that 
pathological bacteria caused up to 50% of exacerbated 
COPD while patients with stable COPD presented much 
lower burdens of related bacteria [26]. Inhaled corticos-
teroids, which are the routinely-used anti-inflammatory 



 Pharmaceutical Research

1 3

agents, are reported to be associated with lung microbiota 
disruption, resulting in the proliferation of S. pneumoniae 
[27]. The persistence of bacteria in the lower respiratory 
tract may abominably stimulate mucus hypersecretion and 
induce intense inflammatory reactions, which are prone to 
act as bio-barriers for inhaled drug delivery and efficacy 
[28]. Furthermore, infected bacteria may not only stay on the 
surface of epithelium, but also invade into epithelial cells. 
These intracellular-bacteria would escape from the bacteri-
cidal activity of antibiotics, leading to persistent lung infec-
tions. Therefore, there are callings for the development of 
intracellular-drug delivery systems [23].

Asthma Asthma is another long-term inflammatory disease 
of respiratory tract (especially in bronchi and bronchioles) 
with processive contractability of airway smooth muscles. 
Combinations of genetic and environmental factors are 
thought to affect the development and severity of asthma 
[29]. Specific types of bacteria are also reported to contrib-
ute to the exacerbations of asthma. Moraxella catarrhalis, 
H. influenza and S. pneumoniae are commonly-seen in 
hypopharynx of childhood asthma patients, while the level 
of Proteobacteria in the lower respiratory tract is related 
with the occurrence of asthma in adults [30, 31]. M. pneu-
moniae and C. pneumoniae infections are also reported to 
be associated with asthma chronicity, with 56% of the tested 
samples from asthmatic patients having positive indications 
of M. pneumoniae or C. pneumoniae [32]. Further study is 
still needed to assess whether the accumulation of bacteria 
is a temporary phenomenon or a direct participation into the 
pathogenesis of asthma.

Cystic Fibrosis (CF) Cystic fibrosis (CF) is a progressive 
genetic disorder affecting mostly the lungs, which is caused 
by a genetic mutation in the Cystic Fibrosis Transmembrane-
conductance Regulator (CFTR) protein. CFTR is responsible 
for mucus production. When CFTR is disordered, the mucus 
secretion would become much thicker, which may decrease 
the mucociliary clearance function thus resulting in bacterial 
colonization and infection [33]. This mucus built-up may 
further lead to the formation of bacterial micro-environment 
(known as biofilm), which is a compact bio-barrier for anti-
biotics and innate anti-infective agents to penetrate [34]. 
The continuous mucus secretions and persistent bacterial 
infections would greatly damage the lung, contributing to 
exacerbations of CF [35]. Bacterial pathogens, including 
S. aureus, H. influenzae, and P. aeruginosa, are the most 
common organisms inducing infections in CF patients [36]. 
Among these, P. aeruginosa infections are involved in most 
of the premature deaths of CF patients [36]. Inhaled antibi-
otics such as tobramycin, azithromycin and aztreonam are 
often administered for months to improve lung function by 
impeding the growth of pathogenic bacteria [11].

Lung Cancer

Lung cancer is a leading disease of cancer-related deaths 
among both men and women worldwide. According to 
GLOBOCAN 2020, lung cancer accounts for 11.4% of the 
total cancer cases and 18.0% of the total cancer deaths [37]. 
Following dietary factors and long-term tobacco smoking, 
infectious diseases are the third leading cause of lung cancer 
[38]. With increasing attention paid into the area of respira-
tory bacteriology, the interplays of lung bacterial microbi-
ota dysbiosis with lung cancer development are now under 
investigation and discussion [38]. The effects of lung cancer 
management on the respiratory bacterial composition and 
infection have also been reported [39].

Investigating bacterial microbiota changes may also result 
in a better understanding of the role of bacteria in tumori-
genesis. A significant relationship has been found between 
Mtb and lung cancer, possibly because the persistent infec-
tion by Mtb induces the production of tumor necrosis factor 
and leads to pulmonary inflammation, which promote the 
development of lung cancer [40]. However, the understand-
ing of the underlying mechanisms linking the lung micro-
biome dynamics and lung cancer are still preliminary, and 
further studies are quite essential.

It is also noteworthy that bacterial infections not only 
contribute to cancer initiation and progression but also are 
the most commonly-encountered complications in lung can-
cer patients (with up to ~70% of concurrency rate), greatly 
affecting the survival of these patients [41]. S. aureus, S. 
pneumoniae, H. influenzae, P. aeruginosa, L. pneumophila, 
M. catarrhalis and E. coli are the most frequently isolated 
pathogens in lung cancer patients [42]. These infected bac-
teria are highly prone to inhabit in tumor tissues and are not 
easily removed from the tumor tissues [43]. Special infection 
management for lung cancer patients is thus highly needed.

Emerging Inhaled Antibacterials 
for Respiratory Bacterial Infection Treatment

Inhaled antibiotics have been proved to be effective man-
agement strategies against bacterial infections, particularly 
for CF patients. However, this therapeutic option also faces 
challenges with the emergence of drug-resistant bacteria, 
rendering their long-term usage questionable. Generally, 
mechanisms of antibiotic resistance in MDR bacteria can 
be classified into: i) direct inactivation of antibiotic mol-
ecules, ii) limiting uptake of antibiotics (e.g. by decreas-
ing penetration, promoting expression of efflux pumps), iii) 
alteration of drug target, and iv) gaining adaptive resistance 
with global change in metabolic pathways [44]. These antibi-
otics-resistant mechanisms have been developed for millions 
of years of evolution, which are sophisticated and render 



Pharmaceutical Research 

1 3

further development of conventional antibiotics an ineffec-
tive strategy to address the MDR crisis. In this context, a 
few emerging biological antibacterials with great promise to 
target MDR bacteria are introduced in this section, including 
AMPs, RNAi therapeutics and phages, with specific focus 
on the innovative formulation strategies for their pulmonary 
delivery. Since the occurrence of bacterial resistance is often 
related to the concentration of localized antibacterial agents 
(e.g. antibiotics), the efficiency of pulmonary drug delivery 
should therefore be optimally guaranteed, in order to maxi-
matily eradicate strains to minimize resistance development 
towards the corresponding drugs [45].

Inhalable products usually engage two components: One 
is the aerosol formulation, including liquids (solutions/
suspensions/emulsions) or dry powders; and the other is a 
device for aerosol dispersion, such as nebulizers, metered 
dose inhalers (MDIs) and dry powder inhalers (DPIs). Due 
to the biological nature of most emerging antibacterials, 
their formulation strategies mostly focus on liquid formu-
lations for nebulization. Nebulization is suitable for thera-
peutics requiring high doses with little patient coordination. 
Thus, they are typically applied in home or hospital stay, 
especially preferable for nosocomial pulmonary infection 
management. Comparing with liquid formulations, dry 
powder formulations can enhance the stability of biological 
antibacterials and DPIs are generally portable, easy to oper-
ate and the duration of administration is short, improving 
patient adherence [46]. Increasing attention have, therefore, 
devoted to developing novel engineering particles of emerg-
ing antibacterials for the treatment of respiratory infections.

Inhaled Antimicrobial Peptides

Therapeutic Principle of Antimicrobial Peptides (AMPs)

AMPs, also known as host defense peptides, are endogenous 
polypeptides produced by multicellular organisms as a first 
line of defense. They have been defined into different fami-
lies according to the amino acid compositions/structures, 
where cecropin, defensin, magainin and cathelicidin are 
classified [47]. With the successful clinical translation of 
colistin and vancomycin, this class of antibacterial has con-
tinued to receive tremendous attention [48]. To date, there 
have been more than 2600 natural AMPs, which are the main 
basis for the design and synthesis of novel therapeutic pep-
tide analogues [49]. Both the natural and synthetic peptides 
are potential candidates to either control bacterial infec-
tions by their direct bactericidal properties or treat chronic 
inflammatory diseases by modulating the host inflammatory 
responses [50].

AMPs usually appear non-receptor-mediated membrane-
lytic bactericidal [51]. They are amphipathic cationic small 
peptides with 8–50 amino acids. The main target for these 

cationic peptides is the bacterial membranes because of the 
presence of negatively charged molecules. Upon attaching 
to the biological membranes, peptides shape from unstruc-
tured state into their configurations, with hydrophilic regions 
aligned on one side and hydrophobic residues on the oppo-
site. By destabilizing the biological membranes of the bac-
teria, peptides can further translocate the membrane and 
interact with the intracellular components and subsequently, 
interfere cell processes to kill the bacteria [52]. A novel 
cathelicidin-related (CR) antimicrobial CR-163 showed 
excellent antibacterial activity against cystic fibrosis-related 
respiratory pathogens P. aeruginosa and S. aureus, and the 
intratracheal administration of CR-163 was found to be well 
tolerated in vivo [53].

In addition to direct microbial-killing abilities, AMPs 
also exhibit strong immunomodulatory functions, which 
can inhibit unwanted enhanced inflammations to achieve an 
immune homeostasis, beneficial for bacterial clearance [54]. 
The underlying mechanism is based on the activation of 
innate immune system, including recruitment of leukocytes, 
modulation of neutrophils and coordination of antigen pres-
entation [47]. An in vivo study demonstrated LL-37 (catheli-
cidin family) promoted bacterial clearance by enhancing the 
neutrophil responses [55]. Defensins, such as HBD2 and 
HBD3, were found to induce dendritic cells to produce more 
interferon-α and consequently stimulate the initiation of T 
cell responses [56]. As for their anti-inflammatory function, 
a good example is that cathelicidin-deficient mice displayed 
more severe inflammatory responses compared with wild-
type mice [57]. LL-37 was also reported to exhibit anti-
inflammatory activity via modulation of toll-like receptor 
(TNR) signaling, like downregulating TLR2 and TLR4 [58, 
59]. Collectively, the dual activities of these AMPs are espe-
cially vital in the management of bacterial lung infections 
accompanied with inflammation to protect the respiratory 
epithelium from the overwhelmed inflammatory reactions.

Formulation Development for Inhaled AMPs

In view of the limitations of direct lung administration of 
peptides, such as inactivation or arrest by lung barriers, the 
stability and efficacy of AMPs via pulmonary delivery can 
be improved through formulation strategies (Table II). To 
avoid their degradation by peptidases/proteases in lungs, 
nanocarriers are commonly-used with great advantages. Car-
riers can prevent the self-aggregation of AMPs, and allow 
the release of the incorporated AMPs in a time-controllable 
manner by sustaining the degradation of the carriers, thus 
improving both their chemical stability and efficacy [60]. 
It has been reported that the stability of LLKKK18 AMP 
(an LL-37 analog) was enhanced in the formulation of 
hyaluronic acid nanogels [61]. In an in vitro setting, mac-
rophages incubated with the LLKKK18-loaded nanogels 
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were found to exhibit lower intracellular levels of mycobac-
teria compared with those incubated with the free AMP. In 
a mycobacteria-infected mice model, intratracheal admin-
istration of the formulation with a low peptide dose showed 
significant reduction in lung bacteria loads, demonstrating 
its potential in managing TB [61]. A non-natural antimi-
crobial peptide, SET-M33, with branched structure demon-
strated better resistance to degradation in biological fluids 
and great antibacterial capacity against 100 Gram-negative 
MDR clinical isolates [62]. It was successfully formed into 
a nanosystem (M33-NS) with a single-chain dextran nano-
particle. Intrapulmonary delivered M33-NS increased the 
lung residence time, resulting in better antibacterial efficacy 
in a P. aeruginosa associated mice pneumonia model via 
intratracheal delivery. Recently, an albumin-based nanod-
rug delivery system was developed for the cationic LL-37 
AMP [63]. The nanoparticles showed sustained release of 
LL-37 for more than 48 h, prolonging the in vitro antimicro-
bial effects against P. aeruginosa. Its potential in alleviating 
bacterial lung infection was also confirmed in an acute P. 
aeruginosa lung infection mouse model. The intratracheally-
delivered LL-37 loaded nanoparticles showed enhanced bac-
terial clearance compared with the free LL-37 [63]. Simi-
larly, polyphenol-based capsules for AMP polymers were 
also reported to exhibit sustained release profile of encapsu-
lated drugs and enhance intracellular delivery into alveolar 
macrophages in vitro [64]. The encapsulated peptide drugs 
could retain the high antimicrobial activity against E. coli 
in vitro, with desirable nebulization efficiency [64].

With the acknowledged advantages of DPIs, increas-
ing attention has gained in formulating AMP into inhal-
able dry powder formulations. However, it is a dual chal-
lenge to maintain the stability of AMPs upon processing 

and meanwhile achieve proper aerodynamic properties 
of the powders for inhalation. Plectasin, an antimicrobial 
defensin-class AMP, has been successfully encapsulated 
into poly(lactic-co-glycolic acid) (PLGA) nanoparticles 
and freeze-dried into powders [65]. The plectasin-loaded 
nanoparticles exhibited improved antibacterial efficacy in 
S. aureus infected bronchial epithelial Calu-3 cell monolay-
ers as compared with the non-encapsulated plectasin. It was 
attributed to the improved cellular uptake of the encapsu-
lated drug to target bacteria residing intracellularly [65]. 
Kwok et al prepared D-enantiomeric AMPs (D-LAK120-
HP13 and D-LAK120-A) dry powders by spray drying (SD) 
with mannitol as a bulking agent. The spray-dried powders 
showed desirable aerosolization performance and the sec-
ondary structures of the AMPs were also preserved during 
the SD process, exhibiting good potential in treating tuber-
culosis by inhalation [66].

Great number of preclinical studies have demonstrated 
the effective antibacterial activity of AMPs in murine mod-
els, however, the inhalable application of AMPs in com-
bating bacterial lung infections is still at an early stage. 
Although the cationic nature of AMPs could bring some 
benefits for bacterial elimination, it also increases the risk 
of toxicity to epithelium and radical inflammatory reac-
tions in the lung, which may aggravate the original infec-
tive conditions. In this manner, specific strategies including 
incorporation of carriers in order for attenuating toxicity 
and better targeting while maintaining strong bactericidal 
ability is highly-desired. One good example is the design 
of nanofibers to manage skin injuries by Amariei et al 
[67]. By coating antimicrobial polypeptide ε-poly(l-lysine) 
with poly(acrylic acid) (PAA)/poly(vinyl alcohol) (PVA) 
electrospun nanofibers via electrostatic interactions, the 

Table II  Inhalable AMPs Formulations for Treating Respiratory Bacterial Infections

Form AMP Formulation In vitro outcome In vivo efficacy Ref.

LLKKK18 Hyaluronic acid nanogels Lower levels of mycobacteria 
inside macrophages

Significant reduction of bacteria 
loads in the lungs of mice

[61]

Liquid SET-M33 Dextran nanoparticles Effective P. aeruginosa killing and 
acceptable cytotoxicity towards 
different animal cell lines

Improved lung residence after 
administered via aerosol in 
healthy rats; Efficient in pulmo-
nary infection management in a 
BALB/c mouse model of pneu-
monia caused by P. aeruginosa

[62]

LL-37 Albumin-based nanoparticles Sustained antibacterial effect to P. 
aeruginosa

Enhanced bacterial clearance in a 
mouse model

[63]

SNAPP Polyphenol-based microcapsules Enhanced intracellular delivery 
into alveolar macrophages

– [64]

Dry powder Plectasin Freeze-dried PLGA nanoparticles Improved antibacterial efficacy in 
S. aureus-infected Calu-3 cells

– [65]

D-LAK120-
HP13/D-
LAK120-A

Mannitol-incorporated powders Preservation of secondary struc-
tures and desirable aerosoliza-
tion performance

– [66]
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functionalized formulations exhibited good biocompatibil-
ity. The peptide-loaded nanofibers also showed excellent 
durability, suppressing bacterial colonization for a dura-
tion of 14 days. As discussed above, while the nano-carrier 
strategies have been adopted to deliver AMPs via the pul-
monary route, their biocompatibility in lung tissues was yet 
well-reported. Preclinical in vivo research to demonstrate 
the safety and effectiveness of the designed formulations 
are essential before applying the inhaled peptides into clinic.

Inhaled RNAi Therapeutics

Therapeutic Principle of Antibacterial RNAi

The pathogenesis of bacterial infections may be related to 
genetic dysregulation, such as the occurrence of attenua-
tion in antimicrobial responses by the host cells [9]. In this 
regard, the interference with certain gene expression via 
RNA interference (RNAi) offers great potential to help 
address the unmet medical needs [68]. Small interfering 
RNAs (siRNAs) and microRNAs (miRNAs) are novel 
classes of therapeutic agents in gene regulation to treat a 
considerable range of disorders including lung infections 
[69]. Both siRNAs and miRNAs have great therapeutic 
advantages over traditional small drug molecules because 
they can virtually inhibit the expression of any genes 
and mRNA transcripts (especially for “non-druggable” 
targets) which are causally involved in the pathological 
development [70].

miRNAs play a key role in the management of bacterial 
lung infections by regulating the inflammatory responses as 
well as the host innate and adaptive immunity [71]. Several 
miRNAs, such as miR-29, miR-33, miR-146a, miR-155 and 
miR-302b, have been reported to exhibit efficient immune 
regulation properties in preclinical models [72, 73]. miR-
302b was proved to inhibit the bacteria-triggered proinflam-
matory cytokines production by blocking the TLR signaling 
in a P. aeruginosa-infected mice model, thereby controlling 
the respiratory system homoeostasis. The immune modu-
lation efficacy achieved by miR-302b could protect the 
infected mice from severe tissue injury caused by exces-
sive inflammatory cytokines [72]. This was the first study 
implicating the role of a member from the miR-302 fam-
ily in respiratory bacterial infections and related immune 
responses. The capability of suppressing the inflammatory 
responses to pulmonary infections via targeting the TLR 
signaling pathway was also demonstrated with miR-146a 
and miR-155 [73]. These findings unraveled the interplays 
between miRNAs and the innate immune reactions during 
pathogenic bacteria evasion. This may indicate a potential 
therapeutic auxiliary in treating lung bacterial infections, 
particularly for patients with pulmonary inflammation, such 
as those with COPD, asthma and CF.

siRNA-based antibacterial therapy is promising. Yanagi-
hara et al investigated the silencing efficacy of siRNA on 
the expression of coagulase, an enzyme plays an impor-
tant role in the pathogenesis of MRSA infections [74]. In 
vitro results demonstrated that siRNA could successfully 
inhibit both mRNA expression and the activity of MRSA 
coagulase. They also proved its in vivo efficacy in reducing 
the bacterial load in a pulmonary infective murine model 
[74]. Eliminating the inner membrane component (MexB) 
of P. aeruginosa by silencing MexB gene expression via 
siRNA was reported to be effective in reducing its pulmo-
nary infectivity in a mouse model, with decreased viable 
bacterial counts and pathologic changes in the host lung 
[75]. Furthermore, the siRNA-mediated silencing of MexB 
in P. aeruginosa led to decreased neutrophil recruitment 
during the late stage of pulmonary infection, thus alleviat-
ing the inflammation-related damages to the lung tissues 
[75]. Pulmonary aerosolized delivery of siRNA targeting 
TGFβ1 cytokines gene silencing was found to effectively 
reduce the bacterial load in Mtb-infected mice. In addition, 
it was hypothesized that the ability of siRNA in immune-
regulation to enhance the host antimicrobial capacity could 
be exploited together with the current chemotherapeutic 
regimens for TB treatment [76].

Formulation Development for Inhaled RNAi Therapeutics

To the best of the authors’ knowledge, no formulation stud-
ies have yet been performed with siRNA or miRNA spe-
cifically targeting bacterial lung infection. Considering that 
nucleic acid-based therapeutics have similar physicochemi-
cal properties and action sites, here the formulation strate-
gies for pulmonary delivery of siRNA with other therapeutic 
effects are summarized. In general, nucleic acids are fragile 
and vulnerable to the high shear stress during nebulization. 
In addition, the degradation action due to the presence of 
nucleases in our body and the incapability of crossing the 
biological membrane limit the transport of RNAi therapeu-
tics to the site of action [77, 78]. In order to obtain RNAi 
formulations with effective therapeutic and transfecting 
properties, options including lipid and polymer-based vec-
tors are proposed [79, 80]. Cationic lipids are typical to form 
complexes with the negatively-charged RNAi via spontane-
ous electrostatic interaction, and therefore, have been incor-
porated into formulations for pulmonary RNAi delivery, 
such as DOTMA and DOTAP [77, 80]. Cationic polymers, 
such as polyethylenimine (PEI), polyamidoamine (PAMAM) 
dendrimers and chitosan, are also increasingly used for the 
delivery of RNAi therapeutics. These cationic polymers can 
form polyplexes spontaneously with the negatively-charged 
nucleic acids. Biodegradable and biocompatible polymers, 
such as PLGA, were also used to encapsulate RNAi drugs 
into nanoparticles, offering good protections to RNAi during 
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pulmonary delivery and facilitating the cellular uptake [80]. 
Details on the delivery vectors for siRNA have been previ-
ously reviewed elsewhere [77, 81].

It is noteworthy that the airway inflammatory symptoms 
induced by bacterial infections usually need a relatively long 
time to treat, thus, a viable inhaled product of RNAi thera-
peutics should possess sufficient long-term storage stabil-
ity for continuous usage [68]. Since powder formulations 
have been proved to be superior in many pharmaceutics, 
preparation of inhalable RNAi drug powders is also a hot 
research topic. Various particle engineering techniques (such 
as SD and spray-freeze drying (SFD)) have been utilized to 
prepare inhalable formulations of the encapsulated siRNA 
[82]. Among all, SD was commonly employed to prepare 
inhalable nanocomposite microparticles [83–85]. Jensen et 
al modified siRNA-loaded PLGA nanoparticles with a cati-
onic lipid, dioleoyltrimethylammoniumpropane (DOTAP), 
and spray-dried into microparticles with mannitol [83]. 
Their results demonstrated that the powder production pro-
cess had no negative impacts on the chemical stability and 
silencing capability of the siRNA nanoparticles. Bielski et 
al also confirmed the suitability of SD in engineering tri-
phenylphosphonium (TPP) modified PAMAM dendrimers 
loaded with siRNA into inhalable microparticles with man-
nitol as the bulking agent. The formed microparticles could 
be formulated in pMDIs and DPIs with acceptable deep 
lung deposition (Fine Particle Fraction (FPF) of ca. 50% 
and 39%, respectively) [84]. The nano-in-micro approach 
was also used by Agnoletti et al to deliver siRNA-PAMAM 
dendrimer nanocomplexes prepared by a 3D-printed micro-
mixer with different saccharides [85]. They found that the 
integrity and gene silencing efficiency of siRNAs were well 
preserved in the final powders, but the physical stability of 
powders depends on the excipients used, with trehalose and 
inulin provided the best preservation [85].

SFD is an emerging approach to produce inhalable porous 
particles. It was successfully used to incorporate siRNA-
polyethyleneimine (PEI) nano-complex into porous man-
nitol particles [82]. The produced powder exhibited high 
aerosol performance and the intratracheally administered 
powder achieved specific and dose-dependent gene silenc-
ing activity in a mice model. Although the mechanisms of 
highly negatively-changed naked siRNA to cross the cellu-
lar membrane remained unclear, promising outcomes were 
noted with naked siRNA treatments in both animal models 
and human studies [77]. Lam and coworkers have employed 
both the SD and SFD techniques to produce inhalable pow-
ders of naked siRNA with mannitol as the major stabilizer 
and demonstrated reasonable aerosol performance [86–88]. 
The gene-silencing effect of the siRNA was also proved to 
be preserved in vitro [89].

Although positive results have been reported with the 
pulmonary delivery of RNAi therapeutics, the suitability of 

the above-mentioned formulation strategies to deliver RNAi 
drugs for respiratory antibacterial management is awaited to 
be confirmed in vitro and in vivo. It is also worth mention-
ing that the main target for RNAi molecules are immune 
cells/factors instead of the bacteria in most cases [9]. The 
presence of mucus layer on the lung surface, which is gener-
ally thicker under inflammation conditions, would present 
a major barrier for effective delivery of RNAi drugs to the 
underneath cells [90, 91]. Hence, formulating pulmonary 
RNAi therapeutics with good mucus penetration properties 
may prove to be beneficial. The natural polymer, chitosan, 
is recognized as a potential carrier for RNAi delivery to 
cross the mucus layer with its muco-permeable property 
[92], but strategies to improve the solubility and transfec-
tion efficiency for chitosan-based nanoparticles might be 
required. Alternatively, mucolytic agents to disintegrate 
the network of mucus or mucus inhibitors to inhibit mucus 
secretion could also be investigated when designing the for-
mulations [77].

Inhaled Phages

Therapeutic Principle of Phages

Phages are promising antibacterial options in treating respir-
atory bacterial infections [46]. As the natural viral predators 
of bacteria, phages can employ the host machinery for their 
propagation. The lytic activity of phages has been widely-
used in phage therapy for the treatment of bacterial infec-
tions during the 1920s and 1930s. Although the “antibiotic 
era” hindered the pursuit of commercial phages development 
for more than 60 years, phage therapy has now re-emerged 
as an alternative of antibiotics [93]. Phage therapy exhib-
its multiple advantages over antibiotics treatment in com-
bating bacterial lung infections. For example, phages can 
selectively target pathogenic bacteria without harming the 
beneficial commensal flora in the lung, thus avoiding com-
plications such as antibiotic-induced dysbiosis or secondary 
pulmonary infections. Phages can also rapidly adjust to fight 
new mutant strains with great safety profiles. Meanwhile, 
with the simple composition of DNA and protein, the tox-
icity of phages to the body is quite low (even though cer-
tain immunogenicity concerns reporting in some findings), 
unlike the toxic molecules from antibiotics degradation [94]. 
The promise of inhaled phage therapy in animal models and 
human studies have been reviewed elsewhere [46, 95].

Formulation Development for Phages

Pulmonary delivery of phage preparations has been carried 
out since 1960s, although these studies were restrictedly-
performed in the clinic of only several countries [10]. Liq-
uid formulations of phages are the most convenient dosage 
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forms for either clinical or non-clinical phage therapy [46]. 
Liquid phage formulations are known to be easily prepared 
with acceptable stability [96], and can be nebulized with a 
large quantity and high efficiency. Phage D29 at a 6.9 ± 0.1 
 log10 PFU/mouse was delivered to mice via a vibrating mesh 
nebulizer prior to a challenge of Mtb infection and found 
to exhibit prophylactic effect by significantly decreasing 
bacterial burden in mouse lungs 24 h post-challenge [97]. 
The choice of a vibrating mesh nebulizer was based on the 
research group’s previous findings that it caused the mini-
mum damage to D29 (< 0.5  log10 titer reduction) with rea-
sonable delivered dose in a few minutes [98]. The effect of 
the jet nebulizer on the morphology changes of three tailed 
phages (PEV2, PEV40 and D29) was further investigated 
[99]. The structural damage of phages (as shown in Fig. 2) 
was found to be correlated with the loss of their infectivity. 
These findings suggested the importance of choosing a suit-
able device for nebulizing phage and provided guidance to 
the nebulizer choice for a recent clinical study on inhaled 
phage therapy [100]. Recently, a novel and portable hybrid 
surface and bulk acoustic wave platform was developed for 
the nebulization of phage K and a lytic enzyme (lysostaphin) 
to target S. aureus. The nebulizer was found to cause negli-
gible damage to both the phage and lysostaphin, indicating 
the potential of the platform in multi-dose inhaled admin-
istration [101].

The susceptibility of phages to environmental stresses 
(e.g., pH, temperature, ionic strength and humidity) is a con-
cern for both the delivery and storage since varying degrees 
of susceptibility may have great impacts on their therapeutic 
effects [102]. The vulnerability of phage biologics can be 
ameliorated by encapsulating the therapeutic entities into 
nano-carriers [103]. Colloidal systems such as water-in-oil-
in-water (W/O/W) emulsions were produced by integrating 
lipid nanodroplets with phage-encasing aqueous cores and 
were used in the treatment of P. aeruginosa-associated pul-
monary infections by nebulization [104]. Bacteriophage D29 
was encapsulated into 400-nm liposomes and the antibacte-
rial action of free and liposomal phages against Mtb was 
assessed on the model of intracellular-infected RAW 264.7 
macrophages. Data showed that the antibacterial effect of 
liposomal D29 phages was significantly higher than that of 
free phages and the penetration efficiency of liposomal D29 
phages into infected macrophages was 6.7-fold enhanced 
compared with the free phages [105]. Despite the progress 
in the field of nanotechnology and nanoparticle systems, 
the application of inhaled phage-loaded nanoparticles is yet 
well-developed, which still requires further preclinical inves-
tigations to facilitate clinical translation.

Dry powder formulations for phage inhalation have 
attracted increasing interests, partly because of the advan-
tages of enhanced stability and shelf-life of phages in dry 

Fig. 2  Structural damage to 
tailed phages caused by a 
jet-nebulizer. Reproduced with 
permission from [99], Elsevier, 
2019.
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states [106]. SD, freeze drying and SFD are the commonly-
used technique to prepare phage-based dry powders. SFD 
has superiorities over conventional lyophilization or SD 
in terms of heat and mass transfer rates and control of the 
microstructure of the produced powders [107]. Regardless 
of the powder production technology, excipients play critical 
roles in stabilizing phages in the dry powder formulations 
upon production and storage. Amino acids, such as leucine 
and trileucine, are often used as dispersibility enhancers and 
moisture protectors, while sugars, including lactose, man-
nitol, trehalose and sucrose, are used as the stabilizers to 
preserve phages activities [106]. Table III summarizes the 
production methods and excipients used for phage powder 
production. The phages formulated in the carrier matrix 
were found to be biologically active without significant 
loss of viability and could achieve desirable aerosol perfor-
mance. Since most sugar excipients, particularly trehalose 
and lactose, remained in the amorphous form to stabilize the 
incorporated phage, they are prone to recrystallization upon 
exposure to moisture in the environment. Handling and stor-
ing the phage powders at low humidity conditions are essen-
tial to ensure the phage stability within powders and their 

dispersibility [108]. Comparatively, the impacts of storage 
temperature on the phage powders seems to be less critical 
for phage powder. The excellent stability of phage powders 
at room temperature or by shipping delivery at 23 ± 7°C 
made cold-chain storage/infrastructure unnecessary.

Studies evaluating the in vivo behavior of pulmonary 
delivered phage powder formulations are rather limited. 
The antibacterial activity of phage PEV20 inhalable powders 
(spray dried with lactose and leucine) against P. aeruginosa 
was assessed in a mouse lung infection model. After 24 h 
of phage therapy, the bacterial load in the mice lungs was 
decreased by 5.3  log10 in the phage-treated group compared 
with the non-treated group, and additionally, phage titer in 
the lungs increased by 1  log10 after 24 h in the phage-treated 
group, demonstrating the efficacy of inhaled phage dry pow-
der in treating lung infections [113]. Although this study 
showed the promising treatment efficacy of inhaled phage 
powders, further in vivo investigations, including pharma-
cokinetics, pharmacodynamics, and toxicity, are highly 
demanded for expediting the clinical translation.

As for the quality of the phage preparations, including 
both liquid and powder formulations, phage could maintain 

Table III  Examples of Processed Bacteriophage-Based Dry Powder Formulations

Bacteriophages Target bacteria Production method Excipients Production loss Storage loss Ref.

KS4-M and FKZ B. cepacian 
and P. aer-
uginosa

Lyophilization Lactose/lactoferrin 1–2  log10 Stable and active 
after preservation at 
both 4 and 22°C for 
3 months.

[109]

PEV2 P. aeruginosa SD Trehalose, mannitol and 
leucine

~0.75  log10 Powder matrix with 
≥40% trehalose 
showed good phage 
viability protection 
under 0 and 22% RH 
at 4 °C for 12 months

[110]
[111]
[112]

SFD ~2  log10

PEV1/PEV2/PEV20/
PEV61

SD Lactose and leucine <1  log10 ~1.2  log10 titer reduc-
tion in formulations 
with <90% lactose; 
1.7  log10 titer loss 
with <80% lactose

[113–117]

0.7  log10 after 
12 months of storage 
at 25°C with <20% 
RH

[118]

D29 M. tuberculosis Atmospheric SFD Trehalose and mannitol 0.6  log10 – [119]
CP30A C. jejuni SD Trehalose and trileu-

cine/pullulan
1.0 ± 0.1  log10 0.6 ± 0.1  log10 at dry 

room temperature for 
1 month

[120]

Trehalose and leucine ~2  log10 0.1 ± 0.2  log10 by ship-
ping at 23 ± 7°C

[121]

vB_AbaM-IME-AB406 A. Baumannii SD Trehalose and leucine < 0.5  log10 < 1  log10 storage loss 
for formulation con-
taining 40% trehalose 
40% mannitol and 
20% leucine

[108]
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stable within 6-month of storage at room temperature 
or 4°C [96, 111, 115]. However, the level of bacterial 
endotoxin remained high even after purification, beyond 
the acceptable levels according to regulatory requirements 
for most preparations. The feasibility of wider application 
of phage therapy will be intricately linked to their 
manufacturability to yield highly purified and toxins-free 
products. Therefore, appropriate depyrogenation strategies 
are essential for phage preparations.

Future Perspectives and Conclusion

Respiratory bacterial infection evokes a big concern to pub-
lic health around the world, causing huge burdens on econ-
omy and society. Due to the complexity of this disease, treat-
ment options usually depend on the pathological features 
and concomitant complications. Efforts have been made to 
fight against this disorder, and the search for new/alternative 
antibacterial agents plays an important role. The emerging 
biological antibacterials discussed in the review, including 
antimicrobial peptides, RNAi therapeutics, and phages, have 
great promise to combat the MDR crisis. Great number of 
preclinical studies have also demonstrated their antibacterial 
and/or immunomodulatory potential in managing bacterial 
infections. To some extent, the inherent toxicity, immuno-
genicity, stability (in vivo and storage) and site-targeting 
issues associated with these biological antibacterials have 
limited their clinical translation [46, 77, 122]. Mitigating 
these problems with formulation approaches have been dem-
onstrated to be feasible despite the limited-available work. 
More research to follow up on the promising findings will 
be essential for future clinical development of these inhaled 
biological antibacterials.

As most biologicals are prone for denaturation and degra-
dation in the respiratory tracts, various nanocarrier systems, 
lipid-based and polymer-based, have been proposed and ver-
ified in improving the in vivo efficacy of reducing bacterial 
load in lungs for AMPs and phages or retaining the gene 
silencing efficiency for siRNA. As mentioned above, the 
nanocarriers could also facilitate the cellular uptake to reach 
the target action sites or the intracellular bacteria. However, 
most of the excipients used in the nano-formulations have 
not been approved for inhalation, thus the safety profiles 
of the nanocarriers would require detail investigation. This 
would be particularly important for patients with chronic 
conditions and required long-term antibacterial treatment, 
as accumulation of toxic or non/slowly-degradable carrier 
matrix is not desirable.

Free biological antibacterials have also been formulated 
into inhalable powders because of the superiority for drug 
handling and storage. Often, the biological and physical sta-
bility of powdered formulations are both dependent on the 

excipients used and the storage conditions. In most research, 
the choice of excipients is rather empirical. Further studies 
to investigate the stabilization mechanisms of the incorpo-
rated biologics in the powder form and its relationship with 
the excipients will be important for further development. In 
addition, most of the current researches focus on the formu-
lation process in preparing inhalable powders, evaluation 
of the in vivo efficacy of the biologic powders are compara-
tively scarce, which will need further research effort.

The release profiles of encapsulated biologics from 
the formulations may deserve more attention and careful 
designs. It was reported that the most effective lipid nano-
particles could achieve only 1–4% of RNAi therapeutics 
release in the cytoplasm [123], limiting the transfection 
efficiency. Therefore, nanocarrier systems that are non-
cytotoxic, degradable at reasonable rate and can offer good 
protection to the encapsulated biologics with controlled 
release profile are preferred. Since the reviewed biologics 
have specific target sites (cytoplasmic or specific organelles) 
within cells, designing delivery systems with active targeting 
capability can also be considered.

To commercially develop inhalable formulations of the 
emerging biological antibacterials, a reasonable aerosol 
performance is crucial, and the in vitro evaluation of aero-
dynamic behaviors for designed inhalable formulations is 
highly recommended. Factors, including the physical prop-
erty of the aerosols and the anatomical/inhalation conditions 
of users, can impact the deposition efficiency of inhaled 
particles [45]. For patients, especially those with hyper-
reactive airways or cough symptoms, inhalation parameters, 
such as inspiratory flow and breathing break at the end of 
inspiration, may show a big difference from the universally-
defined standard [124]. A clinical study performed by Elkins 
et al reported that the mean inspiratory volume and peak 
inspiratory flow (PIF) of CF patients (aged ≥6 years old) 
across a high resistance RS01 DPI (with mean resistance of 
0.036  kPa1/2/L min) were 1.83 ± 0.97 L and 75.5 ± 27.2 L/
min, respective [125]. Tiddens et al also tested the inspira-
tory flow rates and volumes of CF patients with different 
disease degrees across four device resistances, providing a 
good reference for the development of inhalation prepara-
tions and devices for inhalation [126]. Therefore, adjusting 
the flow conditions for in vitro aerosol performance deter-
mination, such as regulating the simulated flowrates, to lean 
close to the actual pathological conditions of patients with 
respiratory tract diseases may be required. Further research 
to achieve better in vitro-in vivo correlation for the inhalable 
formulations of novel antibacterial biologics will prove to 
be valuable.

The nano-in-micro strategy has been generally con-
sidered as an effective approach to formulate nanodrugs 
into inhalable form of powders to be delivered with dry 
powder inhalers. This strategy is especially promising for 
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pulmonary sustained drug delivery as drugs can be pro-
grammatically released along with the dissolution/erosion 
of carriers [127]. With the advantages of both micro- and 
nano-particles for inhalation, nano-in-micro particles 
could help with improving the therapeutic effect of drugs 
by promoting inhalation efficiency (micro) and targeting to 
site of action (nano) while reducing dose interval, increas-
ing patients compliance to multicycle treatment [128]. In 
the development of this formulation form, there are, how-
ever, several obstacles to be overcome. One of the chal-
lenges is the establishment of drug release testing method 
for these particles because of their structural complexity. 
Microparticles must dissociate into primary nanoparticles 
prior to facilitate cell targeting, suggesting that the erosion 
rate of microparticle matrix should be accurately deter-
mined and controlled [129]. Drug release control of the 
nanoparticles should also be tested to achieve desirable 
therapeutic efficacy.

While some of the emerging biological antibacteri-
als manage bacterial lung infections by acting with the 
host innate and adaptive immunity, others directly target 
the bacteria. Regardless of mode of actions, the biologi-
cal nature of these antibacterials poise different levels 
of immunogenicity. Specifically, the positive charge of 
AMPs is a double-edged sword, which enables the lysis 
of bacterial membrane but also causes cytotoxicity and 
immunostimulation. For phage therapy, their immuno-
genicity could play a role in the antibacterial adjuvant 
but also stimulate the generation of anti-phage antibody, 
which resulted in ineffectiveness in multi-administration 
in clinical trials [130]. Therefore, a rational design of lung 
delivery system should take the pros and cons of immune 
responses into consideration. Effective modulation of the 
immune response arise from the drug administration is 
highly-desired for bacterial clearance in lungs, but only 
little is known. Further exploration in this aspect will be 
definitely needed. Meanwhile, given the successful exam-
ple of mRNA-LNP vaccine during COVID-19 pandemic, 
developing RNAi-LNPs into inhalable vaccines for lung 
bacterial infections prevention, such as Mtb infections with 
high infectivity and mortality, seem to be promising and 
meaningful. To date, researches on inhaled mRNA vac-
cines for COVID-19 are booming [131, 132]. However, 
although present preclinical work on inhalable mRNA-
LNP vaccine showed some advantage in stimulating anti-
body production, high mortality rate was observed, mainly 
due to massive inflammation in the lung brought by LNPs 
[133]. Modifications are needed for a further application. 
Overall, the development of inhaled therapy of biological 
antibacterials are still in the early stage. There are still 
many technical and regulatory challenges to be resolved on 
their way to clinical translation in mitigating bacterial lung 
infections, especially those caused by the MDR strains.
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