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ARTICLE INFO ABSTRACT
Keywords: Respiratory infections are one of the major global health problems. Among them, chronic respiratory infections
Respiratory infections caused by biofilm formation are difficult to treat because of both drug tolerance and poor drug penetration into

Biofilm infections
P. aeruginosa
Antimicrobial therapy

the complex biofilm structure. A major part of the current research on combating respiratory biofilm infections
have been focused on destroying the matrix of extracellular polymeric substance and eDNA of the biofilm or
Inhalation therapy promoting the penetration of antibiotics through the extracellular polymeric substance via delivery technologies
Combination therapy in order to kill the bacteria inside. There are also experimental data showing that certain inhaled antibiotics with
Nanotechnology-based drug delivery systems simple formulations can effectively penetrate EPS to kill surficially located bacteria and centrally located
dormant bacteria or persisters. This article aims to review recent advances in the pharmaceutical strategies for
combating respiratory biofilm infections with a focus on nanotechnology-based drug delivery approaches. The
formation and characteristics of bacterial biofilm infections in the airway mucus are presented, which is followed
by a brief review on the current clinical approaches to treat respiratory biofilm infections by surgical removal
and antimicrobial therapy, and also the emerging clinical treatment approaches. The current combination of
antibiotics and non-antibiotic adjuvants to combat respiratory biofilm infections are also discussed.

1. Introduction bacteria in cystic fibrosis (CF), chronic obstructive pulmonary disease
(COPD), and bronchiectasis patients are generally difficult to treat and

Respiratory infection is one of the leading global health threats. eradicate (Hpiby et al., 2011; Weers, 2014). The formation of biofilms is
Among these, chronic respiratory infections caused by biofilm-growing the strategy used by microorganisms to survive in nature and disease
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(Costerton et al., 1987; Costerton et al., 1999). Biofilms are structured
communities of bacterial aggregates that are adherent to inert or living
surfaces or situated in the tissue or mucus. What makes these structures
special is that living within these biofilm communities makes its resident
bacteria tolerant to antibiotics (Hoiby et al., 2015). Some microor-
ganism e.g., Pseudomonas aeruginosa or Streptococcus mutants transforms
into mucoid phenotypes in mucus during chronic lung infections or on
dental surfaces by production of extracellular polysaccharides, which
makes them physiologically able to resist the innate and adaptive in-
flammatory defense mechanisms and antibiotic treatments (Powell
et al., 2018). Different from biofilms that attached to surfaces, the bio-
films of chronic respiratory infections are typically embedded into
highly viscous mucus, but not directly at the epithelial cell surfaces
(Hassett et al., 2002), providing a significant physical barrier to the
antibiotics, biocides as well as phagocytic cells (Hassett et al., 2010).
The matrix of the biofilm growing bacteria can actually be regarded as
an independent pharmacological microcompartment (Cao et al., 2016;
Cao et al., 2015; Christophersen et al., 2020).

There is a gradient of oxygen from the surface to the center of bio-
films and therefore of bacterial activities due to consumption of oxygen
(O2) by the activated polymorphonuclear leukocytes (PMNs) around the
biofilms, resulting in anaerobic conditions in the center of the biofilm
and therefore dormant bacterial cells (Smith, 2005). Biofilm growth lead
to a significant decrease in susceptibility to antimicrobial agents
compared with planktonic bacteria (Smith, 2005), but re-oxygenation
by hyperbaric oxygen treatment restores the activity of some antibi-
otics (Kolpen et al., 2016). Consequently, the Minimum Biofilm Eradi-
cation Concentration (MBEC) of some antibiotics for treating bacteria in
the biofilms are 100-1000 times higher than the Minimum Bactericidal
Concentration (MIC) for treating the same planktonically growing bac-
teria (Ceri et al., 1999; Roy et al., 2018). Moreover, the bacteria in the
biofilms can additionally be resistant due to traditional mechanisms (e.
8., beta-lactamase production) to a variety of antibiotics (Bagge et al.,
2004).

The current clinical approach to combat the respiratory biofilm in-
fections still primarily rely on antibiotic management, although surgical
removal is also used in some cases (Klodzinska et al., 2016). Surgical
removal of the biofilms is not feasible in CF though, except in the par-
anasal sinuses or patients with lung transplantation (Wilkins et al.,
2014). The antibiotics are mainly administered via oral and/or intra-
venous routes depending on the disease severity (Hoiby, 2011), which
can maintain the lung function for decades (Fernandez-Barat et al.,
2017). Inhaled antimicrobial agents has also been used for several de-
cades in CF (Heijerman et al., 2009), as it can directly deliver the anti-
microbial agents into the airways resulting in high local concentration,
and reduced side effects (Klodzinska et al.,, 2016). However, the
administration of the antibiotics via inhalation or systemic administra-
tion routes does not clear the chronic respiratory biofilm infections and
in many cases, the biofilms become mutationally resistant to the anti-
biotics (Ciofu et al., 2015; Fernandez-Barat et al., 2017). Several
mechanisms for drug resistance and drug tolerance of the biofilms have
been reported such as limited diffusion of the antimicrobial agents to the
increased mucus and biofilm matrix, the covalent inactivation of anti-
microbial agents by the enzymes in extracellular polymeric substances
(EPS) matrix or other matrix components, and an altered bacterial
physiological activity in the biofilms including dormant cells as dis-
cussed above (Borriello et al., 2004; Koo et al., 2017). To overcome these
mechanisms of drug resistance and tolerance, some new treatment
strategies have been proposed.

One of the promising approaches to combat the drug resistance of the
biofilm infections is to use adjuvants in the combination with antibiotics
(Brooks and Brooks, 2014). The co-administration of multiple bio-active
agents has shown to be effective against respiratory biofilms, which
could confer adequate therapeutic effects at reduced doses (Brooks and
Brooks, 2014). The adjuvants used in the combination therapy could
target more than one component of the complex biofilm
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microenvironment, which could eventually overcome the drug resis-
tance (Li et al., 2006). In this context, the lipid and polymer-based
nanotechnology-based drug delivery systems are commonly exploited,
which are biocompatible, biodegradable, and relatively stable as well as
being practical to produce (Ho et al., 2019). In addition, several other
types of nanotechnology-based drug delivery systems, including metal-
containing nanoparticles, nitric oxide (NO)-releasing nanoparticles,
stimuli-triggered nanoparticles are also used to combat biofilm-evoked
drug resistance. These nanoparticles commonly facilitate the delivery
of the antimicrobial agents to the sites of infection at their highest doses,
thereby overcoming the drug resistance with reduced adverse effects to
the patients (Leid et al., 2012).

This article aims to review the recent advances in pharmaceutical
strategies for combating biofilm growing bacteria that are embedded in
the airway mucus layer in the respiratory tract with a focus on
nanotechnology-based drug delivery systems. Recent advances in
combining antibiotics with non-antibiotic adjuvants to treat chronic
respiratory infections caused by biofilm and the challenges and future
opportunities of inhaled medicines combating respiratory biofilm in-
fections are also discussed.

2. Respiratory biofilm infections

The respiratory biofilms are unique for pathogens, where the bac-
teria located in the conductive zone of the lungs are embedded in the
airway mucus layer, functioning as a breed ground for bacteria (Hoiby,
1974). Pulmonary diseases such as CF, COPD, primary ciliary dyskinesia
(PCD) (Alanin et al., 2015) and bronchiectasis can lead to high mucus
secretion, which is accompanied by impaired mucociliary clearance
(Weers, 2014). When the biofilms reach the respiratory zone of the
lungs, inflammation is initiated and acute exacerbations can occur and
the lung function is worsened (Bjarnsholt et al., 2010). The progression
of these diseases further leads to chronic infection of various bacteria,
resulting in clinical manifestations of biofilm infections, including
chronic endobronchial bacterial infections and airway inflammation.
This also causes airway obstruction, progressive destruction of the
airway epithelium, ultimately resulting in respiratory failure (Marras
et al., 2018; Park et al., 2016). A model of P. aeruginosa biofilms in
hypoxic CF mucus is illustrated in Fig. 1, and some characteristics of
respiratory biofilm infections are presented below.

2.1. Biofilms embedded in the mucus

The mucus is the first landing port of entry in the lungs for invasive
bacteria, providing proper environment for the pathogenic infections
and reducing the susceptibility to various antibiotics on bacteria (Mer-
chant et al., 2016). Using electron microscopy and lung tissue explants,
studies show that CF patients with chronic lung disease directly, had
P. aeruginosa present in mucopurulent hypoxic microcolonies of
approximately 100 pm diameter in the airway lumen, rather than
attached to the epithelium (Worlitzsch et al., 2002). Normally, the
airway epithelial cells have a thin, hydrated mucus layer located on the
top of airway surface liquid (ASL) (Munder and Tuemmler, 2015). At
normal physiological condition, the viscosity of ASL is low, which do not
hinder the mucociliary clearance mechanism (Powell et al., 2018).
However, in pulmonary disease conditions, e.g., CF, a dehydration in the
ASL leads to an increase in the viscosity of ASL and accumulation of
mucus in the lower airways. This impairs the mucociliary clearance and
facilitates colonization and infection of the lower airway environment
by bacterial pathogens, especially P. aeruginosa, the major morbidity and
mortality cause in the CF population (Munder and Tuemmler, 2015).
This can further develop into a chronic stage of infection, marked by a
biofilm-growing P. aeruginosa leading to the main clinical feature of CF
(Koehler et al., 2004). The increased viscosity of CF airway mucus acts as
a matrix scaffold (Torge et al., 2017), in addition to the biofilm matrix
(Cao et al., 2016), obstructs the diffusion of antibiotics to reach biofilm.
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Fig. 1. Model of P. aeruginosa biofilms in hypoxic CF mucus. Mucus with a P. aeruginosa biofilm surrounded by PMNs and IgG antibodies specific to P. aeruginosa
antigens, such as alginate, lipopolysaccharide and proteins. Inmune complexes are formed between P. aeruginosa antigens and IgG, which activate complement and
attract PMNs. Activated PMNs consume oxygen and liberate reactive oxygen species (ROS), proteases and DNA, starting the inflammatory reaction. Such inflam-
matory reaction consumes all oxygen in mucus, which becomes anaerobic, impairing the PMNs’ ability to phagocytose and kill P. aeruginosa in sputum due to the
oxygen starvation needed for PMN activity, and leading to a frustrated phagocytosis. The pronounced IgG antibody response occurs especially due to the high Nuclear
Transcription Factor-Kappa p (NF-x p) production by CF airway epithelial cells, and to the T-cell (Th2)-skewing of the adaptive immune response, resulting in
overproduction of proinflammatory cytokines interleukin (IL), like IL-5 and IL-8, and low production of anti-inflammatory cytokines, like IL-10 and interferon-
gamma (INF-y). Since the PMNs’ ability is impaired, this hyperinflammatory response leads to tissue damage rather than killing P. aeruginosa biofilms. IgA is
produced in the bronchi-associated lymphoid tissue (BALT) submucosa (1), where it combines with the secretory component, yielding secretory Immunoglobulin A
(sIgA), which is exported through the epithelial cells to the airway surface liquid (ASL) (2), preventing P. aeruginosa to attach to the epithelial cells, in a macrophage-
mediated non-phlogistic response, thereby not contributing to airway inflammation. Adapted with permission from (Mauch et al., 2018).

The most important molecule concerning viscosity of the mucus is
extracellular DNA (eDNA) released by disintegrating inflammatory cells,
particularly PMNs, which is abundant in infected CF sputum (Hodson,
1995). This eDNA also binds to positively charged aminoglycoside
antibiotic (Chiang et al., 2013), such as tobramycin, protecting the
bacteria from tobramycin (Tseng et al., 2013). That is the background
for CF patients being treated with dornase alfa (DNase) inhalation for
more than two decades (Hodson, 1995).

Various studies have demonstrated that the mucus is not a homog-
enous fluid, and the mucus layer shows highly non-uniform aperture
distribution with pores smaller than the conventional drug particles
(Duncan et al., 2016). Moreover, the polymeric mucins and other bio-
macromolecules could cross-link through disulfide bonds and/or phys-
ically entangle to form a mesh-like structure, hindering drug penetration
(Duncan et al., 2016). The last but not the least, most glycoproteins
present in the mucus layer have higher sialic acid and sulfate contents,
which could create negatively charged surfaces, showing a greater af-
finity to positively charged antibiotics and might further reduce the
activities of these antibiotics against P. aeruginosa (Costerton et al.,
1999).

2.2. Emergence of the mucoid phenotype
In the early stages of disease, the non-mucoid phenotype of

P. aeruginosa is present as planktonic organisms in sputum in the con-
ducting airways, which is frequently succeeded by colonization-

treatment-recolonization cycles (Folkesson et al.,, 2012). This can
further develop into a chronic stage of infection, marked by a mucoid
phenotype (biofilm mode of growth) (Table 1). A similar biofilm strat-
egy is also adopted by Burkholderia, Achromobacter and Steno-
trophomonas species and Mycobacterium absessus (Qvist et al., 2015). The
mucoid P. aeruginosa phenotype results from bacterial hyperproduction
of a polysaccharide known as alginate or mucoid exopolysaccharide

Table 1

The properties of mucoid and non-mucoid phenotypes of P. aeruginosa in the
respiratory tract of patients with CF. Modified with permission from (Ciofu et al.,
2015).

Non-mucoid
phenotype

Property Mucoid phenotype

Early stage
Conducting
airways in sputum

Stage of emergence
Position in the lungs

Late stage
Respiratory zone in alveoli
and conducting airways in

sputum
Biofilm formation in vitro Yes Yes
Biofilm formation in vivo No Yes
Resistance due to biofilm No Yes
properties
Multiply antibiotic resistance Frequent Seldom
due to conventional
mechanisms
Antibody response No Yes (Th2 antibody response)
Responsible for lung tissue No Yes
damage
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rendering the bacteria resistant to phagocytosis of both PMNs and
macrophages (Bjarnsholt et al., 2010; Ciofu et al., 2008). Although all of
the potential mechanisms of conversion to mucoid in CF are not yet
defined, a major one is thought to be through mutations in mucA
(Mathee et al., 1999), encoding a member of the extra cytoplasmic
function family of anti-sigma factors (Martin et al., 1993). However,
clinical mucoid isolates that carry no mutation within the mucABCD
cluster, have been reported (Hassett et al., 2010). Recently, it was shown
that the induction of an envelope protein called mucE (Qiu et al., 2007)
and mutations in the sensor kinase kinB (Damron et al., 2009) results in
alginate overproduction in P. aeruginosa strains with the wild-type
mucA. Therefore, there are at least two pathways that govern the con-
version to mucoid in P. aeruginosa (Hassett et al., 2010). In short, the
mucoid phenotype severely complicates the overall clinical prognosis
for patients with CF and COPD and enhances their antibiotic- and
phagocyte-resistant properties (Anwar et al., 1989).

2.3. Anaerobic metabolism of P. Aeruginosa

In the chronic lung infection, P. aeruginosa biofilm are surrounded by
numerous PMNs in the endobronchial mucus, where the activity of
PMNs is the major cause of Oz depletion rendering the P. aeruginosa
biofilm anoxic (Jensen et al., 2017; Mauch et al., 2018). The absence of
O, in parts of the CF airways has been further confirmed by the isolation
of obligate anaerobes from CF sputum and bronchoalveolar lavage fluids
(Su and Hassett, 2012). PMNs accumulating around P. aeruginosa bio-
film aggregates can induce intense Oy consumption and the production
of ROS and the formation of NO, thereby impeding aerobic respiration of
P. aeruginosa (Jensen et al., 2017). However, P. aeruginosa can adapt to
such PMN-induced microenvironmental changes via anaerobic respira-
tion in the anoxic zones of endobronchial mucus, which is significant
different from those of test-grown cells, and even from those of aerobic
biofilms (Cowley et al., 2015). The process of anaerobic metabolism by
denitrification involving utilization of the alternative electron acceptors,
nitrate (NOs3), nitrite (NO3") or nitrous oxide (N20), that are present in
CF airway mucus (Hassett et al., 2002; Jensen et al., 2017). Complete
bacterial denitrification is performed by the four enzymes, i.e., nitrate
reductase (NAR), nitrite reductase (NIR), nitric oxide reductase (NOR),
and nitrous oxide reductase (NyOR), which catalyze the four-step
reduction of NO3™ to N3 (Jensen et al., 2017):

NO;™ (NAR) — NO,” (NIR) — NO (NOR) — N,O (N,OR) — N @

Analyses of anaerobe pathogenicity may also yield insight into the
relationships between anaerobes and airway disease severity (Muhle-
bach et al., 2018). Many frontline antibiotics used in the treatment of CF
airway disease are either ineffective or show reduced killing efficacy in
the anaerobic conditions (Hassett et al., 2002). Yet, tolerance toward
antibiotics in biofilms is recognized as a major cause of therapeutic
failure during chronic infection and the mechanisms of antimicrobial
tolerance in vivo are not completely understood (Jensen et al., 2017).

3. Current treatment of respiratory biofilm infections

Various approaches to combat the biofilms have been reviewed
elsewhere (Klodzinska et al., 2016; Koo et al., 2017), which include the
disruption of the biofilm by using physical approaches, antibiotic
management, and application of other modalities, such as antimicrobial
peptides. It is also possible to modify the surface properties of some
medical devices to prevent the bacteria attachment and biofilm forma-
tion after implantation. However, for the biofilm infections in the res-
piratory tract, many physical and chemical approaches become not
feasible because the lung is rather fragile, which cannot stand certain
mechanical stress and some chemical stimulus. In this section, we briefly
review some current treatment approaches to combat respiratory bio-
film infections in the clinical setting.
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3.1. Surgical removal

Due to the complex physiological structure of the lungs, surgical
removal is not the primary approach to treat respiratory biofilm in-
fections. However, the surgical approach is utilized to interfere and
remove the established respiratory biofilms in the paranasal sinuses,
preventing the spread to the lungs through aspiration. Therefore, an
early treatment of the sinus infection by surgical removal approach is
clinically recommended (Aanaes et al., 2015). In addition, the physical
removal of the mucus infectious through surgical interventions could
relieve the breathing obstruction (Rowe-Jones and Mackay, 1996).

3.2. Antimicrobial therapy

In 2014, European Society for Clinical Microbiology and Infectious
Diseases published a rather comprehensive guideline for the diagnosis
and treatment of biofilm infections (Hoiby et al., 2015). In this guide-
line, antibiotic management may be the most recommended approach
for combating the biofilm infections occurred in the respiratory tract. In
CF, antibiotics are used in four different situations: prophylaxis, pre-
emptive, empiric or definitive therapy and chronic suppressive ther-
apy (Hoiby et al., 2015). Biofilms can be prevented by early aggressive
antibiotic pre-emptive systemic and/or nebulized antibiotic therapy on
early P. aeruginosa colonization (Hoiby et al., 2015), or can be treated by
chronic suppressive therapy. Chronic suppressive antibiotic therapy
(maintenance therapy) is given continuously as nebulized antibiotics,
supplemented with systemic antibiotic therapy either regularly every 3
months or at acute exacerbations. The patient’s lung function can
thereby be maintained for decades (Hoiby et al., 2015).

Since both the respiratory and the conductive zones of the lungs are
infected with biofilm, it is possible to let antibiotics reach the both
compartments of the lungs through the combined modes of antibiotic
administration (i.e., topical and systemic) (Hoiby et al., 2015), where
inhaled antibiotics mostly deposit at the conductive zones and the an-
tibiotics taken orally or by injection can reach the respiratory zones via
diffusion from the systemic circulation. Table 2 enlists inhaled antibi-
otics and other non-antibiotic products, which have been approved or
are under clinical trials to treat respiratory biofilm infections. For
example, tobramycin (TOBI®) is widely used for the treatment of
chronic respiratory infections owing to its proven efficacy against
P. aeruginosa biofilm (Herrmann et al., 2010).

Although the existing inhaled antibiotic therapy for biofilm in-
fections is usually used to relieve biofilm infections, the delivery of
conventional inhaled formulations also inevitably suffers from low
antibiotic exposures to the biofilms due to the clearance mechanism of
the lung. In the long run, the low antibiotic exposure to the biofilms
would give rise to the emergence of antibiotic resistant bacteria. Thus,
these challenges, i.e., the low antibiotic exposure in the vicinity of the
biofilm colonies due to the short antibiotic retention in the lungs and the
presence of the mucus barriers, have to be addressed in the antibiotic
therapy with novel therapeutic technologies, i.e., combining antibiotics
with other non-antibiotic adjuvants, and nanotechnology-based drug
delivery systems.

4. Combination strategy for combating respiratory biofilm
infections

Although topical (Priemel et al., 2018; Wang et al., 2020b) and
systemic administration of antibiotics are proven to be effective for the
treatment of chronic respiratory infections, eradication of biofilms has
always been extremely challenging. As one of pharmaceutical strategies,
the combination of antibiotics has been increasingly studied to combat
respiratory infections (Wang et al., 2020a; Wang et al., 2016). The
combination of tobramycin and colistin is a typical example, which
exhibited better therapeutic effects than their respective single antibi-
otics for killing P. aeruginosa in biofilms in vitro, and they significantly
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Table 2

The inhaled antibiotic products and other non-antibiotic products marketed or under clinical trials for the treatment of respiratory biofilm infections.
Drug Development status Dosage Frequency Condition Ref.
Tobramycin Marketed 300 mg Twice daily CF (Ballmann et al., 2011)
Aztreonam Marketed 75 mg Three times daily CF (Ballmann et al., 2011)
Colistimethate sodium Marketed 1000000 IU Twice daily CF (Velkov et al., 2015)
Azithromycin Marketed N/A N/A CF (Klodzinska et al., 2016)
Levofloxacin Marketed 240 mg Twice daily CF (Schwarz et al., 2021)
Amikacin Marketed 590 mg Once daily LI (Zhang and Hill, 2021)
Ciprofloxacin Phase 3 (NCT02106832) * 32.5mg Twice daily NCFB (De Soyza et al., 2018)
Tobramycin/Colistin Phase 3 (NCT03341741) * 112 mg /1 Mega Twice daily CF (Herrmann et al., 2010)
Tobramycin/Fosfomycin Phase 2 (NCT00794586) * 20 mg/80 mg Twice daily CF (Trapnell et al., 2012)
OligoG Phase 2 (NCT02157922) * N/A N/A CF (Weiser et al., 2021)
NO Phase 1 (NCT01958944) * 160 ppm Three times daily CF (Deppisch et al., 2016)
Silver Colloid Phase 1/2 (NCT02403479) * 6.7 mcg Twice daily CR (Scott et al., 2017)
Xylitol Phase 1/2 (NCT00928135) * 7%/15% Twice daily CF (Singh et al., 2020)
Povidone-lodine N/A (NCT04278950) * 0.1% Once daily CR (Wu et al., 2021)

N/A, not available; NO, nitric oxide; CF, cystic fibrosis; LI, lung infection; NCFB, non-cystic fibrosis bronchiectasis; CR, chronic rhinosinusitis; IU, international units. *

More information on clinicaltrials.gov.

reduced P. aeruginosa cell counts in a rat lung infection model and in
patients with CF (Herrmann et al., 2010). In addition, this combination
could eliminate different antibiotic tolerant subpopulations, and
circumvent the occurrence of mutations and antibiotic resistance in
biofilm bacteria (Pamp et al., 2008). The antibiotic combinations have
been reviewed elsewhere (Sabina, 2015), in this section, we focus on the
studies on combining antibiotics with other non-antibiotic adjuvants,
including quorum sensing inhibitors (QSIs), EPS interfering agents,
metal chelators and bacteriophage to combat the biofilm infections
(Fig. 2). The primary objective of these combination therapies is to
achieve synergistic therapeutic effects by targeting different bacterial
growth pathways, while minimizing the drug resistance.

4.1. Combination of antibiotic and quorum sensing inhibitors

Quorum sensing (QS) is a cell-to-cell signaling cascade coordinating
the gene expression of bacteria and it is associated to the population
density (Solano et al., 2014). Based on the mechanism of QS signaling
(Jack et al., 2018), quorum sensing inhibitors (QSIs) interfering with
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this regulatory network have been attempted to combat biofilm infec-
tion in combination with antibiotics. QSIs differ from conventional an-
tibiotics as they do not target the growth and the basal life processes of
bacteria (Brooks and Brooks, 2014). Consequently, the development of
resistance towards the drugs is minimized and they are expected to be
effective against bacteria that are already resistant to conventional an-
tibiotics. However, in chronic biofilm infections, mutations have often
deleted the QS system (Ciofu et al., 2010). Many QSIs have been
discovered (Fig. 2), which can either be derived from plants and fungal
sources or chemically synthesized. However, except for azithromycin,
no QSIs have so far successfully been tested in clinical trials for the
treatment of chronic P. aeruginosa infections in CF (Bjarnsholt et al.,
2013). One of the reasons is that most QSIs are poorly water soluble that
limit their bioavailability and difficult to be formulated for inhalation
administration (Nafee et al., 2014).

Earlier in vivo studies showed that the P. aeruginosa biofilms grown in
the presence of synthetic furanone C-30, displayed an increased sensi-
tivity to the tobramycin (Hentzer et al., 2003). Another study showed
that the co-administration of tobramycin with furanone C-30 could
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« Lytic phage
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Fig. 2. Different combination therapy to combat biofilms.
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efficiently eradicate the P. aeruginosa biofilm infection in a mouse model
(Christensen et al., 2012). After the discovery of the furanone based
QSIs, a flurry of other QSIs were discovered. Brackman et al. (Brackman
et al., 2011) observed the synergistic effects of antibiotics and QSIs on
the biofilms of P. aeruginosa, Burkholderia cenocepacia, and Staphylo-
coccus aureus. Another potentially useful QSIs are garlic and garlic ex-
tracts (i.e., allicin and ajoene) (Smyth et al., 2010). When tested in a trial
of 26 CF patients, there was a greater decline in forced expiratory ma-
neuver from baseline for patients in the placebo compared to the group
treated with garlic. Although there was no significant effect of garlic
compared to placebo in this pilot study, there was a suggestion of
improvement with garlic (Smyth et al., 2010).

4.2. Combination of antibiotic and EPS interfering agents

The EPS matrix is important in maintaining biofilm structure and
physiology, numerous strategies have been adopted to disrupt EPS
(Gunn et al., 2016; Koo et al., 2017), rendering the bacteria to exist in
their planktonic state, which is susceptible to the antibiotic treatment.
EPS-targeting can be achieved by inhibiting EPS production, blocking
EPS adhesins to surface, or degrading EPS in established biofilms
(Fig. 2). EPS-degrading enzymes such as alginate lyase can reduce the
alginate level in the EPS matrix of the biofilms, resulting in a reduced
viscosity of the EPS matrix (Misagh et al., 2009a). The co-administration
of the alginate lyase with gentamicin could display a greater eradication
of the biofilms of mucoid P. aeruginosa, which were cultured in a con-
dition, mimicking the CF of the respiratory tract (Alkawash et al., 2006).
In addition, serratiopeptidase, a proteolytic enzyme, could also act as a
biofilm disrupting agent by virtue of its proteolytic effect (Gupta et al.,
2017). Levofloxacin at sub-MIC concentrations in combination with
serratiopeptidase at lower concentrations showed significant eradica-
tion of preformed biofilm. Further, antibiofilm activity of serratio-
peptidase was found to be proportional to biofilm forming capacity of
S. aureus (Gupta et al., 2017). Moreover, an earlier study has demon-
strated that the recombinant human DNase (viz., dornase alfa) can
degrade the neutrophils and microbial-derived DNA in patients with CF,
thereby reducing the viscosity of the sputum (Manzenreiter et al., 2012).
Repeated administration of DNase I-coated polymer nanoparticles
encapsulating ciprofloxacin was able to reduce by 95% and then erad-
icate more than 99.8% of established biofilm in culture, outperforming
the free-drug tested in the study (Baelo et al., 2015). In addition, the
incorporation of DNase with levofloxacin could reduce the P. aeruginosa
biofilms in culture (Islan et al., 2016). A Phase I study has been
completed to evaluate the safety and tolerability of DNase in healthy
volunteers (ClinicalTrials.gov identifier: NCT02605590).

4.3. Combination of antibiotic and metal-chelators

Iron plays a critical role in the development and maintenance of
P. aeruginosa infections and it is utilized in both anabolic and signaling
purposes (Hunter et al., 2013). The iron uptake and acquisition path-
ways have been identified as potential targets for antimicrobial agents
(Banin et al., 2006; O’May et al., 2009). Currently, the associated
therapeutic strategies are primarily focused on the blocking of ferric iron
[Fe (IID)] acquisition because Fe (III) is the most dominant and physio-
logically relevant form. Lactoferrin and its analog conalbumin (Hunter
et al., 2013) and ethylene diamine tetra acetic acid (EDTA) (Banin et al.,
2006) are employed to inhibit or eradicate the existing biofilms in cul-
ture. Moreover, the combination of tobramycin with deferoxamine or
deferasirox reduced established biofilm biomass by approximately 90%
and reduced viable bacteria by 7-log units (Moreau-Marquis et al.,
2009). In addition, the FDA approved transition metal gallium, which is
structurally analogous to iron could hinder the biofilm formation by
disrupting the Fe (III) uptake and interfering the Fe signaling pathways
(Koo et al., 2017). However, the oxidation state of iron was shown to be
important (Hunter et al., 2013). Compared with Fe (III), ferrous iron [Fe
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(ID] was the primary form of bioavailable iron in the CF mucus, which
also correlated with the severity of lung infections. This is possibly due
to the generation of neutrophil-mediated superoxide and existence of
hypoxic microenvironments in the late-stage of biofilm infections,
reducing Fe (III) to its Fe (II) form (Hunter et al., 2013). Thus, Fe (I)
chelation may provide a novel therapeutic strategy for CF lung
infections.

In contrast to “broad-spectrum” chelating agents such as EDTA, the
alginate oligomer (OligoG CF-5/20), a cationic chelator, exhibits low
toxicity profile (Pritchard et al., 2015). The OligoG CF-5/20 is a low-
molecular-weight oligosaccharide (Mw 3200 g/mol) and composed of
L-guluronic acid and D-mannuronic acid with a degree of polymeriza-
tion [DPn] of 16 (Pritchard et al., 2015). In a combination therapy with
the cationic antibiotic, colistin, the OligoG CF-5/20 might chelate the
divalent cations Ca2+, and destroy the EPS of the biofilms (Pritchard
et al., 2017). Consequently, the interactions of colistin with the biofilm
matrix components is dramatically reduced, which increases its
permeability to the biofilms and promotes the interactions between
colistin and bacterial cell membrane, facilitating an improved drug
permeation to the cytoplasm (Pritchard et al., 2017). The polymyxin B
conjugated OligoG provides the potential benefits for the treatment of
CF Gram-negative bacterial infections and minimizes antibiotic toxicity
(Stokniene et al., 2019). The OligoG could also potentiate the anti-
biofilm activities of the macrolide antibiotics, such as erythromycin and
tobramycin (Powell et al., 2018). Phase II studies of inhaled dry powder
OligoG in adult patients with CF has completed (ClinicalTrials.gov
identifier: NCT02157922 and NCT02453789). The OligoG CF-5/20 has
been granted orphan status by the European Medicines Agency (EU/3/
07/475) for the treatment of CF (Pritchard et al., 2015). Although the
OligoG CF-5/20 with G content greater than 85% are known for its
cationic chelating properties, the exact mechanism of action of its anti-
biofilm effects is still unclear (Powell et al., 2018). Additional research is
needed to verify the impact of G content and molecular weight of OligoG
on its antibacterial activities, and determine the precise molecular
mechanisms of inhibition of microbial infections.

4.4. Combination of antibiotic and bacteriophage

The bacteriophages could replicate at the infection sites and effi-
ciently kill the pathogens, while do not affect the symbiotics bacteria
(Tian et al., 2021). Phage therapy utilizes obligatory lytic phages to kill
its host, bacteria (Ng et al., 2021). Inhaled phage therapy was reported
in the 1960s and its use was continuously improved in the Eastern Eu-
ropean countries, particularly in Georgia, Russia and Poland (Hoe et al.,
2013). Formulating phages into inhalable forms for pulmonary in-
fections is a dual challenge requiring both aerosol performance and
phage biochemical stability. Currently, phage research for respiratory
infections has been focused on the delivery of liquid formulations and
dry powder formulations (Chang et al., 2018). However, the develop-
ment of phage-resistant bacteria (Chang et al., 2018) has led to repur-
posing of combination therapy using phages and antibiotics. Over the
past few years, studies have repeatedly shown synergistic interaction
between antibiotics and phages in vitro, which can potentially improve
the clinical outcome in the treatment of pulmonary bacterial infections
(Torres-Barcelo and Hochberg, 2016). Chaudhry et al. found that phage
plus ceftazidime, ciprofloxacin or tobramycin could reduce the number
of invitro biofilm populations of P. aeruginosa PA14 (Chaudhry et al.,
2017), and ciprofloxacin combined with phage treatment had the same
effect (Henriksen et al., 2019). Moreover, Nouraldin et al. assessed the
efficacy of phage and antibiotic combination against 15 clinical isolates
on both planktonic and biofilm states (Nouraldin et al., 2016). Amikacin
and meropenem showed synergistic effect with phages against plank-
tonic cells, whereas amikacin with phages was effective against biofilms.

The number of phage therapy clinical trials on ClinicalTrials.gov is
very limited and those with a focus on respiratory diseases are even
rarer. Only one trial was identified (ClinicalTrials.gov identifier:
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NCT01818206) and the aim was to assess the efficacy of a cocktail of 10
phages against P. aeruginosa in sputum samples from CF patients.
Despite existing many challenges, inhaled combination of phage and
antibiotic holds remarkable potential to help treat respiratory infections.

5. Nanotechnology-based drug delivery systems for combating
respiratory biofilm infections

Drug delivery to the lungs by inhalation offers a targeted drug
therapy for respiratory diseases (Guo et al., 2021). However, the ther-
apeutic efficacy of inhaled drugs is limited by their rapid clearance in the
lungs (Douafer et al., 2020). Nanotechnology-based drug delivery sys-
tems for antimicrobial agents have therefore been exploited to treat
respiratory biofilm infections due to their many advantages over con-
ventional antibiotic formulations, including controlled drug release,
improved pharmacokinetic (PK) and pharmacodynamic (PD), targeting
delivery, stabilization, modulated drug combination regimen etc.
(Fig. 3). To date, lipid and polymer-based nanotechnology-based drug
delivery systems may be the most exploited nanoparticles to deliver
antimicrobial agents to treat respiratory biofilm infections due to their
biocompatibility, biodegradability, safety profile and long history of
usage (Sharma et al., 2021). Yet, the metal nanoparticles (e.g, silver)
and NO loaded nanoparticles have also been attempted and shown to be
promising to combat biofilm infections as alternatives to classical anti-
biotics. The last but not the least, the nanoparticles exhibiting on-
demand drug release upon specific stimuli are emerging and attracting
more and more interest in this field with their ‘smart’ feature to achieve
targeted and precise therapy.

5.1. Lipid-based nanoparticles

Liposomes are the only sustained-release strategy for pulmonary
delivery that has been approved so. Antimicrobials have been success-
fully encapsulated in liposomes and some liposomal antimicrobials are
very promising for biofilm treatment (Ding et al., 2021). Liposomes are
composed of lipid bilayers that consist of phospholipids and cholesterol
and can simultaneously encapsulate water-soluble and poorly water-
soluble drugs (Fig. 4a). Liposomes loading antimicrobial drugs can
fuse to the outer membranes of the bacteria owing to their membrane-
like structure and release their cargos at high concentration into the
cytoplasm of bacteria, bypassing the effects of efflux pump on drugs
(Pelgrift and Friedman, 2013). Liposomes can be delivered to the human
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lungs by nebulization of a liposome suspension or as a dry powder (Li
et al., 2018; Xu et al., 2019). However, liquid liposomal suspensions are
sometimes associated with stability problems (Shetty et al., 2020). In
order to overcome these issues, dry powder formulations have been
developed for drug delivery to the lungs. A solid-state form of liposomal
formulations containing ciprofloxacin nanocrystals retained stable at
high relative humidity and controlled drug release (Khatib et al., 2020).
Yu et al. also have developed the liposomal dry powder inhaler formu-
lations consisting of ciprofloxacin and colistin (Yu et al., 2020). This
study demonstrated that the combination liposomes could lower the
transport capability of both drugs across the Calu-3 cell monolayer and
accumulation in the cells. They can be prepared by spray-drying, spray-
freeze-drying and freeze-drying followed by micronization (Elsayed and
AbouGhaly, 2016; Yu et al., 2021).

The ability of the liposomes to penetrate into the biofilms has been
investigated (Table 3). Neutrally charged liposomes in a certain size
range have been shown to be able to effectively penetrate the expecto-
rated CF sputum (Hadinoto and Cheow, 2014). It was reported that
nebulized neutral liposomes of amikacin could treat the chronic
P. aeruginosa infections in CF patients by effectively diffusing through
the human respiratory mucus layer and penetrating into the biofilms,
resulting in increased the local drug concentration around the bacteria
(Meers et al., 2008). Despite anionic liposomes could reduce the in-
teractions of the liposomes with mucus layer or EPS matrix, this might
hinder their affinity towards the bacterial cells (Hadinoto and Cheow,
2014). Cationic liposomes could typically enhance the antimicrobial
effects because of their superior interactions with the negatively charged
bacterial cell membranes (Drulis-Kawa et al., 2009). However, the
cationic liposomes could have strong interactions with the mucus and
biofilm matrices, which retard the drug penetration and activity, as for
example seen for tobramycin (Alipour et al., 2009). Therefore, neutral
liposomes are considered to be better than the charged liposomes with
respect to penetrating mucus layer and biofilms as well as interacting
with the bacterial cells. Besides surface charge, the diameters of the li-
posomes were another important factor affecting biofilm penetration of
liposomes. The ideal diameter for liposomes in biofilm-infection control
ranges between 5 and 100-200 nm, but not exceeding 500 nm (Liu et al.,
2019; Murgia et al., 2016). Although the mucus biofilms have significant
clinical importance, their structure and the bacteria behaviors in these
biofilms are not totally understood (Ho et al., 2019). It is notable that the
mucus biofilms could exist for decades and cannot be completely
eradicated.

Advantages of nanoparticles
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Fig. 3. The advantages of nanoparticles. a) Nanocarriers can be loaded or functionalized with biofilm-responsive surfaces that selectively target or control drug
release within biofilms and improve the pharmacokinetic (PK) and pharmacodynamic (PD) profiles of antimicrobial agents. b) Nanoparticles can enhance the
antibiotic penetration by reducing the interactions between the drug molecules and mucin as well as the EPS matrix and can protect drug from degradation by the
enzymes present in the biofilm. ¢) Nanoparticles can be designed to efficiently deliver a combination of different functional actives, creating multifunctional carrier
systems that also have been shown to produce improved efficacy over co-administration of the free drug combination.
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Table 3
A summary of representative delivery systems of the inhaled antibiotics for the treatment of respiratory biofilm infections.
Formulation Major excipients Antibiotics Physical Size Charge Biofilm Ref.
form (nm)
Liposomes DPPC: Chol Amikacin LF 200-300 Neutral Non-tuberculous (Zhang et al.,
mycobacteria 2018)
DPPC: Chol, DMPC: Chol Polymyxin B, tobramycin ~ LF 300-450 Neutral P. aeruginosa (Misagh et al.,
2009b)
DMPC: Chol Amikacin, gentamicin, LF 350-510 N/A P. aeruginosa (Misagh et al.,
tobramycin 2009a)
(DPPC, DDAB, DAP, Chol) Clarithromycin LF 170-220 Neutral, Cationic, P. aeruginosa (Alhajlan et al.,
combinations Anionic 2013)
DPPC: Chol. Amikacin LF 300 N/A P. aeruginosa (Meers et al.,
2008)
DSPC: Chol Tobramycin DP 910 N/A P. aeruginosa (Alhariri and
Omri, 2013)
DPPC: DMPG, DSPC: DMPC ~ Tobramycin LF 400 Neutral, Anionic P. aeruginosa (Beaulac et al.,
1996)
DMPC: Chol, DPPC: Chol, Gentamycin LF 400 Neutral P. aeruginosa (Mugabe et al.,
DSPC: Chol 2005)
Polymeric PCL Levofloxacin DP 270 N/A E. coli (Kho et al., 2010)
nanoparticles
PLGA, PVA, PC Levofloxacin DP 240-300 Anionic P. aeruginosa (Cheow et al.,
2011)
PLGA, PVA, PL Ciprofloxacin DP 300 Cationic, Anionic P. aeruginosa (Baelo et al.,
2015)
PLGA, PCL Ciprofloxacin, LF 170-240 N/A E. coli (Cheow et al.,
levofloxacin, 2010a)
PLGA, PC Calcein (as a model) LF 280 Anionic P. aeruginosa (Cheow et al.,
2010b)

DPPC, dipalmitoylphosphatidylcholine; Chol, cholesterol; DMPC, 1,2-dimyristoyl-sn-glycero-3-phosphocholine; DDAB, didecyldimethylammonium bromide; DAP,
1,2-dioleoyl-3-dimethylammonium-propane; DSPC, 1,2-distearoyl-sn-glycero-3-phosphocholine; DMPG, 1,2-dimyristoyl-sn-glycero-3-phospho-(1'-rac-glycerol); PCL,
poly caprolactone; PLGA, poly (lactic-co-glycolic) acid; PVA, polyvinyl alcohol; PC, phosphatidylcholine; PL, poly (L-lysine); LF, liquid formulation; DP, dry powder;

N/A, not available.

Besides liposomes, other lipid-based nanoparticles such as solid lipid
nanoparticles (SLNs) and nanostructured lipid carriers (NLCs) could
offer certain physical stability during the nebulization process for
inhalation (Loira-Pastoriza et al., 2014). However, compared with li-
posomes, SLNs and NLC may be more toxic due to the presence of non-

endogenous surfactants in their composition (Loira-Pastoriza et al.,
2014). Currently, SLNs and NLCs are also investigated to treat pulmo-
nary biofilm infections. It was reported that by incorporating liquid lipid
in SLNs and NLCs the crystallinity of the lipid particles could be reduced,
and the storage stability and the encapsulation efficiency could be
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significantly improved (Wissing et al., 2004). A recent study showed
that SLNs and NLCs containing levofloxacin exhibited a strong anti-
bacterial activity against gram-positive and gram-negative microor-
ganisms, which were also able to destroy the structure of biofilms of
P. aeruginosa strain (Islan et al., 2016). Another study showed that
colistin loaded NLCs were more effective than the pure drug in eradi-
cating biofilms of P. aeruginosa in culture, which were attributed to the
penetration ability of the encapsulated drug molecules to reach both the
superficial and the deep regions of the biofilms (Eulalia et al., 2017). It
was also shown that as compared to the free colistin, NLCs loading
colistin exhibited a higher anti-biofilm activity against sensitive and
resistant P. aeruginosa isolated from the sputum of CF patients (Sans-
Serramitjana et al., 2016).

5.2. Polymer-based nanoparticles

Polymeric nanoparticles exhibit similar advantages of liposomes,
such as mucus penetration and sustained drug release behavior (Ho
etal., 2019). It was reported that polymeric nanoparticles could improve
the residence time of the drug in the lung and protect the drug from the
degradation (Fig. 4b). The biocompatible and biodegradable polymers,
such as poly(lactic-co-glycolic) acid (PLGA), poly caprolactone (PCL),
polyvinyl alcohol (PVA) have been widely used to deliver antibiotics
into the lungs (Table 3). It should be noted that polymeric particles may
cause lung toxicity due to the slow degradation rate of some polymers
such as PLGA and their possible accumulation (Loira-Pastoriza et al.,
2014).

One of the notable merits of polymeric nanoparticles may be their
ability to provide prolonged drug release profile to maintain high con-
centration levels of antimicrobial agents at the site of the infections,
which is considered to be critical with respect to improving the anti-
biofilm effect (Forier et al., 2014). Cheow et al. (Cheow et al., 2010a,
b) showed that levofloxacin and ciprofloxacin-loaded PLGA nano-
particles could exhibit biphasic drug release profile over six days, which
were developed for the treatment of Escherichia coli biofilm cells in-
fections. In another study, gentamicin loaded PLGA nanoparticles were
tested against both planktonic and biofilm cultures of P. aeruginosa PA01
in vitro (Abdelghany et al., 2012). The PLGA nanoparticles provided a
sustained release profile of gentamycin, showing a significantly effective
killing effect against biofilms as compared to the free drug (Tiireli et al.,
2017). Similarly, ciprofloxacin counter-ion complex (sodium dodecyl
sulfate)-loaded PLGA nanoparticles also exhibited sustained release
profile and effective penetration of the tight mesh of biofilm/mucus,
which were considered as promising nano-delivery systems to treat
P. aeruginosa lung infections in CF patients (Abdelghany et al., 2012).
However, prolonged retention time (weeks to months) of PLGA nano-
particles in the lungs raise also safety concerns. It is because PLGA could
slowly degrade into acidic residues, i.e., lactic acid and glycolic acid. The
accumulation of acidic residues in the lungs might irritate the lung,
causing cough, edema and others adverse effects (Wang et al., 2018).
Hence, the biocompatibility of the polymeric nanoparticles for pulmo-
nary administration to combat respiratory biofilm infection remains to
be verified.

Coating nanoparticles with inert biocompatible polymers such as
polyethylene glycol (PEG) represents the most popular strategy of sur-
face functionalization. PEG is a neutral linear polyether, which has been
approved by US food and drug administration (FDA) for pulmonary
inhalation (Healy et al., 2014). It was found the PEGylated polystyrene
nanoparticles could readily penetrate into the P. aeruginosa biofilms and
mucus without interacting with their components, in contrast to the
corresponding non-coated and charged counterparts (Forier et al.,
2013). It was reported that PEG modification at the surface of negatively
charged polystyrene nanoparticles with three different sizes (i.e., 100,
200 and 500 nm) could diffuse across 10 um-thick mucus (Suk et al.,
2009). This can be attributed to the effect that PEG could avoid the in-
teractions between the hydrophobic polystyrene nanoparticles and the
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hydrophobic domains of the mucin. In addition, the low molecular
weight of PEG (2-5KDa) provided a no mucoadhesive coating on non-
degradable latex beads, whereas high-molecular mass PEG (greater
than10KDa) exhibited mucous membrane adhesion (Yang et al., 2011).
The molecular weight and the surface density of PEG play an important
role in mucus penetration of nanoparticles.

Natural polymers, such as chitosan or polylysine, can be used to
prepare positively charged and antimicrobial nanoparticles (Liu et al.,
2019). Among them, chitosan (linear polysaccharides derived from
chitin) is the most commonly used (Pelgrift and Friedman, 2013).
Positively charged chitosan chains can adsorb onto the negatively
charged cell walls and plasma membranes of the microbial cells, causing
aggregation and leakage of their intracellular content (Pelgrift and
Friedman, 2013), inhibition of mRNA transcription and protein trans-
lation by binding to DNA (Friedman et al., 2013). Nanoparticles
composed of chitosan possess a positively charged surface, enhancing
their accumulation in biofilms (Liu et al., 2019). Moreover, chitosan
could be chemically modified to treat biofilm infections. For example,
aminated chitosan could exhibit an improved activity against biofilms
(Kenawy et al., 2019). It was also reported that chitosan could be
applied to provide a mucoadhesive coating on the PLGA nanoparticles
(Chatterjee et al., 2017), which could increase the bioavailability and
the performance of drugs both locally and systemically (Neves et al.,
2011).

5.3. Metallic nanoparticles

Ag itself has only weak antimicrobial effects (Pelgrift and Friedman,
2013). The antibacterial potentials of Ag nanoparticles are mostly due to
their dissolution and release of Ag™ ions, which can interact with the cell
membrane and subsequently generate ROS and cell lysis (Fig. 4c).
Studies have shown that Ag nanoparticles not only have antibacterial
effect on planktonic bacteria (Dakal et al., 2016), but also have anti-
biofilm effect (Singh et al., 2019). However, the mechanism by which Ag
nanoparticles penetrate and kill biofilms remains unclear. The antimi-
crobial/antibiofilm activities of Ag nanoparticles are dependent upon
their size, and small Ag nanoparticles show high bacteriostatic ability
(Knetsch and Koole, 2011). Due to their high surface energy, the Ag
nanoparticles are easily aggregated into large particles, which might
weaken their antibiofilm capacity (Pelgrift and Friedman, 2013).
Therefore, surface functionalization before application is important.
Natural and environmentally benign compounds like p-cyclodextrin and
polyphenols are used to stabilize colloidal Ag nanoparticles by coupling
through hydrogen bonding (Liu et al., 2019). In addition, antimicrobials
can be used synergistically with Ag nanoparticles to enhance bacterial
killing by chelating antimicrobial carboxyl/amino groups on the Ag
nanoparticles (Liu et al., 2019).

In addition, the metallic copper (Cu) and gold (Au) were also
encapsulated in nanoparticles, which showed a weaker antibacterial
effect than the Ag nanoparticle (Pelgrift and Friedman, 2013). The
magnesium halogen (MgF3) (Blecher et al., 2011), zinc oxide (ZnO)
(Pelgrift and Friedman, 2013) and ferroferric oxide (Fe304) (Beyth et al.,
2015) nanoparticles could also inhibit the growth of the bacteria and
biofilm formation. Despite of the great potential of the metal nano-
particles, there are relatively limited clinical application in lung biofilm
infection, as the related nanotechnology requires a complex character-
ization and analysis. In addition, the scaling up of nano-delivery systems
is also challenging. Last but not the least, the long-term administration
of the metal nanoparticles for the lung infections and their inhalation
administration are not preferred due to their non-biodegradable nature.

5.4. Nitric oxide (NO) nanoparticles
NO is a signaling molecule found in both prokaryotic and eukaryotic

systems, which can reduce bis-(3'-5)-cyclic dimeric guanosine mono-
phosphate (c-di-GMP) level by increasing the phosphodiesterases (PDEs)
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sensing (Rumbaugh and Sauer, 2020), ultimately mediate dispersal of
P. aeruginosa biofilm and exert antibacterial effects (Fig. 4d). Although
the regulation of the c-di-GMP is complicated, this signaling pathway
provides an attractive therapeutic strategy for the bacteria eradication.
In a randomized clinical trial on 12 patients, the inhalation of 10 ppm of
NO caused a significant reduction in P. aeruginosa biofilm aggregates as
compared to the placebo therapy after 7 days of treatment (Howlin et al.,
2017). Hetrick et al. showed that the NO nanoparticles made of silica
could kill bacteria, including P. aeruginosa, S. aureus and other bacteria
existing in the biofilms (Hetrick et al., 2009). In addition, NO could react
with superoxide (0*) to form reactive nitrogen oxide intermediates
(RNOS), which can directly damage the proteins, DNA, DNA repairing
enzymes and membrane of bacterial (Pelgrift and Friedman, 2013). NO
nanoparticles exhibited a broad-spectrum antibacterial potential and
could inhibit the growth of antibiotic-resistant bacteria, such as
P. aeruginosa (Pelgrift and Friedman, 2013). Currently, there is no direct
evidence showing that the use of exogenous NO could lead to bacterial
resistance, which might be due to its multiple antibacterial mechanisms.
Limited studies in humans subjects shows that topically delivered NO is
clinically useful and no more toxic than currently available antimicro-
bials (Schairer et al., 2012). It could be speculated that NO-based
nanoparticles might be promising because it is an inexpensive, simple
to synthesize, shelf stable and nontoxic, which could provide sustained
release of NO to exert the killing effect.

5.5. Stimuli-responsive nanoparticles

Nanotechnology-based drug delivery systems with stimuli-triggered
drug release behavior have attracted enormous interest in the field
(Fig. 4e). It is because they could elute their cargos in the close prox-
imity of the biofilm bacteria. They were described as ‘smart’ and
considered as a promising approach in achieving a precise targeted
therapy by increasing the local antibiotic concentration in the biofilms
and reducing systemic side effects. Several stimuli factors including
oxygen concentrations, pH, virulence factors and proteins/enzymes are
exploited to trigger the release of antibacterial agents (Benoit and Koo,
2016). However, these mechanisms have not been reported yet in clin-
ical research.

The biofilm bacteria growing in the CF airways are exposed to ROS
liberated from PMNs (Mauch et al., 2018). This could lead to the
development of oxidative stress, which could cause an enhanced
adaptability of bacteria in the biofilm communities (Boles and Singh,
2008). Inspired by the aberrantly increased ROS level at the disease
sites, a large number of ROS-triggerable compounds, materials, and drug
delivery systems have been developed for the biofilm therapy (Zhang
et al., 2017). A ROS-responsive material, i.e., 4-(hydroxymethyl) phe-
nylboronic acid pinacol ester-modified a-cyclodextrin, was employed to
encapsulate moxifloxacin (Wang et al., 2019). This resulting ROS-
responsive moxifloxacin-loaded nanoparticles could overcome the
mucus barrier, control drug release in the presence of 0.5 mM H205, and
improve the targeting capability of nanoparticles for the treatment of
pulmonary bacterial infections (Wang et al., 2019).

The biofilms display an acidic microenvironment (pH ~ 4.5 or even
lower in some cases) (Benoit and Koo, 2016). The acidic environment is
caused by the anaerobic fermentation (Benoit and Koo, 2016) of the
microorganisms and activated PMNs (Benoit and Koo, 2016; Jensen
et al., 2017). Some aminoglycoside antibiotics are known to lose their
activity in acidic environment, e.g.,, under CF conditions (Benoit and
Koo, 2016; Simmen and Blaser, 1993). Researchers developed pH-
responsive nanoparticles, which were stable under physiologic pH
conditions but degrade or disrupt under acidic pH conditions to release
the active drug molecules. Some commonly used pH-responsive func-
tional groups include esters, ketals, acetals, and anhydrides etc., which
could be utilized to design pH-responsive nanoparticles encapsulating
antibiotics (Benoit and Koo, 2016).

Biosurfactant rhamnolipid, virulence factors, which was shown to be
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important for biofilm formation (Boles et al., 2005). Recent study
showed that rhamnolipid could trigger the release of cargos in lipid-
polymer hybrid nanoparticles consisting of PLGA cores and phosphati-
dylcholine shells, but only suitable for certain classes of encapsulated
molecules (Cheow and Hadinoto, 2012). For example, the lipid-polymer
hybrid nanoparticles were used to encapsulate levofloxacin and oflox-
acin and both of these drugs could rapidly be released from the nano-
particles in the absence of rhamnolipids, which was attributed to the fact
that both drugs are able to pass lipid membranes. However, a water-
soluble dye, calcein with a low permeability to the lipid membranes,
showed no significant release of calcein in the absence of rhamnolipids.
With an addition of rhamnolipids, calcein could be rapidly released. In
another study, Meers et al. showed that rhamnolipid could trigger the
release of amikacin from the inhaled DPPC: Chol liposomes for more
than 8 h, due to its surfactant-like property, which could successfully
penetrate to the biofilms in in vivo study (Meers et al., 2008).

6. Conclusion

Antibiotic management is a primary treatment regimen in the clinic
to combat respiratory biofilm infections. As a common clinical practice,
antibiotics are given via inhalation to treat chronic respiratory infections
with biofilms besides systemic administration by means of injection/
oral treatment. The rationale behind this dosing regimen is because high
local concentrations of antibiotics can be achieved via inhalation. While
inhalation delivery of antibiotics provides certain clinical benefits, the
eradication of pathogens within biofilms has not been very successful.
An efficient treatment of biofilm infections needs a well-established
multidisciplinary approach, which may include the removal of the
infected foreign bodies, selection of biofilm-sensitive antibiotics,
administration of anti-quorum sensing or biofilm dispersal agents, and
their combinations, besides the systemic or topical antibiotic adminis-
tration in high dose. More recently, nanotechnology-based drug delivery
systems have been exploited to combat biofilm infections. Despite of
lacking the clinical evidences, the flexibility of the nanotechnology-
based drug delivery systems may offer promising opportunities to
overcome bacterial resistance and improve the treatment of respiratory
biofilm infections.

7. Future perspective

The formation of biofilm is a key strategy for microorganisms to
survive and plays a major role in the persistence of bacterial infections as
the cells in the biofilms are able to evade host immune defenses and
increase antibiotic resistance. An effective therapeutic strategy against
respiratory bacterial biofilm infections may be exploiting drug combi-
nations. The simultaneous delivery of multiple antibiotics, and also
combing antibiotics and non-antibiotic substance such as QSIs, EPS
interfering agents, metal-chelators, bacteriophage etc. could enhance
the antimicrobial efficacy of the antibiotics at a reduced dose employed.
In addition, the development of bacterial resistance could be circum-
vented by this combinational therapy. Recently, various nanoparticle-
based drug delivery systems composed of lipids, polymers, metals, and
NO have shown advantages over conventional antibiotic management to
combat respiratory biofilm infections by providing high local concen-
trations of antibiotics to the site of infection, enhancing the selectivity
and sensitivity, and suppression of the resistance development. More-
over, ‘smart’ nanotechnology-based drug delivery systems functional-
ized by stimuli-responsive moieties, have shown ‘on-demand’ release or
activation of bioactive agents triggered by pathogenic microenviron-
ments (e.g, pH, hypoxia, and virulence factors), which may further
enhance the treatment efficiency of respiratory bacterial biofilm in-
fections. Despite creating promising concepts with these advanced
pharmaceutical technologies, the optimization of the pharmaceutical
formulation characteristics and the dosing regimen are still required, in
particular the drug loading capacity, in vivo respiratory biocompatibility
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at high doses, and the exposure of antibiotics to the biofilm. Most cur-
rent research are based on in vitro observations, with many failing to
progress to in vivo studies and even fewer to clinical application. The
poor predictability of the in vitro biofilm models also hinders the
development of the treatment strategies of the respiratory biofilm in-
fections. It warrants collecting appropriate clinical samples, for anti-
biotic susceptibility testing and for improvement of laboratory reports of
biofilm findings in the clinical microbiology laboratory. The interested
reader is referred to a recent review article presenting all the
pulmonary P. aeruginosa infectious models focusing on macrolide ther-
apy (Thomsen et al., 2021). In addition, the future research should focus
on achieving a maximal efficacy and specificity with minimal toxicity
and long-term effects to develop low-cost and practical formulations for
clinical use.
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