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Abstract 

Cystic fibrosis (CF) is an autosomal recessive disease that stems from mutations in the CF 

transmembrane conductance regulator (CFTR) gene. Chronic pulmonary infections are the main 

cause of death observed in patients with CF, as they can bring about pulmonary exacerbations, 

inflammation and eventually lung and respiratory failure. Eradication of Pseudomonas 

aeruginosa, the principal pathogen found in CF patients, is extremely challenging due to its 

numerous resistance mechanisms, namely efflux pumps and reduced permeability. In the race 

against antibiotic resistance, there is a pressing need to develop new ways to revive existing 

antimicrobials and enhance their activity. Indeed, liposomal formulations of antibiotics were 

shown to revitalize the drugs by increasing their activity against pathogens and reducing associated 

toxicity. Similarly, phenylalanine arginine-β-naphthylamide (PABN) is a potent efflux pump 

inhibitor that demonstrated great activity against bacteria like P. aeruginosa by inhibiting drug 

efflux. In this study, liposomal gentamicin and erythromycin were prepared with the dehydration-

rehydration vesicle method and their effects on biofilm formation, quorum sensing, virulence 

factors production and motility in the presence and absence of PABN were evaluated against 

clinical and laboratory isolates of P. aeruginosa. Liposomes and PABN combinations potentiated 

antibiotics and reduced the production of biofilms, virulence factors and motility in the bacteria. 

These results indicate that both liposomal gentamicin and erythromycin combined with PABN 

show good promise in keeping P. aeruginosa infections under control in CF lung infections.  

Keywords: Cystic fibrosis, Pseudomonas aeruginosa, Efflux pumps, PABN, Liposomes, 

Gentamicin, Erythromycin  
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Chapter 1 
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1 Introduction 

1.1 Cystic fibrosis 

Cystic fibrosis (CF) is an autosomal recessive disorder most commonly found in populations of 

European descent [1]. CF is caused by mutations in the Cystic Fibrosis Transmembrane 

Conductance Regulator (CFTR) gene, impacting the function of multiple organs [2]. The disease 

affects about 4300 people in Canada [3], 35,000 in the US [4] and more than 85,000-100,000 

worldwide [5–7]. Although CF is a multisystemic disease affecting the liver, the pancreas, the 

digestive and reproductive systems, its devastating effects in the lungs are behind the high 

mortality and morbidity rates associated with the disease [8]. Despite the major advances in the 

treatment of CF, there is still to date no cure for the disease, only palliative treatments targeting 

the symptoms. The profiles of CF patients have considerably changed over the past three decades. 

Formerly referred to as a pediatric disease, CF has progressively become a disease of the adult, 

with more than 50% of the patients over 18 years in Canada and in most developed countries [9]. 

This is mainly possible because of the improvements in the management of the disease and clinical 

care that offers a better quality of life to patients. Nowadays, the median survival age for CF 

patients is estimated at 47.4 years in the US [3] and at 52.3 years in Canada [10] when 50 years 

ago CF patients seldom made it past 5 years of existence. Even though Caucasians are more 

afflicted by the disease with an incidence of 1/3500 births in Europe, more reports show that CF 

is indeed a pan-ethnic disease also widespread in Africans (1/17000), Asians (1/32000) and Latin 

Americans (1/1600-1/14000) [11,12]. Non-Europeans seem to be more afflicted by the disease 

than what was initially believed. In fact, increasing studies from South Africa and China suggest 

that the number of people reported to have CF might be greatly underestimated because of the lack 

of testing material, the perception of CF as a Caucasian disease and the lack of suspicion from 
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local medical staff [13,14]. As a result, people with CF in those places are either not tested for the 

disease or they are misdiagnosed. The paucity of CF data in black Africans warrants more research 

to fill in the gaps and allow for the development of CFTR modulator therapies for all CF patients.  

1.1.1 Pathophysiology 

The CFTR gene encodes for an anion channel expressed at the apical membrane of epithelial 

cells in various tissues including the lungs, the gastrointestinal tract [15] and also in immune 

cells [16]. Mutations in the CFTR channel limit or inhibit effective chloride, bicarbonate and 

fluids transport in the body (Figure 1) [17].  

 

Figure 1: Pathophysiology of cystic fibrosis in the lungs 

Mutations in the CFTR gene lead to defective ion transport, mucus accumulation and obstruction 

of the airways. Eventually the vicious cycle of inflammation and infection induces lung damage 

and respiratory failure, which are often the main cause of death in patients. 
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This ultimately leads to the dehydration and acidification of the airway surface liquid (ASL) and 

to the accumulation of a thick and sticky mucus in the airways [16]. Indeed, this thick mucus 

inhibits mucociliary clearance and often leads to obstruction of the airways and self-perpetuating 

neutrophilic hyperinflammation, all providing an auspicious environment for chronic infections 

[17,18]. The vicious cycle of inflammation and chronic infections eventually induces lung damage, 

respiratory failure and sometimes death [2]. 

1.1.2 The genetics of cystic fibrosis  

CF was first distinguished from celiac disease in 1938. The CFTR gene was then discovered in 

1989 by positional cloning by Drs. Lap-Chee Tsui and John Riordan from the Toronto Hospital 

for sick children and Dr. Francis Collins from the University of Michigan [19]. The CFTR protein 

contains 27 exons and is located on the long arm of chromosome 7 at position 31.2 [20]. It is an 

ATP binding cassette carrier that uniquely functions as an ion channel and consists of two 

transmembrane domains (TMD1 and TMD2) (Figure 2), two nucleotide binding domains (NBD1 

and NBD2) and a regulatory domain (R) [17]. The protein is activated by phosphorylation of its R 

domain by protein kinase A and gated by ATP binding/hydrolysis: ATP binding opens the CFTR 

channel, while ATP hydrolysis closes it [21]. The CFTR protein is involved in chloride and 

bicarbonate transport with secondary effect on sodium transport and maintains the hydration of the 

epithelial layer [22]. 

1.1.3 CF Transmembrane Conductance Regulator gene mutations   

As of now, there are over 2100 mutations associated with CF, most of which are rare. The 

Phe508del mutation (previously known as DF508), resulting in a loss of phenylalanine at the 

position 508 represents about 70% of the CF variants, mostly in Caucasians [23]. 
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Figure 2: Structure of the CFTR protein 

The CFTR protein is a phosphorylation-dependent chloride channel mainly located in the apical 

membrane of epithelia where it mediates the movement of ions and liquid. 

 

It is worth mentioning that CF mutations are extremely population-specific and differ between 

demographics [24]. For instance, the severe class I nonsense mutation 3120 +1G->A is the 

commonest mutation reported in black Africans with CF in Sub-Saharan Africa and in the diaspora 

at a frequency of 11-46% [13,25]. Similarly, the mutation His609Arg (legacy name H609R) is 

very specific to Ecuadorians [20]. Most variants in non-white patients have yet to be identified and 

classified. Those differences should be taken into consideration for optimal screening and 

treatment of CF.  

CFTR mutations can be classified into seven categories (class I to VII)  as shown in Table 1, with 

regards to their impact on the CFTR protein production, trafficking, function and stability [26]. 

Class I includes nonsense or frameshift mutations which lead to the degradation of immature 

mRNA and relative absence of CFTR protein [27], class II mutations involve impaired protein 

maturation (no traffic) with lack of channel opening, class III includes defective regulation of 
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CFTR gating activity, class IV produces misshaped channels causing altered ion selectivity and 

conductance, class V mutations are defined by splicing defects that lower CFTR mRNA levels and 

class VI mutations generate a functional but unstable protein at the cell surface [22,28]. 

 

Table 1: Classification of CFTR mutations with their therapeutic strategies 
CLASSES 

Wild type 
 

 

VII or IA 
 

 

I or IB 
 

 

II 
 

 

III 
 

 

IV 
 

 

V 
 

 

VI 
 

 
Defect type No mRNA 

[26] 
No functional 
protein  
 

No protein 
trafficking 

Impaired 
channel gating  

Decreased 
channel 
conductance 

Reduced 
protein 
synthesis 

Decreased 
protein 
stability 

Mutations 
examples 

c.1585-
1G®A, 
1717-1G®A 
[29] 

Gly542X, 
3120+1G®A 
[30] 
 

Phe508del, 
Trp361Arg 
[28] 

Gly551Asp, 
Ser1251Asn 
[31] 

Arg117His, 
Arg334Trp 
[31] 

Ala455Glu, 
2789+5G®A 
[32] 

Ser1455X, 
Gln1412X 
[33] 

Therapeutic 
approaches 

Not rescuable Rescue 
synthesis  

Rescue 
trafficking 

Restore 
channel 
activity 

Restore 
channel 
activity 

Repair 
splicing 

Promote 
protein 
stability 

Drug None. Gene 
therapy in the 
future 

Read-through 
compounds 
(None 
approved) 
Altaluren has 
possible 
adverse 
reactions with 
TOB* [34] 
 

Correctors-
Potentiators: 
Lumacaftor-
Ivacaftor, 
Tezacaftor-
Ivacaftor 

Potentiators: 
Ivacaftor 

Potentiators: 
Ivacaftor 

Antisense 
oligo-
nucleotides 
Correctors- 
Potentiators: 
Tezacaftor-
Ivacaftor 

Stabilizers,  
none approved 
[35] 
Correctors-
Potentiators: 
Tezacaftor-
Ivacaftor 

 

*TOB: Tobramycin. CFTR mutations are divided into seven classes depending on their effects 
on the CFTR gene. 
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A 7th class (class VII) was proposed by De Boeck and Amaral to regroup large deletions and 

frameshift mutations that are not easily amenable to pharmacotherapy and result in a lack of 

production of mRNA [26]. It was later proposed that this 7th class be renamed class IA and class I 

renamed IB to maintain a continuous degree of severity across mutation classes and also because 

class VII mutations have the same outcomes as class I mutations [36]. The variants of the classes 

I–III and VII are associated with classical CF and are considered “severe”, because they induce 

significant disorders of the exocrine function of the pancreas. On the other hand, mutations of 

classes IV-VI, in which the function of the chloride channel is partially preserved, are classified 

as “mild” [37] 

However, the mutations classification system overlooks the fact that many CFTR mutations remain 

unstudied and that they can cause multiple cellular defects, and are therefore difficult to put in one 

category [38]. For instance, the Arg117His class IV mutation (Table 1) also exhibits  both class II 

and III traits [39]. A combinatorial approach that classifies mutations according to their impact on 

the CFTR protein and their response to CFTR modulators (Table 1) was therefore proposed to be 

more beneficial therapeutically [40], since mutations within the same class can respond differently 

to therapy [41]. 

1.1.4 Ion transport 

The CFTR protein promotes chloride (Cl-) and bicarbonate (HCO3-) efflux and secondarily inhibits 

sodium (Na+) influx through the epithelial sodium (Na+) channel (ENaC) [1]. This creates and 

maintains an osmotic balance across epithelial surfaces in the body [42]. In some tissues expressing 

CFTR like the airways or the rectal epithelium, high intracellular Cl- concentrations lead to an 

electrochemical gradient that promotes Cl- secretion across CFTR at the apical membrane [43]. 
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The effective Cl- secretion facilitates water efflux. In the absence of a functional CFTR protein 

(Figure 3), the lack of ENaC inhibition at the apical membrane leads to Na+ hyperabsorption, partly 

responsible for the increase in secretions viscosity [44].  

 

Figure 3: Ion transport and mucus abnormalities in cystic fibrosis 

In CF, the defective CFTR protein is unable to properly transport ions in and out of cells, which 

leads to the dehydration of the ASL. The situation results in the accumulation of thick and acidic 

secretions, favorable to microbial colonization in the airways. 

 

The CFTR channel also transports HCO3- which is essential for proper fluids secretion and 

performs important functions in the body. It notably maintains zymogens inactive in the pancreas, 

neutralizes gastric acids in the duodenum, optimizes pH for digestive enzymes and prevents mucin 

aggregation and mucus plug formation in the airways [43]. Additionally, HCO3- plays a 

fundamental role in sequestrating calcium and protons from secreted mucin granules and supports 
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neutrophils killing capacity as well as reduces bacterial colonization in the lungs [18,45]. Impaired 

HCO3- secretion accounts for mucus accumulation in CF. Indeed, Quinton, Choi and others proved 

that HCO3- was essential for proper mucus secretion and viscosity [46,47].  

1.1.5 Mucus abnormalities and ciliary dysfunction 

Defective anion transport in CF leads to abnormally acidic pH in the ASL and its dehydration, 

which is associated with the accumulation of a thick and hyper-viscous mucus in the airways 

(Figure 3) resulting in decreased mucociliary clearance [46]. In contrast, in healthy individuals, 

normal mucus is used to trap and eliminate inhaled particles from the airways with ciliary beating, 

maintaining the health of the lungs [48]. Mucus is composed of more than 90% H2O and polymeric 

mucins, mainly MUC5AC and MUC5B which control the physical properties of mucus in the 

lungs [49,50]. Both MUC5AC and MUC5B are high molecular weight glycoproteins secreted by 

goblet cells and organized into large multimers (2-100 MDa) through the formation of 

intermolecular disulfide bonds [48,51]. In CF, mucin hypersecretion and hyper-concentration due 

to a dehydrated ASL causes a decrease in mucus mesh size (entanglement), increases mucin cross-

liking, while the acidification of ASL changes mucus ionic interactions [50,52]. All those changes 

contribute to alter the viscoelastic properties of the mucus and lead to mucus plugging and failed 

mucociliary clearance in CF [53]. The exact link between the dysfunctional CFTR and dehydration 

of ASL remains somewhat controversial. In fact, some researchers hold that it is caused by 

deficient Cl- secretion and excessive Na+ and H2O reabsorption from the periciliary fluid while 

others believe that it is caused by the lack of HCO3- secretion and the acidification of the ASL 

[54]. The cause of the ASL thickening and the impaired mucociliary clearance is in our opinion 

multifactorial. While defective Cl- transport plays a role in the dehydration of secretions, there is 

a substantial amount of reports that support that impeded HCO3− transport is critical in ASL 
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acidification and impaired mucociliary clearance [45–47,55,56]. The airway acidification caused 

by a lack of HCO3- impairs mucin hydration and decreases bacterial killing in CF lungs both 

indirectly and directly. This was supported by recent studies which proved that reduced levels of 

HCO3- contributed to airway acidification and incidentally mucus accumulation in mice and piglets 

[57] Similarly, it was found that HCO3- indirectly affected the host defense mechanism against 

infections. Indeed, lymphocyte-promoted HCO3− secretion represents an important host defense 

mechanism for bacterial clearance. This mechanism is defective in CF lymphocytes due to the lack 

of CFTR function and HCO3- secretion [56]. Furthermore, Dobay and coworkers also reported that 

HCO3− directly enhances antimicrobial effects against bacterial pathogens including P. aeruginosa 

and S. aureus by impeding biofilms growth and formation [18]. 

1.2 Clinical manifestations  

The majority of CF individuals suffer from excessive salt loss from their sweat (Figure 4), 

infertility in men and subfertility in women, gastrointestinal, pancreatic and hepatobiliary issues 

as well as respiratory disease throughout their lives and diabetes later on [58–60]. In addition, 

pulmonary manifestations are the leading cause of death in patients [61]. With the increased life 

expectancy of patients, comorbidities like CF bone disease are also reported largely in patients 

over 45 years [62]. Interestingly, previous reports have shown a difference in clinical 

manifestations in black and white CF patients when it comes to gastrointestinal issues. Indeed, 

unlike their Caucasian peers, black South African children rarely presented with MI (meconium 

ileus) but instead with DIOS [25]. This could be due to the lower prevalence of the Phe508del 

mutation in those patients, which is often associated with MI. Even more, black children were 

reported to be more malnourished at the time of diagnosis than their white peers and presented 
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with less neonatal bowel obstruction. Admittedly, overtime their nutritional and pulmonary 

outcomes were similar to those seen in white patients [63]. 

 

Figure 4: Summary of clinical manifestations in cystic fibrosis 

*SIBO: small intestinal bacterial overgrowth; DIOS: distal intestinal obstruction syndrome. Cystic 

fibrosis affects several organ systems in patients. The defective CFTR protein often leads to 

excessive salt loss through the skin, airways obstruction and infections, poor growth, 

gastrointestinal and reproductive issues.  

 

Furthermore, Hispanic patients are described as having worst pulmonary function than Caucasian 

early on, probably from P. aeruginosa acquisition and other factors that remain to be identified. 

They are also less likely to have pancreatic insufficiency (PI) [64]. Similarly, clinical presentation 

of Chinese individuals with CF mainly includes bronchiectasis, sinusitis and lung function issues. 
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They also rarely suffer from PI. This is possibly because PI is strongly correlated with severe 

mutations like Phe508del, which has never been reported in Japan, Korea and China [14]. For 

those reasons, recognition of CF can be difficult and can lead to misdiagnosis or late diagnosis in 

African, Hispanic and Asian populations [64,65]. 

1.2.1 Pulmonary manifestations 

Pulmonary exacerbations ensue as a result of recurrent infections and inflammation [60]. They 

include worsening cough, elevated sputum expectoration, chest pain, shortness of breath, fatigue, 

weight loss and reduced lung function over time [66–68]. They can significantly decrease the 

quality of life and even the survival of patients. Typically, exacerbations are treated with antibiotics 

and airway clearance [67]. Severe exacerbations are treated with intravenous antibiotics and are 

associated with decreased lung function overtime [66]. 

1.3 Microbiology of cystic fibrosis 

There is a complex community of mixed pathogens that chronically take up residence in CF 

airways and they interact with one another to potentiate virulence towards the host through co-

regulation of gene expression. The interconnectedness of these microorganisms highlights the 

complexity of the microbiome present in the CF lungs. Their prevalence can vary greatly between 

each patient and even with age within a single host [69]. As such, Haemophilus influenzae and 

Staphylococcus aureus are traditionally the earliest pathogens to colonize the lungs of young CF 

children, while Burkholderia cepacia complex and Pseudomonas aeruginosa settle in adults [70]. 

The slight decline in classical pathogens like P. aeruginosa (PA) and S. aureus (SA) [71] might 

lead to the emergence of new pathogens like Stenotrophomonas maltophilia, Pandorea spp., 

Achromobacter spp, fungi and viruses, which are increasingly found in CF airways, where they 
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hamper proper lung function [72–78]. PA was shown to prevent the development of such 

pathogens and consequently as it declines in the lungs, those pathogens could grow more easily 

[69]. The more aggressive curative approach against PA and SA most likely resulted in their 

reduced prevalence and in Aspergillus species becoming the most predominant pathogen isolated 

in children [71].  

1.3.1 P. aeruginosa (PA)  

PA is an opportunistic Gram-negative bacterium ubiquitous to soil, aquatic environments and CF 

lungs [79]. It is the most prevalent and important pathogen in CF lungs [70,80]. The presence of 

PA in the lungs has been linked with a rapid decline in lung function and poor clinical outcomes 

due to the extreme difficulty in eradicating the pathogen [69]. Indeed, the bacterium is highly 

adaptable to its environment and possesses an arsenal of resistance mechanisms (Figure 5) against 

both antimicrobials and the host’s defense system that makes its eradication extremely challenging 

[79]. In point of fact, PA can reduce its membrane permeability to prevent antibiotics entry, over-

express efflux pumps in order to eject antibiotics, alter the antibiotics target and even employ 

antibiotic modifying enzyme such as aminoglycosides modifying enzymes and beta-lactamases 

[81]. PA also persists in the airways by thwarting the host defense via biofilm formation and its 

numerous virulence factors through the use of quorum sensing (QS), causing destructive 

inflammation [82]. Commonly prescribed antibiotics to treat PA infections include colistin, 

aminoglycosides, macrolides and fosfomycin [83]. However, due to the bacteria’s increased 

resistance to clinically acceptable levels of antibiotics and the associated toxicity of antibiotics at 

those concentrations, the search for new therapeutic options is pressing. Indeed, it is estimated by 

the centers for Disease Control and prevention (CDC) in the US, that approximatively 2 million 

people fall ill of multidrug-resistant bacteria, of which about 23000 die every year in the US [84]. 
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Figure 5: Resistance mechanisms in P. aeruginosa 

PA is able to develop resistance to most antimicrobial drugs through multiple resistance 

mechanisms like efflux pumps, biofilms, mutations, modifying enzymes and quorum sensing. 

 

1.3.2 S. aureus (SA)  

SA is a Gram-positive bacterium that is one of the earliest pathogens found in the lungs of CF 

children [85]. The bacterium can persist in the lungs of CF patients for extended periods causing 

acute and persistent infections through the production of small-colony variants, virulence factors 

and other antibiotic resistance mechanisms [86]. In fact, over the past two decades the prevalence 

of methicillin resistant staphylococcus aureus (MRSA), one of the most recurrent causes of 



 

15 

 

hospital- and community-associated infections has significantly increased from 2.1% in 1996 to 

25.2% in 2017 in CF patients in the US [85]. 

1.3.3 B. cepacia complex (BCC) 

BCC includes about 20 species of Gram-negative bacteria, transmissible from patient-to-patient 

that cause very serious infections in CF patients [87]. Among BCC species, B. cenocepacia is one 

of the most threatening pathogens in CF, as it is associated with reduced survival and can lead to 

fatal necrotizing pneumonia and bacteremia, also known as “cepacia syndrome” [88]. The BCC 

population is highly adaptive to the CF lungs and genetically diverse, which makes them very 

difficult to eliminate [89]. Despite its low prevalence, BCC is associated with a high risk of death 

after lung transplantation and is considered a contraindication to the procedure by many centers 

[90]. Clinical BCC isolates are usually resistant to commonly used antibiotics including 

aminoglycosides, beta-lactams and penicillins due to intrinsic and acquired resistance [91,92]. 

1.3.4 Haemophilus influenzae (HI) 

HI is an opportunistic Gram-negative bacterium more prevalent in CF children. Two categories of 

HI have been identified, namely the encapsulated strains with six serotypes (a to f) and the non-

encapsulated strains known as non-typeable HI [93]. The latter predominates CF airways of young 

patients and is a major cause of mucosal infections and exacerbates chronic obstructive pulmonary 

disease, although its pathogenic potential in CF is controversial [94]. On the other hand, the 

prevalence of encapsulated HI has been reduced following the introduction of HI type b conjugate 

vaccine over 20 years ago [95]. HI uses beta-lactamases and mutations in the penicillin-binding 

protein 3 to evade beta-lactams, aminopenicillins, ampicillin and recently cefotaxime [93,96].  
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1.3.5 Non-tuberculous mycobacteria (NTM) 

NTM are a pervasive group of microbes found in water and soil, responsible for causing severe 

disease in immunocompromised individuals including CF patients. They consist of more than 190 

species and sub-species of whom only a few are clinically significant like the Mycobacterium 

avium complex and the Mycobacterium abscessus, both associated with pulmonary infections and 

lung function decline [97]. The treatment of infections caused by those bacteria usually requires 

intense multidrug therapy for at least a year. Macrolides and amikacin (intravenous or inhaled, 

Arikayce®) remain the drugs of choice against them [98]. 

1.3.6 Emerging bacterial pathogens 

Stenotrophomonas maltophilia (SM) is an opportunistic Gram-negative bacterium that can 

monopolize the lungs of CF patients chronically [77]. SM  has been increasingly isolated from CF 

airways and it is associated with lethal pulmonary hemorrhage [76]. Much like PA, SM exhibits 

intrinsic and acquired resistance mechanisms against important antibiotics like beta lactams, 

aminoglycosides, tetracyclines and fluoroquinolones [77]. Its ability to evade many anti-

pseudomonal drugs supports the urgency to fill in the lack of data on its susceptibility profile and 

develop treatment protocols against this pathogen so that it does not become a threat like PA [99]. 

Even more alarming, is the fact that PA and SM seem to have a mutually beneficial relation in 

which PA increases the bacterial load of SM [100]. 

Pandoraea spp are Gram-negative aerobic, non-lactose fermenting rod shaped bacteria sometimes 

isolated from the airways of CF patients, blood samples and the environment [78]. They are 

genetically close to the Burkholderia genus with associated virulence factors as well and are 
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reported to increase the production of pro-inflammatory cytokines, even though they cannot form 

biofilms [74]. 

Achromobacter spp are another group of Gram-negative bacilli with an increased prevalence in 

lower respiratory infections in CF patients [73]. The most commonly found member of this family 

is Achromobacter xylosoxidans (AX). The bacterium has a broad intrinsic resistance to antibiotics 

as well as acquired resistance [101]. Studies have reported an important decrease in lung function 

in patients positive with AX, though observed in a relatively small sample size and under short 

periods [102]. 

1.3.7 Fungal infections in CF 

Even though bacteria play a major role in pulmonary damage in CF, the impact of fungi is reported 

to have considerably increased over the years [103]. Aspergillus fumigatus complex is the most 

predominant pathogenic mold (50-65%), followed by Candida spp. and Scedosporium spp. [72]. 

Scedosporium apiospermum complex and Lomentospora prolificans are also involved in causing 

pulmonary infections in CF patients, especially after a lung transplant [103]. PA shows significant 

inhibitory activity against those pathogens [72], therefore its decline might lead to further their 

proliferation. Aspergillus fumigatus (AF) is a filamentous fungus found in house dust, 

decomposing organic material and water damaged walls [104]. It is increasingly being isolated 

from the airways of CF patients where its most common manifestation is allergic 

bronchopulmonary aspergillosis (ABPA) [105]. AF was found to be associated with pulmonary 

exacerbations and poor respiratory health. Lower lung function and even greater pulmonary 

exacerbations are observed in CF patients co-infected by PA and AF [106]. Liposomal 

amphotericin B (AmBisome®) is one of the most effective antifungal drugs used to treat serious 
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infections caused by a wide range of fungi including Candida, Aspergillus and Scedosporium 

[107,108]. 

1.3.8 Viral pathogens 

Alternatively, viral infections also play an important role in CF lung disease. In fact, there have 

been reports of airway disease like bronchiectasis in CF infants even in the absence of bacteria 

[109]. Suggesting that viruses among other factors could initiate inflammation and chronic lung 

disease in CF. Viruses seem to be more prevalent in children under 5 years old whereas bacteria 

are more common in patients over 10 years of age [75]. Some of the viruses found in CF upper 

and lower airways include rhinovirus which is the most common, followed by adenovirus, 

coronaviruses, enterovirus, parainfluenza viruses, influenza viruses and respiratory syncytial virus 

(RSV) [110,111]. Antiviral medication like palivizumab against RSV, neuraminidase inhibitors 

and annual intravenous vaccinations reduce the rate and length of hospitalization in CF infants 

[112,113]. 

1.4 Resistance mechanisms of P. aeruginosa   

1.4.1 Enzymatic modification  

Enzymatic modification is a strategy used by PA to modify antibiotic structures. Hydrolysis occurs 

mainly with beta-lactams by beta-lactamases [114]. Transference of functional groups by 

transferases also occurs, mainly with aminoglycosides but also chloramphenicol, rifamycin and 

lincosamide. Examples of transferases include acetyltransferases, nucleotidyltransferases, 

phosphotransferases [115,116]. Although not as common, methylation through 16S ribosomal 

RNA methyltransferases also arises and restricts the binding of antibiotics to their ribosomal target 
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sites, owing to high levels of resistance [115,117]. Additionally, redox, and lyase modifications 

can develop with tetracycline, rifamycin and streptogramin for example [118,119]. 

1.4.2 Reduced permeability  

Reduced permeability represents a strong barrier to antibiotics, since most of them operate 

intracellularly. Unlike Gram-positive bacteria that only have an inner layer of phospholipids, PA 

possesses an additional outer layer of lipopolysaccharides [120]. The inner membrane reduces the 

penetration of hydrophilic compounds, thus porins which are protein channels that help the passage 

of hydrophilic compounds across lipid bilayer membranes are required [121]. However, alterations 

in the proportion of porins and lipids-protein composition in the outer membrane could decrease 

the cell’s envelope permeability to antibiotics and therefore establish resistance. For instance, the 

loss of OprD porin in PA leads to resistance to carbapenems [122].   

1.4.3 Altered target  

In addition, PA can alter antibiotics’ targets either through point mutations or enzymatic catalysis. 

Even minor alterations in the target’s structure could potentially inhibit the binding affinity of 

antibiotics [123]. This type of resistance is often observed with agents that target the bacterial 

ribosome, such as tetracyclines (binding of 30S and 50S ribosomal subunits to block tRNA 

delivery), aminoglycosides (binding of 30S ribosomal subunit to disrupt tRNA translocation), 

chloramphenicol (binding of 50S ribosomal subunit to inhibit peptidyl transferase activity) and 

macrolides (binding of 50S ribosomal subunit to inhibit movement of growing peptide chain) 

[124]. Resistance to those agents occurs either through 23S rRNA methylation or mutations in 

genes coding for 16S rRNA, 23S rRNA, 30S and 50S ribosomal subunits [125].  
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1.4.4 Gene transfer 

Furthermore, the bacterium readily carries or obtains genetically encoded resistance determinants 

passed through horizontal gene transfer or chromosomal gene mutations under antibiotic selection 

pressure that further increase its resistance profile [126]. 

1.4.5 Efflux pumps  

Efflux pumps are cytoplasmic membrane proteins used by bacteria to thwart the activity of 

antimicrobials by inducing their active expulsion from the cell [127]. The main efflux systems that 

have the highest clinical significance in PA’s multidrug resistance are MexAB-OprM, MexCD-

OprJ, MexEF-OprN, and MexXY-OprM, which belong to the resistance nodulation cell division 

(RND) family (Table 2). 

Table 2: Major drug efflux transporters in P. aeruginosa 

Efflux pumps Families Substrates References 

MexAB-OprM 

 RND 

 

 

 

 

 

Beta-lactams, aminoglycosides, quinolones, 
colistin, carbapenems (except imipenem), 
ethidium bromide, fluoroquinolones, 
macrolides, 3O-C12-HSL (QS signal), 
tetracyclines 

[128,129] 

MexXY-OprM 

 

Tetracyclines, macrolides and 
aminoglycosides, cefepime, fluoroquinolones 

[128] 

MexCD-OprJ 

 

Macrolides, cephalosporins, 
chloramphenicol, fluoroquinoles, organic 
solvents, tetracyclines 

[130] 

MexEF-OprN 

 

Chloramphenicol, tetracycline, 
fluoroquinoles, HHQ (QS signal) 
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Those pumps vary in terms of their expression pattern and substrate specificity [128,131]. 

Transporters of the RND family are tripartite complexes (Figure 6) made of: an RND pump in the 

inner membrane that binds and transports substrates to a membrane fusion protein (MFP) which 

acts as a periplasmic adaptor and an outer membrane protein (OMP) through which substrates are 

expelled [129].  

 

Figure 6: RND efflux pump in P. aeruginosa 

Efflux pumps in PA have a major impact on antimicrobial resistance as they are able to export a 

variety of antibiotics, toxic compounds and heavy metals. 

 

RND pumps use proton motive force as their energy source and they have broad substrate profiles 

[132]. They are notably involved in the exportation of metabolites, antibiotics, toxins and even QS 

molecules, significantly contributing to resistance [133,134]. Overexpression of efflux pumps 
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caused by antimicrobial exposure, mutations, nutrient and oxidative stress, leads to increased 

antibiotic resistance [135]. Indeed, simultaneous expression of more than one of these pumps can 

lead to additive effects against antibiotics [127]. Furthermore, multidrug efflux pumps were also 

shown to transport QS signals and affect virulence factors production and biofilm formation [136].  

Efflux pump inhibitors (EPIs) combined with antibiotics therefore represent a good strategy to 

overcome the efflux resistance in bacteria [137]. Phenylalanine arginine-β-naphthylamide 

(PABN), also known as MC-207 is one of the most developed and studied EPIs (Figure 7).  

 

Figure 7: Structures of common efflux pump inhibitors 

 

PABN is a RND EPI that acts directly on efflux pumps without affecting the proton gradient and 

the electrical potential across the inner cell membrane. It is believed to compete with antibiotics 

for their extrusion by the pumps. PABN inhibits by occupying the hydrophobic binding pocket of 

antiporter protein and prevents some antibiotics from binding in the same pocket or creates steric 

hindrance [138]. PABN was in fact shown to potentiate in vitro activity of various anti-

pseudomonal drugs including fluoroquinolones, levofloxacin, beta-lactams and aminoglycosides 
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against multidrug resistant PA strains [139] and to even reduce bacteria’s production of QS signals 

and virulence factors [138]. In addition to its efflux inhibitory potential, PABN was shown to 

permeabilize bacterial membranes at high concentrations [139]. PABN is the most used EPI 

because it shows the highest activity, broad spectrum action and does not affect the proton gradient 

and the electrical potential of efflux pumps, therefore retarding the insurgence of resistance. 

However, due to its high degree of nephrotoxicity, the clinical use of PABN is unfavorable. 

Moreover, PABN does not appear to be effective in all bacterial species and with all antibiotics 

[140]. Alternatively NMP (1-(1-naphthylmethyl piperazine)), the second most used EPI in the 

laboratory setting shows weaker activity than PABN and acts as a serotonin agonist, rendering its 

clinical development unlikely [141]. In addition, generic uncouplers like CCCP (carbonyl cyanide 

m-chlorophenylhydrazone) also exhibit inhibitory activity against efflux pumps by causing the 

dissipation of the proton motive force. However, their cytotoxicity limits their development as well 

[137].  

1.5 Quorum sensing in P. aeruginosa 

Additionally, by using quorum sensing (QS), a communication mechanism activated by high cell 

density via the production of signaling molecules called autoinducers, PA can upregulate certain 

virulence factors such as pyocyanin, proteases, motilities as well as form robust biofilms 

[80,142,143]. QS mechanisms depend on three basic principles (Figure 8): Bacteria release 

autoinducers which are encoded by a synthase gene either through passive diffusion or efflux 

mediated active transport and once they reach a particular threshold, autoinducers are able to bind 

to their corresponding transcriptional regulator and modulate gene expression in bacteria by 

repressing or activating them [142]. 
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Figure 8: Quorum sensing in Pseudomonas aeruginosa 

The regulation of virulence factors in PA is under QS control. At low cell density, there is no 

transcription of virulence genes. However, at high cell density autoinducers are able to reach 

critical concentrations, bind to Lux R and induce the transcription of targeted virulence genes. 

 

PA has three main interconnected QS systems, namely the LasI/R system and the RhlI/R system 

which both use N-acyl homoserine lactones (AHLs) as signaling molecules and the Pseudomonas 

Quinolone Signal (PQS) system and possibly a fourth one named Integrated Quorum-sensing 

Signal (IQS) system [134]. These systems are arranged hierarchically (Figure 9) with the Las 

system at the top, followed by the Rhl, PQS and IQS systems [144]. In the first system, LasI 

synthase produces the signal molecule N-(3-oxododecanoyl)-L-homoserine lactone (3O-C12-HSL) 

while LasR is the transcriptional regulator [145]. LasR/3O-C12-HSL dimer activates the promoters 

of target genes and induces their expression [146]. The LasI/R system regulates virulence factors 

like LasB elastase, LasA protease, exotoxin A and biofilm formation [147]. Additionally, it 

induces the PQS and Rhl systems during early and late stationary phases [145]. In the second 
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system, the protein RhlI synthesizes the signal molecule N-butyryl-homoserine lactone (C4-HSL) 

which will bind to the transcriptional regulator, RhlR and induce the transcription of virulence 

genes. Likewise, the RhlI/R system regulates the production of pyocyanin, rhamnolipids, LasB 

elastase and hydrogen cyanide [148]. In the PQS system on the other hand, the synthase 

pqsABCDH produces the autoinducer PQS (2-heptyl-3-hydroxy-4-quinolone) which binds to the 

transcriptional regulator PqsR to regulate the synthesis of specific genes including phenazines like 

pyocyanin [149]. Because PQS signals cannot freely diffuse out of bacterial cells, their precursor 

4-hydroxy-2-heptyl-quinoline (HHQ) is believed to be released instead, taken up by neighboring 

bacterial cells that will convert it into PQS through the pqsH gene [150]. Interestingly, while the 

activation of pqsH transcription is dependent on the LasR/3O-C12-HSL dimer which also directs 

the synthesis of PQS and incidentally the activation of the PQS system, RhlI/R has a negative 

effect on the transcription of pqsABCDH [149,151]. The PQS system regulates the expression of 

virulence factors like pyoverdine, elastase and rhamnolipids and positively regulates the RhlI/R 

system [147]. Most recently, Lee et.al., reported a fourth QS system in PA, the IQS system, which 

uses 2-(2-hydroxyphenyl)-thiazole-4-carbaldehyde as autoinducer and is produced by ambBCDE 

synthase. The IQS receptor has yet to be determined [152]. It should however be noted here that 

the existence of this fourth QS system in PA is controversial and in fact contested by many. Indeed, 

a recent commentary addressed the fact that ambBCDE genes are not involved in IQS synthesis 

and that IQS is instead aeruginaldehyde, a byproduct of the siderophore pyochelin [153]. This is 

supported by studies that revealed that amb gene cluster does not code for IQS but is instead 

responsible for the biosynthesis of the toxin L-2-amino-4-methoxy-trans-3-butenoic acid [154] 

and that IQS structure matches that of aeruginaldehyde [155]. Figure 9 offers a clear representation 

of QS circuits in PA. 
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Figure 9: Quorum sensing networks in P. aeruginosa 

The QS systems in PA are organized hierarchically. The Las system positively regulates the others 

to secrete virulence factors used by the bacteria against their host. The PQS system positively 

regulates the Rhl system, however the latter inhibits it. The expression of those systems is sensitive 

to changes in the bacteria’s surrounding environment to accommodate them. 

 

1.5.1 Biofilms  

QS in bacteria can induce the formation of biofilms, which are the predominant mode of life of 

bacteria and can consist of single or multiple bacterial species [156]. They are three-dimensional 

communities of bacteria attached to a surface, protected by an exopolysaccharide matrix (Figure 

10) that present enhanced resistance to antibiotics and to the host immune defense [157].  
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Figure 10: Biofilms formation 

The stages of biofilm formation on a surface include adhesion of bacteria, development of micro-

colonies, mature biofilms and eventually the dispersion of the structure.  

 

Several elements enter into the composition of biofilms, including microorganisms, an 

exopolysaccharide matrix, alginate, extra-cellular DNA, water, proteins, autoinducers and a 

considerable number of metabolically inactive bacterial cells called persister [148,158,159]. 

Persister cells along with the biofilm matrix are believed to play a role in the increased resistance 

observed in biofilms. Overtime, PA in the airways develop a mucoid phenotype, which is 

associated with an overproduction of alginate, exopolysaccharides and worsen prognosis in CF, 

illustrated by a rapid decline in pulmonary function [70]. What’s more, recent studies have 

suggested a positive connection between biofilms formation and the expression of efflux pumps 

[160]. Such studies reported a defect in biofilm formation in mutants lacking efflux pumps, an 

increased expression of efflux pumps in biofilms and a reduction in biofilm formation by EPIs 
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[161–165]. However, the exact mechanism behind efflux pumps and their link to biofilms is not 

fully elucidated.  

1.5.2 Virulence factors and toxins in P. aeruginosa 

PA produces a wide range of virulence factors and toxins used to increase its pathogenicity against 

its host and evade immune response as can be seen in Figure 11.  

 

Figure 11: Summary of P. aeruginosa’s virulence factors 

PA produces an arsenal of virulence factors through QS that it can use to increase its pathogenicity 

against its host. Those factors are notably involved in the invasion of the host’s immune system, 

cytotoxicity, iron scavenging, motility and the formation of biofilms. 

 

Most of these factors are under QS control and include exotoxin A, elastase, protease, 

phospholipase C, pyocyanin and pyoverdine [143]. Protease enzymes consist of LasA protease, 

LasB elastase and alkaline protease which are all crucial for bacterial colonization and host tissue 

damage [166]. Pyocyanin which is a blue-green pigment behind the bacteria’s green color, is a 
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redox-active compound that can induce oxidative stress, inhibit proper ciliary beating in the 

airways and exhibit antibiotic activity against other microorganisms to prevent them from 

competing with PA [167]. It was also found to induce neutrophil apoptosis, indicating its vital role 

in in vivo infections [168]. The siderophore pyoverdine is also essential for PA pathogenesis as it 

can sequestrate iron from the host’s sources due to its high affinity for ferric ion. Iron provided by 

pyoverdine is also necessary for biofilm formation [126]. Rhamnolipids are biosurfactants 

produced by PA which are important for swarming motility and biofilms dispersal in order to 

colonize other surfaces [169]. As a matrix polysaccharide, alginate is a key component of PA 

biofilms that prevents their clearance by the immune system and antibiotics. It establishes a 

physical barrier between bacteria in the biofilm and external environment stressors while also 

being a nutritional source for them [170]. Moreover, PA uses several secretion systems (Types I-

VI) to deliver virulence factors and toxins in the environment or directly in other cells [171]. For 

instance, type III secretion system (T3SS) is used to inject toxic effectors (ExoS, ExoT, ExoU and 

ExoY) in host cells, where they cause cytotoxicity and induce apoptosis [172]. Finally, PA exhibits 

three main mode of movement, namely, twitching, swarming and swimming. Those motilities play 

a determining role in bacterial attachment, allowing PA to colonize new areas and to cause 

widespread infections [166]. Twitching on solid surfaces is modulated by type IV pili [173], while 

swarming is a coordinated group movement on semi-solid surfaces that requires both flagella and 

type IV pili. As such, swarming is regulated by QS [174] and is associated with an increase in 

antimicrobial resistance and in virulence factors gene expression [175]. Swimming on the other 

hand occurs in a liquid environment and requires the use of flagella [172,173]. 
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1.5.3 Interference with QS 

“Anti-pathogenic” drugs that can control bacterial pathogenicity without killing them are a new 

concept being actively explored by researchers in the field as they reduce the incidence of 

resistance [143]. Inhibiting QS by targeting the production of virulence factors rather than their 

cell viability is a promising strategy. There are several ways to inhibit QS including degradation 

or inhibition of signal molecules, blocking signal production and inhibiting signal reception [142]. 

In many cases, the signal receptor is targeted. In recent years, various QS inhibitors (QSI) have 

been developed and studied and divided into synthetic compounds like meta-bromo-thiolactone 

(mBTL) [145], and natural compounds like zeaxanthin [134]. Indeed, O’Loughlin et.al., identified 

the synthetic molecule mBTL which partially inhibited LasR and RhlR receptors, pyocyanin and 

biofilms production in PA. The compound also offered a protective effect to Caenorhabditis 

elegans and human lung epithelial cells against PA killing [145]. Demonstrating the importance 

of non-antibiotic strategies to tackle the bacterial resistance issue. However, QS inhibition is not 

impervious. Bacteria, especially clinical multidrug resistant strains were shown to overexpress 

efflux pumps to decrease QSIs uptake and could therefore develop resistance to those compounds 

[176]. This is a problem that needs to be addressed when developing such compounds to be less 

prone to resistance. For instance, QSIs can be combined with EPIs to broaden their activity and 

provide lasting benefits against bacteria.  

1.6 Inflammation 

The inflammatory response in CF begins early and becomes defective, severe and recurrent. After 

rapid microbial colonization and infections, severe inflammatory response to pathogens starts to 

become part of the daily life of patients [177]. Neutrophils dysregulation is at the center of 

inflammation in CF, causing cytokines excess, pro-inflammatory lipid imbalance and oxidative 
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stress [178,179]. Normally, neutrophils which are the first line of defense of the body export 

proteases and peroxidases through exocytosis to kill microbes before undergoing apoptosis and 

thereby resolving the inflammation [180]. In CF however, there is an abundance of neutrophils in 

the lungs (Figure 12) because of their increased invasion and reduced clearance as they undergo 

necrosis instead of apoptosis and phagocytosis by macrophages [181].  

 

 

Figure 12: Inflammation in cystic fibrosis 

The hyperinflammatory state observed in CF lungs primarily stems from abnormal neutrophilic 

response, chronic infections and an overall defective immune response.  

 

Forrest et al., explained that this is possibly due to the loss of phagocytic receptors CD14 and 

CD16 and programmed death ligand 1 [180]. The paradox in CF is that despite excessive 

recruitment of neutrophils in the lungs, they appear ineffective at resolving infections but instead, 
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further damage lung tissue [182]. Impaired oxidative response was proposed to be behind this 

outcome. CF airways are indeed subjected to high levels of reactive oxygen species (ROS) derived 

from bacterial products, the host immune response and oxygen from the environment. 

Antioxidants in CF are either overpowered by oxidants (Figure 12) or produced in reduced 

quantities to carry their function [183]. Additionally, neutrophil elastase (NE), the major protease 

produced by neutrophils during inflammation, was shown to be implicated in the onset and 

progression of bronchiectasis in CF as well as lung function decline, airway inflammation and 

mucus hypersecretion [184]. NE leads to even more chemoattractants being released, causing 

further neutrophils arrival, more proteases degrading connective tissue, oxidative stress, sustained 

inflammation and irreversible destruction of the airways [185]. Numerous lines of evidence 

suggested that excess oxidants overwhelmed the binding capacity of anti-proteases enzymes which 

normally balance proteases levels in CF, thus explaining the insufficient NE regulation [186] 

1.7 Management of cystic fibrosis 

1.7.1 Mucolytic therapy  

Dornase Alfa or DNase is an inhaled endonuclease used to reduce the viscosity of mucus (Figure 

13) and facilitates airway clearance in CF [187]. It can be used in patients 6 years and older because 

of its benefits and low risk, as the commonest side effect is voice alteration [188]. Inhaled 

hypertonic saline is also used to hydrate sputum, decreasing mucus viscosity [187,189] and has 

been shown to improve mucociliary clearance and lung function [190,191]. N-acetyl cysteine 

(NAC) is a thiol-containing antioxidant used to reduce mucus viscosity through the substitution of 

sulfhydryl groups with disulfide bonds connecting mucin proteins [187]. Multiple studies have 

shown that NAC also possesses anti-oxidant, strong bacteriostatic activity mediated by cysteine 
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deprivation in bacteria as well as biofilm reduction properties [5,192,193]. However, there is 

limited evidence to recommend NAC use in CF as routine treatment [194]. 

 

Figure 13: Management of cystic fibrosis 

The management of cystic fibrosis can address different angles. Gene therapy and CFTR 

modulators directly target the CFTR gene and the protein’s expression respectively. Mucolytics 

and airway clearance techniques address the abnormal mucus production in patients, while 

antibiotics and anti-inflammatory drugs control pulmonary infections and reduce inflammation. 

Organ transplantation is a good therapeutic option for patients in case of organ failure. 

 

1.7.2 Anti-inflammatory drugs 

Bronchodilators like beta 2 adrenergic receptor agonists are used to reduce pulmonary 

exacerbations in CF by widening the airways and facilitating breathing. There is however a paucity 

of evidence to support the benefits of its long-term use [194]. Corticosteroids are effective at 

inhibiting the production of mucus and inflammatory mediators. Inhaled corticosteroids are 

preferred as they are reported to be more potent than the oral form [195]. However, the benefit of 

corticosteroids is controversial [196] and they have significant side effects which include reduced 
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growth rate in children, fragilized bones and oral thrush [197,198]. Alternatively, high-dose 

ibuprofen is also used for inflammation and it has been associated with reduced lung function 

decline and improved long-term survival [199]. Moreover, macrolides like erythromycin and 

azithromycin are recommended as they are efficacious at reducing pulmonary exacerbations over 

long periods [200,201]. There is increasingly more research being done to reduce inflammation by 

directly targeting inflammatory biomarkers [202–205]. It should nonetheless be acknowledged 

that strategies to inhibit neutrophilic inflammation run the risk of also compromising the host anti-

bacterial defense.  

1.7.3 Airway clearance techniques (ACT)  

ACTs involve external application of forces to remove pulmonary secretions from the lungs 

(Figure 13). There are many types of ACTs used in clinical practice. These include conventional 

chest physiotherapy like postural drainage and percussion either with a percussion vest or direct 

percussion on the chest by a care giver [206]. Chest physiotherapy is used in parallel with 

mucolytic agents to improve airway clearance [207]. Also, breathing exercises which consist of 

cycles of breathing and coughing techniques are known to improve sputum clearance and can be 

taught to patients to perform on their own [208]. In addition, positive expiratory pressure devices 

like the positive expiratory pressure mask or mouthpiece can be used to create resistance to 

expiration to prevent airway closure and consequently improve ventilation. In contrast, expiratory 

flow acceleration is a new technique that promotes deep drainage of secretions with no pressure in 

the airways [209]. Thus, providing a gentle secretion removal option. Lastly, mechanical devices 

applied externally like the high frequency chest wall oscillation are employed. It consists of an 

inflatable vest attached to an air compressor which inflates and deflates the vest rapidly [206]. It 
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is thought to enhance mucociliary clearance through sheering forces similar to coughing [210–

212].  

1.7.4 Transplantation 

A multidisciplinary approach for the management of CF has greatly improved the life expectancy 

in patients with CF. A huge part of this approach is organ transplantation (Figure 13). This 

principally includes lung transplant since pulmonary afflictions, the main cause of death can lead 

to respiratory failure, requiring lung transplantation [213]. Lung transplantation represents a good 

short-term option for better quality of life and prolonged survival in patients with advanced lung 

disease [214]. Multiple organs transplants can also be performed for patients in which a single 

organ transplant would not be sufficient to sustain survival. A combined liver and lung 

transplantation though rare, is indicated in CF patients with liver cirrhosis while a combined liver 

and kidney transplant is indicated for those with end-stage liver disease with renal failure [215]. 

Some risk factors for transplantation are prior thoracic procedures, poor weight, colonization with 

pan-resistant bacteria (e.g. PA and BCC) [216] and diabetes [217]. The median survival time with 

lung transplant in CF is about 10 years. Complications from transplantation include graft failure, 

infections, antibody-mediated rejection, renal failure and chronic rejection [214]. The benefits of 

organ transplantations are overshadowed by the limited longevity of organs in patients, the long 

wait for re-transplantation and the vulnerable position in which immunosuppressive drugs used to 

prevent graft rejection put patients with CF who are already more at risk of developing chronic 

infections [218].   
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1.7.5 Restoration of CFTR Function with Modulators  

CFTR modulators represent new drugs that offer great therapeutic opportunities for CF patients 

(Figure 14) as they directly target the genetic defects [219]. They are however only efficacious on 

a subset of patients because they are mutations specific. For instance, the class II mutation R560 

does not respond to any modulator presently available [41] even though mutations from this class 

should be corrected by a combination of corrector and potentiator like Phe508del. Nonetheless, 

modulators have been shown to improve lung function [60,220], reduce frequency and duration of 

pulmonary exacerbations [60], improve nutritional status [221–223] and pancreatic function 

[224,225]. They also seem to be well tolerated in pregnancy and breastfeeding so far, though this 

was reported in only a few studies [226]. There are currently two main classes of modulators 

approved for use: potentiator and corrector drugs [223]. Potentiators work by increasing the 

opening of the CFTR channel to allow for chloride flow [220]. They are effective on patients with 

gating or conduction mutations and on residual function and splice mutations [227]. An example 

is the first potentiator approved in 2012, ivacaftor (KalydecoÒ). A study showed its efficacy as 

early as 2 weeks after use and the efficacy was maintained for up to 48 weeks [228]. On the other 

hand, correctors improve the processing and trafficking of the CFTR protein to the cell surface 

[229]. Some examples include lumacaftor, approved in 2015 for patients ³ 2 years with 2 copies 

of Phe508del mutation [230], tezacaftor, approved in 2018 for patients ³12 years with 2 copied of 

Phe508del mutation or a copy of specified mutations [231] and elexacaftor, just approved last year 

[232]. The combination of correctors and potentiators increases both the amount and function of 

CFTR protein at the cell surface and is more effective than monotherapy [229]. Such combinations 

include lumacaftor/ivacaftor (OrkambiÒ) which has respiratory side effects [230] and 

tezacaftor/ivacaftor (SymdekoÒ) safe in patients ³6 years in the USA and ³12 years in other 
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countries for Phe508del homozygous, or Phe508del heterozygous with a residual function 

mutation [219,229,231,233]. Combination therapy also includes the newest trio 

elexacaftor/tezacaftor/ivacaftor (TrikaftaÒ) approved in 2019 for patients ³12 years with at least 

one Phe508del mutation [232]. The mechanism of action of CFTR modulators remains fairly 

unclear.  

A third class of modulators distinct from potentiators and correctors called amplifiers was recently 

identified. They are still being developed and have yet to be approved [234]. They were shown to 

enhance the production of CFTR proteins by increasing CFTR mRNA translation (Class V 

mutations) [235]. What’s more, they are believed to not be mutation dependent and can therefore 

act on any mutation [234]. They can also be complementary to potentiators and correctors to 

potentially increase chloride flow across the membrane [235]. Some examples of such compounds 

include PTI-CH and PTI-CA. Finally, another type of modulators called CFTR read-through 

agents promotes ribosomal read-through of premature termination codons and leads to a full length 

CFTR production in patients with nonsense mutations [236]. There are no approved read-through 

drugs as of yet. Gentamicin has been reported to mask abnormal gene sequence, cause translational 

read-through and result in the expression of full-length CFTR protein [237]. However, it was not 

pursued further probably due to its severe ototoxicity and nephrotoxicity and the risk of affecting 

translation of other genes.  

A major downside to current modulators is their exorbitant prices. OrkambiÒ and SymdekoÒ are 

priced at 272,000$ and 292,000$ annually respectively [238], whereas TrikaftaÒ is listed at 

311,000$ per year in the USA [239]. As a result, it is very difficult for patients to adhere to such 

treatments.  
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1.7.6 Upcoming treatments 

Finally, gene therapies have also been explored in the race to cure CF disease (Figure 14).  

 

Figure 14: CFTR modulators and gene therapy targets 

The different classes of CFTR modulators are able to directly target various CFTR mutations in 

order to induce a proper expression of the protein in patients with CF. 

 

The approaches were mostly focused on CFTR cDNA gene addition through viral and non-viral 

vectors. They showed promising results in clinical trials however, none led to sustained clinical 

benefits [240]. The latest advance in gene editing, CRISPR-nucleases gene editing tool offers the 

possibility of correcting the faulty CFTR gene and possibly restoring its protein expression and 

function. Indeed, Maule and coworkers successfully repaired CFTR defects in CF airway epithelial 

cells and intestinal organoids with a CRISPR-Cas12 strategy without any off-target cleavage. They 
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obtained full recovery of the CFTR function in CF intestinal organoid, offering a strong approach 

for permanent CFTR correction [241]. Those studies are particularly important for CF patients 

with nonsense mutations for which available CFTR modulators are inapplicable and read-through 

drugs not yet approved.  

1.7.7 Antimicrobial therapy 

Different types of antibiotics are used for the treatment of infections in CF orally and 

intravenously. Commonly prescribed drugs to treat PA infections include colistin, beta-lactams, 

aminoglycosides, macrolides, fluoroquinolones and fosfomycin [83]. Beta-lactams are broad 

spectrum antibiotics used as the main treatment of PA infections for a long time. However, due to 

resistance mechanisms in bacteria they have become less effective [242]. There is an increase in 

the development of inhaled antibiotics (solutions or powder) as an alternative to intravenous 

therapy against multidrug resistant bacteria because they improve the efficacy of drugs while 

reducing their toxicity [243]. They also allow the drugs to reach the site of infection directly [244]. 

Inhaled aztreonam (CaystonÒ, Gilead Sciences) which is approved against PA infections and other 

Gram-negative bacteria shows superior effects against bacteria and better outcomes in CF in terms 

of lung function, quality of life and weight gain [245]. Additionally, inhaled colistin either as a 

nebulizer or a dry powder (ColobreatheÒ) is effective against PA and is proposed to exhibit reduced 

systemic toxicity [243,246]. Combinations of two or three antibiotics are proven to show increased 

antimicrobial activity against resistant bacteria when compared to monotherapy [242]. As such, 

colistin can be combined with other antibiotics like tobramycin and ciprofloxacin for better results 

[83]. Nevertheless, there is no consensus on what the best approach for pulmonary infections in 

CF is [247].  
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1.7.7.1 Aminoglycosides 

Aminoglycosides are one of the oldest class of antibiotics commonly used against Gram-negative 

bacteria like PA (Figure 15). 

 

Figure 15: Aminoglycosides and macrolides mechanisms of action 

Both aminoglycosides and macrolides inhibit protein synthesis in bacteria. 

 

They include gentamicin, tobramycin, amikacin and kanamycin [166]. Aminoglycosides are 

natural or semi-synthetic polyamino sugars linked by glycosidic bonds to a 2-deoxystreptamine 

ring, which is the common building block of most aminoglycosides as can be seen in Figure 16. 

They can be classified based on the substitution of their 2-deoxystreptamine ring [116]. 

Gentamicin, tobramycin and amikacin contain a 4,6-di-substituted deoxystreptamine ring. 

Aminoglycosides are bactericidal as they inhibit normal protein synthesis in bacteria by binding 

to their 30S ribosomal subunit (Figure 15). This results in mRNA misreading and translocation 

inhibition [166,248,249]. However, PA has developed serious resistance to clinically acceptable 
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levels of aminoglycosides, mainly through the use of aminoglycoside-modifying enzymes and 

efflux pumps as discussed above [116]. Thus, high concentrations of aminoglycosides are needed 

to treat the bacteria. These are unfortunately associated with nephrotoxicity and ototoxicity in 

patients, underlying the importance of introducing new ways to revitalize the drugs [249,250].  

 

Figure 16: Chemical structures of some of the most common aminoglycosides. 

 

Inhaled tobramycin is the drug of choice against PA, either in solution or powder forms (TOBIÒ 

and TOBIÒ PodhalerÒ respectively, Novartis AG, Switzerland) [251]. Gentamicin is also used to 

control pulmonary PA infections even though it is less potent than tobramycin [194]. Nevertheless, 

in a retrospective study nebulized gentamicin combined with systemic antibiotics seemed highly 

effective against PA infections in CF children [247]. Moreover, amikacin is a safer and more potent 

alternative to gentamicin [250]. A nebulized liposomal formulation of amikacin, Arikayce® has 

recently been authorized for treating PA infections in CF patients [250,251]. 
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1.7.7.2 Macrolides 

Macrolides are recommended for CF patients as they are efficacious at reducing pulmonary 

exacerbations at low doses, over long periods [252] and against respiratory and skin infections 

[200,201]. They are derived from Streptomyces species and consist of a macrocyclic lactone ring 

of 12 to 16 members [253]. Macrolides inhibit protein synthesis by reversibly binding to the 23S 

rRNA of the 50S ribosomal subunit of bacteria (Figure 15), hindering the growth of nascent 

peptides [254]. Macrolides carrying 14- (erythromycin, clarithromycin), and 15- (azithromycin) 

membered rings (Figure 17) are reported to exhibit immunomodulatory activity, notably through 

the inhibition of neutrophilic inflammation and macrophage activation [253]. On the other hand, 

those with 16-membered ring like josamycin do not exhibit the same benefits [252]. 

 

Figure 17: Chemical structures of some of the most common macrolides 

 

Azithromycin is one of the most frequently prescribed macrolides owing to its strong anti-

inflammatory properties. It can indeed reduce the expression of inflammatory factors like peroxide 

and IL-8 [255]. Azithromycin is a derivative of erythromycin designed to improve its half-life and 
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enhance its antimicrobial activity as well as tissue penetration with greater accumulation [256]. 

Studies also report that it helps prevent biofilms formation, inhibits virulence factors production 

and reduces pulmonary exacerbations [201,257,258]. The first developed agent of this class, 

erythromycin, is a bacteriostatic drug used against Gram-positive and some Gram-negative 

bacteria. Erythromycin is also efficacious in reducing pulmonary inflammation, however it is more 

quickly subjected to resistance than azithromycin [256]. Also derived from erythromycin, 

clarithromycin shows broad spectrum activity against respiratory pathogens along with 

immunomodulatory effects, increased activity and tolerability than erythromycin [252]. 

Nevertheless, macrolides are considered intrinsically ineffective against PA in CF, with high 

minimum inhibitory concentrations (≥ 256 mg/L). This is due to resistance mechanisms like efflux 

pumps (MexAB-OprM and MexXY-OprM mainly), mutations and altered targets [259]. At such 

concentrations macrolides can cause cardiotoxicity and hepatotoxicity in patients, with 

erythromycin carrying the most risks [5]. Interestingly, PA seems more susceptible to macrolides 

when tested in eukaryotic medium as opposed to conventional broth [259]. This is proposed to be 

the result of increased cell penetration and tissue accumulation. 

Those reasons motivate the development of novel strategies to potentiate gentamicin and 

erythromycin. In fact, new non-antibiotic antimicrobial compounds including anti-virulence, anti-

quorum sensing, anti-biofilms and bacteriophage therapy are under investigation and show great 

potential to counter the multidrug resistance of bacteria to current treatments [260–264]. Likewise, 

a number of studies are examining adjuvants like EPIs (e.g. PABN) and drug delivery systems 

(liposomes, dendrimers, micelles and solid nanoparticles) to potentiate the activity of current 

antibiotics [262].  
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1.8  Liposomes 

Limited bioavailability and systemic side effects are typical biological barriers to drug delivery. 

However, in CF the thick mucus layer preventing access to cells represents an additional challenge 

[265]. Nanomaterials possess a number of characteristics that help to effectively solve this problem 

(Figure 18). Indeed, they present an incredible potential as antimicrobial enhancers in the fight 

against drug resistance in bacteria [266].  

 

Figure 18: Antimicrobial nanoparticles 

Nanoparticles present themselves in various types and shapes and offer an array of advantageous 

properties for drug delivery.  

 

Liposomes are microscopic lipid-based vesicles composed of one or more lipid bilayers which 

facilitate the encapsulation of hydrophilic, lipophilic and amphiphilic compounds [267]. They are 
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the most widely used nanoparticles for drug delivery. They increase biocompatibility, 

bioavailability, therapeutic index, improve site-specific drug delivery, are biodegradable and 

reduce the toxicity of encapsulated drugs [268–270]. Due to their submicron size they also show 

good vascular and tissue penetration [271]. 

1.8.1 Liposomes composition 

Liposomes can be synthesized with an array of phospholipids constituents with various physical 

properties [272]. The most commonly used phospholipids are phosphatidylcholines (PC), 

phosphatidylethanolamine (PE), phosphatidylserines (PS) and phosphatidylglycerol (PG) [273]. 

Phospholipids used for the preparation of liposomes can be natural or synthetic. Examples of 

natural phospholipids include egg and soy PC, sphingomyelin [274] and 1,2-dipalmitoyl-sn-

glycero-3-phosphatidylcholine (DPPC), one of the main phospholipids in human lungs. On the 

other hand, 1,2-dimyristoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (DMPG) and N-(1-(2,3-

dioleoyloxy)propyl)-N,N,N-trimethylammonium (DOTAP) are some of the most used synthetic 

lipids to prepare liposomes (Figure 19) [275,276]. Liposomes’ net charges vary depending on the 

phospholipids charges [277]. For instance, DPPC liposomes have a neutral charge, while DOTAP 

and DMPG liposomes respectively have cationic and anionic charges. In addition, cholesterol is 

incorporated into phospholipids bilayers because it was shown to increase separation between the 

choline head groups, reduce the hydrogen bonding strengths and electrostatic interactions [278]. 

Thus, making the lipid bilayer more stable and lowering its permeability to water and other 

molecules [272]. The physicochemical properties of liposomes which include size, charge, surface 

properties and encapsulation efficiency can greatly affect their stability and activity in vivo [277]. 

For instance, liposomes made of unsaturated egg or soybean PC are usually highly permeable and 

less stable, whereas saturated phospholipids with long acyl chains like DPPC give more rigid and 
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stable liposomes with an impermeable bilayer [279]. Liposomes are versatile vesicles that allow 

the encapsulation of compounds with varying properties. Hydrophilic drugs can be encapsulated 

in the aqueous layer, hydrophobic drugs are added in the lipid bilayer and amphiphilic compounds 

are incorporated at the bilayer interface [277].  

 

 

Figure 19: Structures of phospholipids (DPPC, DOTAP, DMPG) and cholesterol 

 

1.8.2 Classification of liposomes 

Based on their size and number of lipid bilayers, liposomes can be classified into two main 

categories (Figure 20): multilamellar vesicles (MLVs) (>500 nm) which consist of more than one 

bilayer, arranged in an onion structure of phospholipid spheres separated by water and unilamellar 

vesicles made of one bilayer [280]. Unilamellar vesicles can be further classified into large 

unilamellar vesicles (LUVs) (>100 nm) and small unilamellar vesicles (SUVs) (20-100 nm) [281]. 
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Liposomes size can affect their circulation half-life. In fact, liposomes larger than 100 nm are more 

prone to opsonization and clearance by the reticuloendothelial system [282]. Furthermore, both 

size and the number of lipid bilayers affect the amount of drug encapsulated in liposomes [280].  

 

Figure 20: Liposomes classification and composition 

Liposomes can be classified based on their size, their lamellarity and their composition. 

 

1.8.3 Methods of preparation 

Liposomal preparation techniques can be divided in two main groups: active and passive loading 

techniques (Figure 21). Active encapsulation refers to methods that incorporate drugs after 

liposome preparation. They are mostly gradient loading techniques involving buffer or ammonium 

sulfate gradients [283]. On the other hand, passive loading techniques include methods where a 

drug is encapsulated during the formation of liposomes [279]. These include new and conventional 
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liposomes preparation which all include few basic steps: the dissolution of lipids in an organic 

phase, subsequent dehydration of the organic phase, the dispersion of the lipid layer in an aqueous 

solution and the purification and analysis of the resulting liposomes [280,284]. They are still very 

popular and preferred because of their simplicity [270]. However, they do not translate well in the 

scale-up of liposomes for industrial production. 

 

 

Figure 21: Methods of liposomes preparation. 

 

1.8.3.1 Passive loading techniques 

1.8.3.1.1 Thin film hydration and Dehydration-rehydration vesicles (DRV) methods 

The thin film hydration or Bangham method is one of the simplest and most used methods to 

prepare liposomes [274,285]. It mainly involves the dissolution of phospholipids in an organic 
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solvent like chloroform or a mixture of chloroform/methanol in a flask, followed by the 

evaporation of the solvent under high vacuum to form a thin lipid layer on the walls of the flask 

[273]. The lipid film is subsequently rehydrated with an aqueous solution in which a hydrophilic 

drug of choice was previously dissolved and mechanical agitation or vortexing is applied to detach 

the lipid layer [286]. Lipophilic drugs on the other hand are directly dissolved in the organic 

solvents along with the phospholipids. Phospholipids will self-assemble into bilayers around the 

solution, forming liposomes. Liposomes produced with this method are 10-100 µm MLVs, not 

small enough for further applications and as such it is usually combined with sonication or 

extrusion [287]. The DRV method includes the same first steps as the thin film hydration method, 

however after the formation of liposomes, sonication or extrusion are applied to reduce the size of 

the vesicles. The obtained formulation is then freeze-dried and the resulting powder is rehydrated 

when needed. Encapsulation efficiencies (EEs) with those methods can go up to 90% with 

lipophilic compounds, but is around 10-30% with hydrophilic drugs [272,281]. EE can be 

increased by the active drug loading technique. The DRV method was used for the preparation of 

liposomes in this study as it is simple and provides good EE for macrolides. The major drawbacks 

of the methods are low entrapment efficiency, residual organic solvent and small scale production 

[285]. 

1.8.3.1.2 Reverse phase evaporation method (RPE) 

RPE is carried out by dissolving phospholipids in an organic solvent (diethyl ether or isopropyl 

ether), adding small amounts of the aqueous phase in organic solvent, forming a water-in-oil 

emulsion and sonicating the solution to produce inverted micelles [285]. This step is then followed 

by the removal of the organic solvent by rotary evaporation, generating a viscous gel. The gel later 

collapses and the excess phospholipids in the environment form a second layer around micelles, 
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resulting in the formation of liposomes [273]. The contact between the organic solvent and the 

drug to be encapsulated can lead to denaturation of fragile molecules like peptides, making RPE 

unsuitable for their encapsulation [285]. The large aqueous space created in liposomes with this 

method enables the encapsulation of macromolecules, with EE going up to 90% with some 

compounds [288].  

1.8.3.1.3 Injection method 

In this method, phospholipids are dissolved in ethanol or ether and the lipid solution is injected 

dropwise with a needle into an aqueous solution containing a hydrophilic drug. Unilamellar 

liposomal vesicles are then formed [289]. The major drawbacks of this technique include its time-

consuming process, a high organic residue in the final suspension and difficulty removing ethanol 

since it forms an azeotropic mixture with water [290]. Furthermore, an evaporation could damage 

the structure of vesicles and the particle size distribution is difficult to control with this method 

[287]. Also, since lipids are poorly soluble in ethanol, ethanol injection often leads to the formation 

of heterogeneous liposomes [290]. EE reported for the injection method is around 20% for 

hydrophilic compounds and greater than 60% for some lipophilic compounds. The recently 

developed inkjet method is a modern variation of the injection method that offers excellent control 

of particle size and potential for scaling up. An inkjet printer is used to inject a phospholipids 

solution into water, generating SUVs (20-100 nm) with higher EE than thin film hydration and 

high reproducibility [287]. 

1.8.3.1.4 Emulsion method 

In this method phospholipids are dissolved in a water/organic solvent mixture, forming a water-

in-oil (W/O) emulsion [291]. The mixture is then transferred into a large aqueous solution and 

vigorously agitated, producing a double emulsion, a water-in-oil-in-water emulsion (W/O/W) 
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[292]. A second lipid monolayer surrounds the particle, forming droplets with an aqueous core and 

a lipid bilayer containing residual organic solvent [273]. The organic solvent can be removed by 

passing some nitrogen through the double emulsion, resulting in the formation of unilamellar 

liposomes with high EE. An advantage of this technique includes the control over liposomes’ size 

by agitation and the amount of lipids used. 

1.8.3.1.5 Detergent removal method 

Here detergent-lipids micelles are formed by either hydrating phospholipids with a solution of 

detergent or drying phospholipids and detergent from an organic solution and hydrating them with 

an aqueous solution [291]. The detergent is then removed from the micellar solution by dilution, 

dialysis, column chromatography or adsorption, resulting in the formation of liposomes. This 

method is however time-consuming, leads to low EE of hydrophobic drugs, detergent residues in 

the formulations, and even methods employed for the removal of detergent can also remove small 

hydrophilic compounds [291]. 

Mechanical methods 

Mechanical methods are often used for post-formation processing of liposomes. Indeed, they are 

used to disrupt LUVs, modify their size, lamellarity or homogeneity to ultimately form SUVs. 

1.8.3.1.6 Sonication 

This is the most widely used method for the preparation of SUVs. MLVs are sonicated in a bath 

sonicator or with a probe sonicator [282]. In the former, the liposome dispersion in a container is 

placed into a bath sonicator which allows for a better control of the temperature and the protection 

of liposomes in a sterile vessel. On the other hand, in a probe sonication the tip of the sonicator is 

directly inserted into the liposome dispersion, where the energy input is very high and results in 
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local heat [293]. There is also a risk of metal sloughing off and contaminating the solution. The 

main inconvenient of this method includes low internal volume, possible degradation of drug and 

phospholipids, possible contamination (probe sonication) and a heterogeneous mix of MLVs and 

SUVs [280].  

1.8.3.1.7 Membrane extrusion 

The extrusion method involves the size reduction of previously prepared liposomes by passing 

them through polycarbonate filters of different pore size (depending on the application) with 

repeated cycles of extrusion under moderate-high pressure [291]. The process is however time-

consuming [282]. 

1.8.3.1.8 Microfluidization method 

In this process, a lipid solution in organic solvent is injected into the central feeding channel while 

aqueous solutions are added to side channels, which intersect with the main channel at the center 

[273]. As the lipid solution passes between two aqueous streams in the microfluidic channel, 

mixing occurs and thus monodisperse nanometric liposomes are obtained in the outer channels 

[294,295]. The size of the liposomes can be controlled by adjusting the flow conditions, so no size 

reduction is needed post preparation [285]. Microfluidization suffers from high solvent residues in 

liposome suspensions and a difficulty to reach high production scale. Additionally, the production 

cost of the micro-circuit used in this method is higher than other conventional methods [273,296]. 

1.8.3.1.9 Freeze-drying method 

The freeze-drying method is the most popular technique used to stabilize liposomes and extend 

their storage. It consists of freezing liposomes-cryoprotectant mixtures at -40°C for some time and 

then drying them at the same temperature for 48h, followed by drying of the product at room 
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temperature [297,298]. Upon the addition of an aqueous solution, the lyophilized powder 

spontaneously forms spherical lipid vesicles. Sucrose and glycerol (cryoprotectants) were shown 

to stabilize liposomes during this process by preventing the aggregation and fusion of mini-

domains [297]. Liposomes made with this method have an average size of 100-300 nm and an EE 

of 40-60%. For my project freeze-draying was used on liposome suspensions obtained with the 

DRV method.  

1.8.3.1.10 Heating method 

In this method developed by Mozafari, phospholipids are added to an aqueous solution containing 

glycerol (3% v/v) at a bath temperature up to 120°C [275]. The use of glycerol is motivated by its 

solubility in water and its ability to act as an isotonic agent, increasing the stability of liposomes. 

It is also a physiologically acceptable material which does not need to be removed from the final 

product, reducing toxicity of liposomes [284]. Materials can be encapsulated at any step of the 

process except for heat sensitive compounds (e.g. DNA) which should be added at ambient 

temperature, after liposome preparation [275]. Liposomes produced with this technique have 

nanometric sizes, long-term stability (12-14 months), low EE that can however go up to 81% with 

DNA [275]. The main advantage of this technique is that it does not use any organic solvent for 

the preparation of liposomes [293]. Additionally, the use of heat to prepare liposomes abrogates 

the need to carry out a sterilization step afterwards [284]. 

1.8.3.1.11 SuperLip method 

Finally, Supercritical assisted liposomes formation (SuperLip) is an emerging alternative to 

traditional techniques [299]. Unlike other methods, this process begins with the creation of water 

droplets through a spray atomization. The droplets are passed into a high pressure vessel filled 

with phospholipids dissolved in an expanded liquid (ethanol and carbon dioxide) [300]. The 
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droplets are quickly surrounded by phospholipids, creating lipid vesicles. Liposomes aqueous 

suspensions are collected from the bottom of the vessel [301]. The expanded liquid is then removed 

from the top of the vessel, and depressurized to separate carbon dioxide from ethanol [300]. The 

advantages of the method are its simple continuous operative layout not requiring numerous steps, 

its lower solvent residue and its high reproducibility and encapsulation efficiency (up to 99% for 

hydrophilic compounds and 87% for lipophilic compounds) [299]. This method shows potential 

for long circulating drug delivery systems.  

1.8.3.2 Active encapsulation 

Active encapsulation or remote drug loading works with drugs that are fairly soluble and able to 

go from uncharged species (freely diffusible across the lipid membrane) to charged ones (not freely 

diffusible across the lipid membrane) and it is therefore limited to amphipathic weak acids or bases 

[302]. Non-amphipathic drugs can however be chemically modified in some cases with 

cyclodextrins for instance [303,304]. The driving force of this process is the transmembrane 

gradient of ions, as they can be exchanged with amphipathic drugs inside liposomes [303]. This 

gradient is created by concentrations of (NH4)2SO4 or Ca(C2H3O2)2 in the liposomes which are 

1000-fold greater than concentrations outside the liposome. Indeed, remote loading uses an 

ammonium sulfate gradient to encapsulate weak bases into liposomes or a calcium acetate gradient 

for weak acids [304]. The un-ionized drug-base or drug-acid outside the liposomes crosses the 

liposomal membrane where it is trapped inside by its ionization and the formation of an insoluble 

salt with the intra-liposome counter ion [302]. A pH gradient can also be used for this technique 

[283]. Active encapsulation usually results in high EE and enables controlled drug release [303]. 

Table 3 below summarizes the advantages and disadvantages of the preparation methods. 
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Table 3: Advantages and disadvantages of liposomes preparation methods 

Methods Advantages Disadvantages 

DRV/thin film hydration Simple, high EE for lipophilic drugs Use of organic solvent, low EE for hydrophilic 
drugs, MLV formed, heterogeneity, difficulty 
scaling up, size reduction required 

RPE Simple, high EE for hydrophilic drugs Challenge removing organic solvent, LUV and 
MLV formed, low EE for lipophilic drugs, not 
suitable for fragile molecules, size reduction 
required 

Injection Simple, SUV formed in one step, good 
reproducibility 

Heterogeneity, low EE, possible degradation of 
active drug, difficulty removing ethanol, time 
consuming  

Emulsion High EE, control over liposomes size Use of organic solvent, LUV formed, multiple 
steps 

Detergent removal No organic solvent used, proteins 
encapsulation, size uniformity, good 
reproducibility 

LUV formed, poor EE of hydrophobic drugs, 
detergent residues, time consuming 

Sonication Easy, formation of SUVs Possible degradation of phospholipids, possible 
metallic pollution when using probe 

Extrusion  Simple, size uniformity, SUV formation, 
good reproducibility 

Use of high pressure, possible clogging of 
membrane, product loss, laborious, time 
consuming 

Microfluidization  SUV formation in one step, continuous 
production, size uniformity, good EE 
[295] 

Use of organic solvent, requires specific setup, 
high energy and pressure used, difficult large 
scale production, costly [296] 

Freeze-drying Storage stability, sterile liposomes, 
extended shelf-life 

Applications might be limited when 
carbohydrates are used as cryo-protectants, low 
EE, potential damage to bilayer and size increase 
of liposomes due to membrane fusion [297,305] 

Heating No organic solvent used, sterile product 
[284], scalable  

High temperature makes continuous 
manufacturing impractical, low EE, LUV formed, 
size reduction required 

SuperLip SUV formation in one step, continuous 
production, superior high EE, size 
uniformity, no organic solvent 

Use of high pressure, more complex 

Active encapsulation High EE, stable retention of drug [304] Only applies to amphipathic weak bases/acids, 
complex synthesis of some derivatives [283] 
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1.8.4 Methods of characterization 

Liposomes properties are highly dependent on their size, lamellarity, surface charge and 

encapsulation efficiency [296]. Therefore, an accurate estimation of those parameters is necessary. 

1.8.4.1 Particle size  

Dynamic light scattering (DLS) is the most commonly used method to determine liposomes size 

in the sub-micron range by using light scattering from a laser that passes through liposomal 

solution to analyze the intensity of scattered light as a function of time. The Brownian motion of 

the particles correlates with their hydrodynamic diameter, which affects their scattering capacity 

[306]. DLS can also be used to study the stability of formulations over time, as particle sizes 

increase when the particles agglomerate, sign of instability [295,307]. However, it does not provide 

accurate measurements for highly polydisperse samples and assumes a spherical shape for the 

liposomes [308]. Alternatively, electron microscopy techniques are powerful tools to study the 

size, size distribution, lamellarity and shape of liposomes [305]. They are however expensive, time 

consuming, as the analysis is done manually and therefore prone to human error [306]. The 

combination of those two methods overcomes most of their shortcomings as stand-alone 

techniques and can provide a more accurate estimation of liposomal parameters. Asymmetric field 

flow fractionation has been increasingly used in recent years to measure the size distribution of 

polydisperse liposomal samples in the sub-micron range. Unfortunately, the high cost associated 

with the technique limits its widespread application [305]. Finally, laser diffraction and 

nanoparticle tracking analysis are commonly used, along with the novel multispectral advanced 

nanoparticle tracking analysis [308]. 
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1.8.4.2 Lamellarity 

Lamellarity is estimated with 31P NMR where the degree of lamellarity is determined from the 

signal ratio before and after Mn2+ addition. The method is very dependent on Mn2+ and buffer 

concentrations and the type of liposome [305]. Small angle X-ray scattering (SAXS) and electron 

microscopy are also used to determine lamellarity [309]. 

1.8.4.3 Zeta potential 

Zeta potential is an important factor used to approximate liposomes surface charge, which strongly 

affects their stability, pharmacokinetics properties and affinity with entrapped drugs [286]. For 

instance, charged liposomes are less prone to aggregation while negatively charged liposomes 

improve stability, aggregation and are less prone to phagocytosis than positively charged ones 

[274]. Zeta potential is measured by the electrophoretic mobility of charged particles once an 

electric field is applied. It reflects the potential difference between the electric double layer of 

mobile particles and the layer of dispersant around them [307]. Adsorption of ions onto liposomes 

surface can affect their zeta potential and even their sign [278]. 

1.8.4.4 Encapsulation efficiency (EE) 

EE is defined as the percentage of drug successfully entrapped into liposomes with regards to the 

initial amount of drug used. EE mostly depends on phospholipids compositions, lipids to drug ratio 

and the methods of preparation [272]. Various analytical methods like UV-vis, HPLC, GC, GC-

MS and even quantitative NMR can be used to determine the concentration of drug inside the 

liposomes, depending on the nature of the active compound [293,310]. Alternatively, 

microbiological assays can be performed to determine the EE of antibiotics [311,312]. In an 

interesting study Peretz and coworkers used a cryo-electron microscopy technique to determine 

the exact concentration of drug encapsulated per liposome by calculating the trapped volume of 
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individual liposomes using their micrographs [306]. This method can prove extremely useful in 

the development of liposomal pharmaceutics.  

1.8.5 Mode of action 

With the recent advent of surface-modified liposomes (Figure 20), it is possible to decorate the 

external surface of liposomes with various materials like peptides, antibodies, polymers, pH-

sensitive compounds etc. Those liposomes can have specific bindings to cell receptors that creates 

long lasting drug release [292]. Long circulating liposomes can be prepared by coating their 

surface with polyethylene glycol (PEG) [286]. PEG was indeed reported to increase liposomes 

stability, distribution in target tissues and their half-lives [288].  Also, pH-sensitive liposomes can 

direct the accumulation and the release of their content at a specific target site, for instance in 

cancer cells, which have been shown to be slightly acidic (pH 6.4-6.8 vs normal pH 7.4). The 

design of pH-sensitive liposomes can be achieved with pH labile linkages, pH cleavable 

crosslinking or by adding charge shifting polymers at their surface [313].  

The similarity of liposomes with cell membranes and their small sizes make them particularly 

useful for intracellular drug delivery [289]. Liposomes can in fact interact with cells and deliver 

their material by four main mechanisms (Figure 22): (a) specific interactions with cell-surface 

components, (b) endocytosis by phagocytic cells, (c) fusion with cell membrane by insertion of 

lipids from liposomes into plasma membrane, followed by the release of liposomal content into 

the cytoplasm and finally (d) exchange (swap) of liposomes’ bilayer components with cell 

membrane components [291]. More than one of these mechanisms can be operating at the same 

time. Neutral, anionic and stimuli-responsive liposomes are internalized into the cells by 

endocytosis, releasing their contents into the cytoplasm [314]. On the other hand, cationic 
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liposomes are reported to use membrane fusion and endocytosis to deliver drugs to cells [276]. 

PEGylated liposomes gradually release their content into the extracellular fluid (Figure 22), which 

then enters into cells either via diffusion or pinocytosis.  Finally, ligand-targeted liposomes enter 

into the cell via receptor-mediated endocytosis where ligands are removed and liposomes release 

the drug content [315]. Those various mechanisms are summarized in Figure 22 for clarity. 

 

Figure 22: Mechanisms of liposomes uptake into cells 

Liposomes can deliver their content into cells through various mechanisms including lipid 

exchange, surface interactions, fusion, endocytosis and pinocytosis. 

 

1.8.6 Applications in infectious diseases 

The versatility of liposomes makes their applications in various fields possible. Liposomes have 

been successfully developed for parenteral, transdermal and oral drug delivery in a number of 

fields namely, eye and respiratory disorders, brain targeting, vaccine adjuvants, antimicrobial and 
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anti-infective therapies, cancer therapy and even gene delivery [292]. The following Table 4 

presents some liposomal formulations approved in various fields.  

Table 4: Approved liposomal formulations used in various applications 

Product Drug Target treatment References 

Arikayce® Amikacin MAC and PA infections [316] 

Lipoquin® Ciprofloxacin MAC infections [317] 

Pulmaquin® Ciprofloxacin PA lung infections [317] 

TOBI® Tobramycin PA infections [251] 

CaystonÒ Aztreonam Gram negative infections [245] 

Colobreathe® Colistin Gram negative infections [243] 

Ambisome® Amphotericin B Fungal infections [108] 

Doxil® Doxorubicin Breast and ovarian cancer [270] 

Exparel® Bupivacaine Pain management [270] 

Inflexal® Inactivated hemagglutinin of 

influenza virus strains A and B 

Influenza [270] 

 

There is a myriad of studies on the use of liposomes both in vitro and in vivo. Recently, Ghodake 

et.al., developed cefoperazone loaded liposomes used to treat PA biofilms. The formulation 

showed enhanced inhibition and eradication of both planktonic cells and biofilms of PA in 

comparison to the free antibiotics [318]. Arikayce® (Insmed) and Lipoquin® (Aradigm 

Corporation) recently approved by the FDA (Table 4), are used against mycobacterium avium 

complex (MAC) and PA, showing superior efficacy than their free counterparts [316,317]. 
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Moreover, liposomal vancomycin encapsulated with pH-sensitive lipids improved targeted 

delivery and in vivo antimicrobial activity against MRSA [267]. Similarly, Alhariri and Omri 

showed that bismuth-ethanedithiol co-encapsulated with tobramycin in liposomal vesicles 

inhibited QS and reduced the production of virulence factors such as protease, chitinase and lipase 

in comparison with free tobramycin, even at sub-inhibitory concentrations [269]. Furthermore, 

Wang and coworkers encapsulated ciprofloxacin and colistin in liposomes and the formulations 

showed synergistic effects and enhanced in vitro antimicrobial activities against multidrug 

resistant PA [319]. Additionally, in a novel approach Ye et.al., co-encapsulated an aminoglycoside 

and a macrolide, namely tobramycin and clarithromycin in proliposomes. The proliposomes 

formed a liposomal suspension upon hydration by using a core-carrier method coupled with spray-

drying technology [320]. The formulations showed synergistic antimicrobial effects against 

planktonic cells and biofilms of PA. The wealth of data on liposomal formulations of antibiotics 

like aminoglycosides and macrolides therefore demonstrate their usefulness in combating 

antibiotic resistance by protecting and potentiating antibiotics. 

Nonetheless, despite all the advantages they provide liposomes still suffer from poor stability, low 

encapsulation of hydrophilic drugs, fast elimination in vivo, sterility issues, possible leakage of 

antibiotics and the difficulty of scaling up [268]. To overcome the fast elimination problem, 

immunoliposomes (surface modified liposomes programmed to be digested by macrophages 

which then transferred their contents to target tissues, exploiting the immune response) show good 

promise [286]. Another limitation of liposomes is their poor mucus penetration properties, crucial 

in CF pulmonary drug delivery due to their hydrophobic surface. This can be addressed by coating 

the particles with polymers like PEG to reduce hydrophobic and electrostatic interactions and 

allow for a faster penetration of liposomes through the mucus [321]. Finally, residual organic 
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solvents from conventional methods of preparation can be toxic to human and even degrade 

encapsulated active agents [305]. 

1.9 Thesis objective 

We hypothesised that PABN will inhibit efflux pumps in P. aeruginosa, increase the activity of 

antibiotics and reduce bacterial pathogenesis. We also expected liposomes to potentiate antibiotics 

and reduced the concentrations needed for therapeutic effects. 

The objectives of this thesis were to: 

- Assess the activity of free and liposomal gentamicin and erythromycin against P. 

aeruginosa in the presence of Phenylalanine arginine-β-naphthylamide 

- Study the impact of formulations on P. aeruginosa planktonic cells and biofilms and on 

quorum sensing signals production, virulence factors production and motilities  
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Abstract 

Background: Chronic pulmonary infections with Pseudomonas aeruginosa are the leading cause 

of death in most patients with cystic fibrosis. Eradication of P. aeruginosa has become 

continuously difficult due to its resistance mechanisms, among which reduced membrane 

permeability and the expression of efflux pumps. 

Objectives: The goal of this study was to assess the efficacy of gentamicin (GEN) and 

erythromycin (ERY) in free and liposomal formulations when combined with Phenylalanine 

arginine beta-naphthylamide (PABN), a broad spectrum efflux pump inhibitor against strains of 

P. aeruginosa. 

Method: The minimum inhibitory and bactericidal concentrations of these formulations were 

determined with microbroth dilution method. Their activity against bacterial biofilms was assessed 

using the minimum biofilm eradication concentration assay, and the effect of sub-inhibitory 

concentrations of these antibiotics combined with PABN on bacterial virulence factors production, 

quorum sensing (QS) and their motility was also evaluated. 

Results: PABN inhibited efflux pumps and promoted antimicrobial activity of free and liposomal 

GEN and ERY by 2-8 fold and 2 fold respectively. It also differentially reduced virulence factors 

depending on the strain with free (up to 82.47% GEN and 92.42% ERY) and liposomal antibiotics 

(up to 70.83% GEN and 67% ERY) and motility with free (up to 35.52% GEN and 40.60% ERY) 

and liposomal antibiotics (up to 55.50% GEN and 92.64% ERY). Unexpectedly, QS signals 

production did not appear to be affected by our treatments. 
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Conclusion: PABN shows potential as an adjuvant to be used in combination with liposomal 

macrolides and aminoglycosides in the management of lung infections in cystic fibrosis patients. 

Keywords: Cystic fibrosis, Pseudomonas aeruginosa, liposomes, efflux pump inhibitor, PABN, 

aminoglycosides, macrolides 

 

Figure 23: Graphical abstract 

Liposomes and PABN increased antimicrobial activity of GEN and ERY against P. aeruginosa, 

reduced biofilms formation and inhibited virulence factors.  
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2.1 Introduction 

Cystic fibrosis (CF) is an autosomal recessive disease that results from mutations in the Cystic 

Fibrosis Transmembrane Conductance Regulator (CFTR) gene, affecting the function of multiple 

organs [2]. Despite the multisystemic presentations of CF, its devastating effects in the lungs are 

behind the high mortality and morbidity rates associated with the disease [8]. Indeed, the 

accumulation of a thick and viscous mucus in the airways often leads to severe respiratory 

problems and chronic pulmonary infections [2]. Pseudomonas aeruginosa, an opportunistic Gram-

negative bacterium, is the principal pathogen found in the lungs of CF patients [70,249]. Chronic 

colonization by this bacterium leads to progressive lung damage, and eventually respiratory failure 

and death in most CF patients [322]. 

Aminoglycosides and macrolides are commonly prescribed for the management of P. aeruginosa 

infections in CF [83]. Gentamicin and other aminoglycosides exert their effect on bacteria by 

inhibiting normal protein synthesis through the binding of the 30S ribosomal subunit of bacteria 

[166,248,249]. Similarly, the macrolide antibiotic erythromycin reversibly binds the 50S 

ribosomal subunit and also inhibits protein synthesis [254]. Moreover, macrolides like 

erythromycin and azithromycin are recommended for CF patients as they are efficacious at 

reducing pulmonary exacerbations over long periods [200,201]. However, due to the bacteria’s 

increased resistance to clinically acceptable levels of antibiotics and the associated hepatotoxicity, 

nephrotoxicity and ototoxicity of macrolides and aminoglycosides respectively at those high 

concentrations, it is vital to develop new ways to revitalize those drugs [5,249,250]. 

P. aeruginosa is highly adaptable and has the ability to rapidly develop an arsenal of resistance 

mechanisms to multiple classes of antimicrobial agents, making its eradication difficult [323]. Poor 
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drug penetration is a major reason as to why drugs are ineffective against the bacteria. This can be 

attributable to the expression of efflux pumps which provide the bacterium with its intrinsic and 

acquired resistance to several therapeutic agents [131]. Efflux pumps are cytoplasmic membrane 

proteins used by bacteria to thwart the activity of antimicrobials by inducing their active expulsion 

from the cell [127]. The main efflux systems with the highest clinical significance in P. 

aeruginosa’s multidrug resistance are MexAB-OprM, MexCD-OprJ, MexEF-OprN, and MexXY-

OprM, which belong to the resistance nodulation cell division (RND) family and are involved in 

the exportation of metabolites, antibiotics, toxins and even QS molecules [128,131]. Transporters 

of the RND family are tripartite complexes made of: an RND pump in the inner membrane that 

binds and transports substrates to a membrane fusion protein (MFP) which acts as a periplasmic 

adaptor and an outer membrane protein (OMP) through which substrates are expelled [129]. The 

MexAB-OprM pump is involved in the transport of beta-lactams, aminoglycosides, 3-oxo-

dodecanoyl homoserine lactone (3OC12-HSL, QS signal) among others things [129], while the 

MexXY-OprM pump transports tetracyclines, macrolides, aminoglycosides, cefepime and 

fluoroquinolones [128]. 

Poor antibiotic uptake can also be achieved through reduced membrane permeability. Indeed, 

alterations in the proportion of porins and lipids-protein composition in the outer membrane could 

decrease the cell’s envelope permeability to antibiotics and therefore establish resistance [122]. 

The bacterium also persists in the airways by thwarting the host defense via biofilm formation and 

its numerous virulence factors through the use of quorum sensing (QS), causing destructive 

inflammation [82]. QS is a communication mechanism used by bacteria to coordinate group 

behaviors at high cell density via the production of signaling molecules called autoinducers [324]. 

Bacteria like P. aeruginosa use QS to upregulate certain virulence factors such as pyocyanin, 
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proteases, twitching, swarming and swimming motilities and to form robust biofilms as well 

[80,143]. P. aeruginosa has three main interconnected QS systems, namely the LasI/R system and 

the RhlI/R system which both use acyl homoserine lactones (AHLs) as signaling molecules and 

the Pseudomonas Quinolone Signal (PQS) system [134]. The Las system uses 3OC12-HSL signal, 

the Rhl system produces N-butanoyl-homoserine lactone (C4-HSL) while the PQS uses 

Pseudomonas quinolone signal (PQS) [324]. 

Biofilms are three-dimensional communities of bacteria attached to a surface, protected by an 

exopolysaccharide matrix that exhibit increased antibiotics resistance as they can be 10-1000 times 

more resistant than planktonic bacteria [157]. Furthermore, P. aeruginosa in the airways develops 

a mucoid phenotype, which is associated with an overproduction of alginate, exopolysaccharides 

and the worse prognosis in CF, illustrated by a rapid decline in pulmonary function [70]. What’s 

more, recent studies have suggested a positive connection between biofilms formation and the 

expression of efflux pumps [160]. However, the exact mechanism behind efflux pumps and their 

link to biofilms is not fully elucidated.  

The use of efflux pump inhibitors with antibiotics could therefore represent a good strategy to 

bypass efflux resistance in bacteria [137]. One such inhibitor is Phenylalanine-Arginine 

Naphthylamide (PABN), a broad-spectrum competitive efflux pump inhibitor, which is thought to 

behave as a substrate of efflux pumps, binding to their transporter domains [325]. PABN acts 

directly on efflux pumps without affecting the proton gradient and the electrical potential across 

the inner cell membrane [138]. Studies have shown that PABN could therefore potentiate in vitro 

activity of various anti-pseudomonal drugs including fluoroquinolones, levofloxacin, beta-lactams 

and aminoglycosides against multidrug resistant P. aeruginosa strains [139] and could even reduce 
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bacteria’s production of QS signals and virulence factors [138]. In addition to its efflux inhibitory 

potential, PABN was shown to permeabilize bacterial membranes at high concentrations [139]. 

Another strategy to overcome poor drug penetration and revitalize antibiotics is to encapsulate 

them into liposomes. Liposomes are spherical lipid vesicles consisting of one or more lipid bilayers 

that can serve as carriers for the encapsulation of hydrophilic, lipophilic and amphiphilic active 

compounds [267]. They can protect the drug from undesired metabolic breakdown, increase their 

accumulation at the target site and studies have shown that they can reduce the toxicity of active 

agents, as less product will be needed to have the desired therapeutic effect [268,269]. Arikayce® 

(Insmed) is a liposomal preparation of amikacin recently approved by the FDA, used against 

Mycobacterium avium complex and P. aeruginosa, showing superior efficacy than its free 

counterpart [316,317]. Furthermore, previous work from our group showed that liposomal drugs 

show increased antimicrobial activities against resistant strains of P. aeruginosa isolated from CF 

patients [258,269,312,326]. 

In the present study, we prepared liposomal gentamicin and erythromycin, and their antimicrobial 

activity in combination with PABN was assessed against P. aeruginosa strains. Indeed, the impact 

of these formulations on the bacteria’s biofilms, virulence factors and quorum sensing signals 

production as well as motilities was evaluated. 

2.2 Materials and methods 

2.2.1 Chemicals and media 

Gentamicin, agarose, chloroform and casamino acids were obtained from Fisher Scientific 

(Ottawa, Ontario, Canada), while erythromycin was purchased from Caledon Laboratories LTD 

(Georgetown, Ontario, Canada). Phenylalanine-Arginine-β-Naphthylamide (PABN), cholesterol 
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and Triton X-100 were purchased from Sigma Aldrich (Oakville, Ontario, Canada). Methanol was 

obtained from Pierce Chemical Company (Rockford, Illinois, USA). The compound 2-

Nitrophenyl-β-D-galactopyranoside was purchased from Alfa Aesar, by Thermo Fisher Scientific 

(Ottawa, Ontario, Canada). DPPC (1,2-Dipalmitoyl-sn-glycero-3-phosphocholine) was obtained 

from Avanti Polar Lipids Inc. (Alabaster, AL, USA). ABt medium consisted of 27 mM (NH4)2SO4, 

30 mM Na2HPO4·2H2O, 20 mM KH2PO4, 47 mM NaCl, 1 mM MgCl2, 0.1 mM CaCl2, 0.01 mM 

FeCl2, 0.5% (wt/vol) glucose, 0.5% (wt/vol) Casamino Acids, and 0.00025% (wt/vol) thiamine 

[312]. Mueller-Hinton broth (MHB) was purchased from Becton Dickinson (Francklin Lakes, NJ, 

USA) and Lysogeny broth (LB) and agar were obtained from Becton Dickinson Microbiology 

Systems (Oakville, Ontario, Canada). Z buffer was made of 0.06 M Na2HPO4·7H2O, 0.04 M 

NaH2PO4·H2O, 0.01 M KCl, 0.001 M MgSO4·7H2O, 0.05 M β-mercaptoethanol; pH 7.0 [269]. 

2.2.2 Bacterial strains 

The strain PA01 was a generous gift from Dr R.E.W Hancock (University of British Columbia), 

and the clinical strain PA11 was obtained from the Memorial Hospital’s Clinical Microbiology 

Laboratory (Sudbury, Canada). Both strains were standardized to a 0.5 McFarland standard for all 

experiments. Laboratory strains of Staphylococcus aureus (ATCC 29213) and Bacillus subtilis 

(ATCC 6633) were used as indicator organisms for gentamicin and erythromycin activities 

respectively [311]. All strains were stored at -80°C in Mueller-Hinton broth supplemented with 

10% glycerol in a -86C ULT Freezer, Thermo Forma. Bacteria were grown for 18 h in MHB prior 

to the MIC, MBC, QS and virulence factors experiments. Agrobacterium tumefaciens strain A136 

(pCF218)(pCF372) (Ti-) was used as the biosensor strain and cultured in LB broth at 30°C for the 

detection of acyl homoserine lactones (AHL) [269]. 



 

72 

 

2.2.3 Preparation of liposomes 

Gentamicin and erythromycin were encapsulated into liposomes composed of DPPC and 

cholesterol, using the dehydration–rehydration vesicle (DRV) method. DPPC and cholesterol were 

dissolved in sufficient amount of chloroform-methanol (2:1) at a molar ratio of 6:1 (lipid to 

cholesterol), in a round-bottomed flask (0.11382 g of DPPC and 0.01 g of cholesterol) [258]. 

Erythromycin (20 mg) was directly mixed with the lipids in the organic solvent for a final 

concentration of 20 mg/mL after rehydration of the lipid film, as it was more lipophilic than 

hydrophobic. The mixture in the round-bottomed flask was dried to a lipid film with a rotary 

evaporator (Rotavapor, Büchi Labortechnik AG) in a water bath at 41°C under controlled vacuum 

(V-800, Brinkman). The lipid layer was then rehydrated with a solution of 3 mg/mL of gentamicin 

or PBS for erythromycin. Lipid suspensions were vortexed for 5 min and then sonicated for 2*15 

min (cycles of 45 s on and 10 s off) in an ultrasonic dismembrator bath (FS20H; Fisher Scientific, 

Ottawa, Ontario, Canada) with amplitude of 45 Hz (Model 500, Fisher Scientific). The lipid 

suspension was divided into aliquots of 1 mL in 1.5mL centrifuge tubes and the tubes were frozen 

for 15 min, then placed overnight in a freeze-dry system (model 77540, Labanco Corporation, 

Kansas City, MO, USA). The powdered formulations obtained were then stored in a freezer at 0°C 

until use. Liposomes were rehydrated with 100 µL of PBS, vortexed and incubated for 5 min in a 

water bath at 40°C (Isotemp 202S, Fisher Scientific). This step was repeated three times and 700 

µL of PBS was then added to make it up to 1000 µL of suspension. Three rounds of washing with 

PBS using a centrifuge (16 000 x g for 15 min at 4°C) were performed to remove any excess of 

unencapsulated drug [258]. 
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2.2.4 Microbiological assay for the measurement of gentamicin and 
erythromycin in liposomes 

To measure the concentrations of antibiotics incorporated into liposomes, a microbiological agar 

diffusion assay was performed. The laboratory strain B. subtilis (ATCC 6633) was used as an 

indicator organism for erythromycin while S. aureus (ATCC 29213) was used for gentamicin 

[327]. Indicator strains were cultured overnight in MHB, and standardized to 0.5 McFarland 

standard (1.5 × l08 cfu/mL). Bacteria were then added to an autoclaved liquid MH agar solution at 

41°C and immediately spread into a sterile glass plate (440 × 340 mm) to form a thin layer of agar 

and bacteria. The liposomal samples were centrifuged at 12 000 x g for 20 min at 4°C and Triton 

X-100 in PBS (0.2%, v/v) was added to the pellet in order to lyse the liposomes and release the 

drugs. It should be noted that at 0.2%, Triton X-100 had no effect on bacterial growth. A well-

puncher was used to create wells of about 5 mm in diameter, which were filed with 75 µL of lysed 

liposomal samples or standard solutions of antibiotics. The glass plate was then incubated for 18 

h at 37°C in a CO2 incubator (Series II Water Jacketed CO2 Incubator, Thermo Forma). After 

incubation, the zones of inhibition in the plate were measured in triplicate. The quantifiable limit 

for gentamicin and erythromycin was 7.81*10-3 mg/mL. Standard curves linearity extended over 

the range 0.00781–4 mg/mL and gave correlation coefficients >0.99. The concentrations obtained 

were the means of three independent experiments performed in triplicate. 

2.2.5 Determination of encapsulation efficiency 

The encapsulation efficiency of liposomal antibiotics was determined as the percentage of drugs 

entrapped in liposomes with respect to the initial amount of antibiotic used [311]. It was calculated 

using the following formula:  
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Encapsulation efficiency (%) = !"#$%#&'(&)"#	"+	%#$(,-./(&%0	0'.1	×	344
5#)&)(/	0'.1	$"#$%#&'(&)"#	

 

2.2.6 Determination of minimum inhibitory concentrations (MICs) and 
minimum bactericidal concentrations (MBCs) 

MICs were determined for laboratory strain PA01 and the clinical strain PA11 with the microbroth 

dilution technique. Bacteria were standardized to 0.5 McFarland standards in MHB and transferred 

to 96-well plates as reported previously [326,328]. They were then exposed to different 

concentrations of free and liposomal gentamicin and erythromycin with and without PABN (at 25 

mg/L) in the plate and incubated at 37°C, 200 rpm for 18 hours in a shaking incubator (Innova 

4000 Incubator shaker, New Brunswick Scientific). Untreated bacteria mixed with MHB served 

as positive controls, while MHB medium was used as negative control. After incubation, MIC 

results were determined by detecting the smallest concentration of antibiotic to visually inhibit the 

growth of bacteria. Clear wells from the MIC were sub-cultured onto MH agar and the plates were 

incubated for 24 h at 37°C in a CO2 incubator (Series II Water Jacketed CO2 Incubator, Thermo 

Forma) to evaluate the growth of bacteria. The MBC was determined as the smallest concentration 

of antibiotic to kill the bacteria. Results were taken from three separate experiments. MIC or MBC 

reductions of 2 fold or more in the presence of PABN (25 mg/L) were considered significant [139]. 

2.2.7 Minimum biofilm eradication concentration (MBEC) of free and 
liposomal antibiotics against P. aeruginosa 

The impact of the antibiotic formulations on biofilm formation was assessed with the MBEC assay. 

First, 150 µL of inoculum of PA01 and PA11 strains adjusted to 0.5 McFarland standard 

(1.5 × l08 cfu/mL), was transferred into each well of an MBECTM plate (CBD-Innovotech, AB, 

Canada) and incubated at 37°C for 72–96 h at 110 rpm in a shaking incubator (Innova 4000 

Incubator shaker, New Brunswick Scientific) [329]. Every 24 h, the broth in the plate was replaced 
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to remove the unattached bacteria from the peg lid. After the incubation period, the peg lid was 

rinsed with PBS solution in a fresh 96-well plate, while serial dilutions of antibiotics in 

combination with PABN at 25 mg/L were prepared in another plate. The peg lid was transferred 

to the plate containing the antibiotics and samples were incubated for 24h, at 37°C, 110 rpm in the 

shaking incubator. Control wells were filled with MH broth instead. After incubation, the peg lid 

with the biofilms was rinsed in a plate filled with PBS for a few seconds, placed in a recovery 

plate, a fresh 96 well plate with 200µL of MH broth per well and the biofilms were sonicated for 

30 min in an ultrasonic dismembrator bath (FS20H; Fisher Scientific, Ottawa, Ontario, Canada). 

The recovery plate was then incubated for an additional 24 hours at 37°C, 110 rpm and the MBEC 

is determined as the smallest concentration of antibiotics to eradicate biofilms. Reductions of 2 

fold or more in the presence of PABN were considered significant [139]. 

2.2.8 Effects of sub-inhibitory concentrations of free and liposomal gentamicin 
and erythromycin on the growth of P. aeruginosa 

Bacterial solutions of P. aeruginosa equivalent to 2 times 0.5 McFarland (1.5 × l08 cfu/mL) or 

OD600 = 0.26 in MH broth were prepared, modified from previous reports [330]. Equal volumes of 

antibiotics at 1/2 MIC, 1/4 MIC, 1/8 MIC, 1/16 MIC and 1/32 MIC (when necessary) and the 

standardized bacteria were added to a flask to obtain a final volume of 20 mL. PBS was used for 

the positive control instead of an antibiotic solution. All the flasks were incubated at 37°C at 200 

rpm in a shaking incubator (Innova 4000 Incubator shaker, New Brunswick Scientific). Bacterial 

cell density was measured spectrophotometrically at 600 nm every 1 h for 7 h [331]. The results 

were taken from three separate experiments. 



 

76 

 

2.2.9 Virulence factor assays 

PA01 and PA11 standardized to 0.5 McFarland standard in LB broth supplemented with an equal 

volume of different concentrations of gentamicin, erythromycin in combination with PABN were 

incubated for 24 hours at 200 rpm, 37°C in a shaking incubator [332]. An equal volume of PBS 

was used for the positive controls. After incubation, samples were centrifuged at 12000 rpm, 4°C 

for 20 min and the supernatant was filter sterilized for further use.  

2.2.9.1 Protease assay 

The assessment of bacteria’s proteolytic activity when treated with antibiotics in the presence and 

absence of PABN was carried out. Previously obtained filtered supernatants of bacteria (400 µL) 

were mixed with 2 mL of 1.25% skimmed milk (wt/vol) and incubated for 30 min at 37°C. The 

OD600 was measured and protease activity was determined as followed: Protease activity = OD600 

of skimmed milk - OD600 of each sample [333]. Experiments were performed three times in 

triplicate. 

2.2.9.2 Pyocyanin and pyoverdine assays 

Pyocyanin was extracted from the cell free supernatant with chloroform (1:3 v/v chloroform to 

supernatant ratio). Pyoverdine in the aqueous layer was removed and the absorbance measured 

spectrophotometrically at 405 nm. Subsequently, the chloroform layer was acidified with 0.2M 

HCl, giving it a deep pink color. The pyocyanin-containing acid layer was separated and quantified 

by measuring its absorbance at 520 nm [331,332]. Experiments were performed three times for 

pyocyanin and three times in triplicate for pyoverdine.  
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2.2.9.3 Lipase assay 

A 0.6 mL aliquot of bacterial filtered supernatant was mixed with 0.6 mL of Tween® 80 in Tris-

buffered saline (10%), 0.1 mL of CaCl2 (1 M) and 1.2 mL H2O in a 15 mL centrifuge tube and 

incubated at 37°C for 24 h at 200 rpm (Innova 4000 Incubator Shaker, New Brunswick Scientific, 

NJ, USA). Lipase induces the breakdown of Tween, which binds to calcium, precipitates and can 

be measured at 400nm spectrophotometrically [258]. Experiments were performed three times in 

triplicate. 

2.2.10 Beta-galactosidase activity assay 

The AHL production levels from P. aeruginosa exposed to free and liposomal antibiotics at sub-

inhibitory concentrations were evaluated by measuring the ability of P. aeruginosa AHL 

signalling molecules released into the supernatants to activate the production of β-galactosidase in 

the reporter strain A. tumefaciens (A136). Centrifuge tubes containing 4 mL of the reporter strain 

and 1 mL of supernatant from bacteria previously incubated with sub-inhibitory concentration of 

antibiotics with or without PABN were incubated at 30°C and 100 rpm, for 5 hours in a water bath 

(Julabo SW22, Julabo® USA) [269]. Bacterial cell density at OD600 was taken prior to 

centrifugation at 12000 rpm for 12min at 4°C. The supernatants were discarded and the pellets 

suspended in an equal volume of Z buffer. The cells were then permeabilized by a solution of 200 

µL of chloroform and 100 µL of 0.1% SDS prior to the addition of 0.4 mL of o-nitro phenol-β-D-

galactopyranoside (4 mg/mL in PBS). Once a deep yellow colour had developed, 1 mL of 1 M 

Na2CO3 was added to stop the reaction. The absorbances of the reaction samples were measured 

at 420 and 550 nm. Miller units of β-galactosidase activity were calculated using the following 

formula 1000 × [A420–(1.75 × A550)]/(time × volume × A600) [258]. 
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2.2.11 Motility studies  

The motility studies performed were slightly modified from other investigators [312,332]. Bacteria 

grown overnight were standardized to 0.5 McFarland standard (1.5 × 108 cfu/mL), and 2 µL of 

PA01 or PA11 was inoculated onto a 3 mm deep agar plate containing a sub-inhibitory 

concentration of free or liposomal antibiotics (1/16 to 1/32 the MIC) with and without PABN. For 

the twitching motility, ABt with agarose (1%, w/v) plates were inoculated at the bottom and point 

inoculation onto the medium with agarose (0.5%, w/v) was used for swarming motility. Finally, a 

point inoculation into the medium with agarose (0.3%, w/v) was done for the swimming plates. 

All the plates were incubated in a CO2 incubator at 37°C. After an incubation period of 18 h, 

swimming and swarming diameters were measured while twitching diameters were measured after 

24 h. Experiments were performed three times in triplicate. 

2.2.12  Data analysis 

Data is represented as mean ± SEM (standard error of the mean) of three independent experiments. 

Comparison of different groups was done by one-way analysis of variance (ANOVA) with a 

Tukey-Kramer Multiple Comparisons test with GraphPad prism (GraphPad Software Inc., version 

8.4.3). Probability values of *P˂0.05, ** P˂0.01, ***P˂0.001 and ****P˂0.0001 were considered 

as statistically significant. 

2.3 Results 

2.3.1 Liposomal antibiotics characterisations  

The encapsulation efficiency of liposomal gentamicin was 13.89 ± 1.545%  and the concentration 

entrapped was 0.42 ± 0.046 mg/mL. On the other hand, the encapsulation efficiency of 

erythromycin was 51.58 ± 2.846% with an entrapped concentration of 10.32 ± 0.571 mg/mL.  
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2.3.2 Determination of the MICs, MBCs and MBECs 

Liposomal antibiotics combined with PABN reduced MIC and MBC values in both strains by 4-

32 fold as presented in Table 5. For instance, the MIC of PA11 was 256 mg/L for free gentamicin, 

32 mg/L for liposomal gentamicin and 8 mg/L for liposomal gentamicin combined with PABN. 

Similar trends were observed for the MBC values. Indeed, the MIC and MBC values of PA01 went 

from 512 mg/L with free erythromycin to 128 mg/L with liposomal erythromycin combined with 

PABN.  

P. aeruginosa biofilms were exposed to free and liposomal gentamicin and erythromycin at 

concentrations between 0.5 to 1024 mg/L in the presence of PABN at 25 mg/L (Table 6). 

Liposomal formulations with PABN eradicated biofilms and strongly reduced the MBEC values 

by 8-32 fold for gentamicin and 2-16 fold for erythromycin in both PA01 and PA11. For example, 

the MBEC of PA01 with free gentamicin was 64 mg/L, which was lowered to 2 mg/L when treated 

with liposomal gentamicin and PABN.  

2.3.3 Effects of sub-inhibitory concentrations of free and liposomal antibiotics 
on the growth of P. aeruginosa strains 

In PA01, sub-inhibitory concentrations of 1/16 and 1/32 the MIC did not seem to significantly 

inhibit growth (Figure 24 A-D). In PA11 on the other hand, 1/16 MIC of free and liposomal 

gentamicin did not affect bacterial growth, whereas 1/8 the MIC of free and liposomal 

erythromycin showed no apparent growth inhibition (Figure 24 A’-D’). Concentrations of 1/16 

and 1/32 the MIC were therefore chosen to study the effects of sub-inhibitory concentrations of 

free and liposomal gentamicin and erythromycin on virulence factors, motility and the production 

of quorum sensing molecules in both PA01 and PA11. 
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2.3.4 Effect of antibiotics and PABN on bacterial virulence factors 

The levels of virulence factors such as protease, pyocyanin, pyoverdine and lipase produced by 

PA01 and PA11 when exposed to 1/16 and 1/32 the MIC of free and liposomal gentamicin and 

erythromycin combined with PABN at 25 mg/L or to PABN alone at 10 and 25 mg/L were 

examined (Figures 25-28). Protease was significantly reduced by free erythromycin with and 

without PABN (P<0.001) in both strains (Figure 25 A-E’), liposomal erythromycin at 1/16 the 

MIC with PABN in PA11 (P<0.01) (Figure 25D’) and by PABN alone in PA01 (P<0.01) (Figure 

25E). Only liposomal erythromycin combined with PABN seemed effective in considerably 

reducing pyocyanin production in PA01 (P<0.05) as shown in Figure 26D. It should be noted that 

the pyocyanin assay was only performed in PA01, as the strain PA11 did not appear to produce 

the compound. Additionally, pyoverdine in PA01 was greatly reduced by free and liposomal 

erythromycin (P<0.001) and free gentamicin (P<0.001) with and without PABN and by PABN 

alone (P<0.001) (Figure 27A, C-E). In PA11, pyoverdine was significantly lowered by free 

gentamicin and erythromycin with and without PABN (P<0.001) (Figure 27A’ and C’). Though 

we can also see a decline in samples treated with PABN, the changes were not statistically 

significant. Finally, lipase production was significantly diminished by all of our treatments in 

PA01 (P<0.05, P<0.01 and P<0.001) (Figure 28 A-E). In some instances, this effect was greater 

when PABN was added. Lipase production was also significantly reduced in PA11 by free and 

liposomal erythromycin (P<0.01) and by free gentamicin (P<0.01) in Figure 28A’, C’-E’. 

Furthermore, PABN alone was also very effective at reducing lipase in both strains (P<0.001 in 

PA01 and P<0.05 in PA11).   
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2.3.5 Beta-galactosidase assay 

PA01 and PA11 strains were treated with free and liposomal gentamicin and erythromycin at sub-

inhibitory concentrations of 1/16 and 1/32 the MIC, in the presence of PABN at 25 mg/L, shown 

in Figure 29 A-E’. They were also exposed to PABN alone at 10 and 25 mg/L. There were no 

statistically significant reductions observed in the levels of acyl homoserine lactones (AHLs) from 

the β-galactosidase assay. 

2.3.6 Effect of antibiotics and PABN on bacterial motility 

Motilities of both strains, including twitching, swarming and swimming were examined when 

treated with free and liposomal gentamicin and erythromycin at 1/16 and 1/32 the MIC, in 

combination with PABN at 25 mg/L or with PABN alone at 10 and 25 mg/L (Figures 30-32). In 

PA01, twitching was significantly reduced at 1/16 the MIC with PABN by liposomal gentamicin 

(P<0.01) and liposomal erythromycin (P<0.001) (Figure 30 B and D). Swarming and swimming 

were also considerably inhibited by all the treatment groups (P<0.05, P<0.01 and P<0.001) as 

shown in Figures 31 A-E and 32 A-E. In PA11, only liposomal gentamicin and erythromycin 

significantly inhibited twitching (P<0.0001) at 1/16 the MIC with and without PABN (Figure 30 

B’ and D’). Swarming was strongly inhibited by liposomal gentamicin and erythromycin at 1/16 

the MIC (P<0.0001), free erythromycin combined with PABN (P<0.05) and PABN alone (P<0.05 

and P<0.01) as observed in Figure 31 B’-E’. Finally, swimming was significantly reduced by 

liposomal gentamicin and erythromycin with PABN (P<0.01 and P<0.0001 respectively) and by 

free erythromycin at 1/16 the MIC (P<0.05) (Figure 32 B’-D’). 
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2.4 Discussion 

Chronic and persistent pulmonary infections caused by P. aeruginosa are the leading cause of 

death in CF patients [334]. Gentamicin and erythromycin have a limited anti-pseudomonal effect 

on the pathogen due to the bacteria’s increased resistance mechanisms, namely active efflux pumps 

and reduced membrane permeability [335,336]. One way of bypassing those issues is to 

encapsulate antibiotics in liposomes, which allow for a better drug delivery [268]. 

In the present study, liposomal gentamicin and erythromycin composed of DPPC-cholesterol 

(molar ratio 6:1) were prepared by the DRV method in an attempt to increase their antimicrobial 

activity against resistant strains of P. aeruginosa. The choice of lipid composition and 

lipid/cholesterol ratio is based on previous studies from our group. The liposomes produced 

showed an encapsulation efficiency of 13.89% for gentamicin and 51.58% for erythromycin. Our 

liposomal gentamicin showed superior encapsulation efficiency than previous studies that reported 

values of 4.51% with DMPC-cholesterol and 1.8% with DPPC-cholesterol respectively [326,337]. 

The difference could be due to a significant increase in sonication time in our method (5 min vs 

30 min). In fact, it was shown that increased sonication time could enhance drug encapsulation 

efficiencies [338]. El-Ridy and coworkers report even higher encapsulation efficiencies, greater 

than 43% for amikacin, another aminoglycoside [339]. This might be attributable to an increased 

molar ratio of DPPC-cholesterol of 7:2 to 7:7 in their study, as they reported that increased 

cholesterol content in liposomal formulations augmented drug encapsulation efficiency. 

Additionally, our encapsulation efficiency of erythromycin was higher than earlier studies with 

erythromycin (32.06%) [311] and other macrolides like azithromycin (23.08%) [258] and 

clarithromycin (15.96%) [312]. The direct dissolution of erythromycin in the organic solution with 

lipids due to its lipophilic nature, combined with an increased sonication time might be behind this 
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result. Stability, polydispersity and toxicity studies were already performed in previous studies 

from our group using similar methods and ingredients, thus we expect our liposomes to be similar 

to what they reported [258]. 

Liposomal gentamicin and erythromycin formulations showed enhanced inhibitory and 

bactericidal activities against P. aeruginosa in comparison to the free drugs. Indeed, bacteria went 

from resistant to intermediate or susceptible to treatment as depicted in Table 5. Similar 

observations were reported by earlier studies with liposomal aminoglycosides and macrolides, 

showing that the liposome loaded antibiotics increased bacterial killing of free antibiotics 

[326,327,336,337,340]. Liposomes increased activity was proposed to be the result of their fusion, 

disruption of bacterial cell membrane and the subsequent intracellular uptake of their content 

[341,342]. When added, PABN further decreased MIC and MBC values especially in PA11, 

suggesting that efflux pumps could be one of the main resistance mechanisms in this strain. It 

should be mentioned that an efflux pump-deficient strain (not shown here) was also used as a 

control to confirm the specificity of PABN. As expected, PABN did not affect treatment in that 

strain.  

Liposomes and PABN considerably reduced MBEC values by 4-32 fold for gentamicin and 2-16 

fold for erythromycin in both strains. Our results extend the findings of Ye et.al., and Bandara 

et.al., who found that tobramycin/clarithromycin proliposomes and liposomal ciprofloxacin 

respectively, significantly eradicated P. aeruginosa biofilms when compared to free drugs 

[320,343]. Furthermore, this effect was proposed to be the result of an increased penetration of 

antibiotics in liposomes into the biofilms. In addition, Halwani and coworkers demonstrated that 
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liposomal gentamicin co-encapsulated with gallium completely eradicated P. aeruginosa biofilms 

in vitro [328].  

Virulence factors were greatly reduced by all our treatment groups, especially by free and 

liposomal erythromycin. This might account for the role of macrolides like erythromycin in the 

attenuation of P. aeruginosa inflammation at sub-inhibitory concentrations through the inhibition 

of virulence factors production among other mechanisms [344,345]. Khan and coworkers also 

showed that free aminoglycosides including gentamicin significantly inhibited virulence factors 

such as pyoverdine, protease and pyocyanin in P. aeruginosa strains [166,346]. Earlier studies 

demonstrated an increased inhibitory activity of liposomal azithromycin, liposomal clarithromycin 

and liposomal bismuth ethanedithiol-tobramycin on protease, elastase, lipase and chitinase 

production [258,269,312]. In contrast, our liposomal formulations did not appear to show superior 

activity overall against P. aeruginosa’s virulence factors production. However, even in instances 

when liposomes’ anti-virulence action is lower than free drugs, they are still of interest since 

studies have demonstrated their reduced toxicity and enhanced distribution in vivo without 

migration to other organs like liver, kidneys, or spleen [336]. The inhibitory activities of antibiotics 

on virulence factors seemed to have been improved differentially when combined with PABN. 

Our results compare well with El-Shaer et.al., who found that PABN alone reduced protease and 

pyocyanin among other virulence factors [138]. Additionally, even though PABN alone did not 

reduce every virulence factors in both strains, it proved efficacious in PA01 in the reduction of 

protease, pyoverdine and lipase. This is important, since interference with pyoverdine production 

was shown to mitigate P. aeruginosa pathogenesis in CF patients [347]. The results also extend 

the findings of Giordano and coworkers who indicated that PABN-dependent inhibition of efflux 

pumps has a profound impact on the P. aeruginosa transcriptome and affects virulence factors 
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differentially [81]. The inhibitor notably downregulated the expression of genes either repressed 

by iron or induced by iron starvation like pvdS, prpL and aprX, involved in the biosynthesis of 

pyoverdine, pyochelin and protease [81]. On the other hand, it upregulated the expression of genes 

involved in nitrogen metabolism and phenazines (e.g. pyocyanin) biosynthesis. 

Quorum sensing is a communication mechanism used by bacteria to control biofilm formation, 

motility, as well as virulence factors and toxin production at high cellular density [324]. It could 

notably contribute to an increased resistance to antibiotics in bacteria. P. aeruginosa possesses 

three interconnected QS systems organized hierarchically, with the Las system at the top, followed 

by the Rhl and PQS systems respectively [144]. In order for communication to occur, autoinducers 

or QS signals have to be expressed extracellularly and detected by neighboring cells. In P. 

aeruginosa, C4-HSL signals (Rhl system) freely diffuse out of the cells, while 3OC12-HSL (Las 

system) and PQS (PQS system) signals need to be exported by membrane transporters to cross the 

outer membrane [348]. 

Unexpectedly, none of our treatments showed significant reductions in the production of AHLs 

(QS signals) in both strains, even though virulence factors controlled by QS seemed to have been 

reduced. Similar studies also report a reduction in QS signals levels in P. aeruginosa by sub-

inhibitory concentrations of antibiotics or adjuvants [349–352]. El-Shaer et.al., for example 

reported a reduction in QS signals with PABN alone in P. aeruginosa strains isolated from urinary 

tract and wound infections [138]. However, this effect was not observed for all their strains as C4-

HSL levels in wound isolates were unchanged and the level of reduction reported varied 

significantly between strains. This suggests a strain-dependant activity of PABN which might 

explain the differences in our results. 
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Several reasons could explain why the level of autoinducers was not reduced when QS-related 

factors were inhibited here. It is possible our treatments affected the detection (signal/receptor 

interaction) and/or the transport of autoinducers as well as reduced the expression of virulence 

genes. For instance, Khan and coworkers recently showed through an in silico docking analysis 

that aminoglycosides like gentamicin interact with P. aeruginosa QS receptor LasR. They 

proposed this to be a mechanism by which the drugs inhibit QS associated virulence factors in the 

bacterium, as it prevents the binding of LasR receptor to 3OC12-HSL signals [166]. Furthermore, 

Burr and coworkers reported that sub-inhibitory concentrations of erythromycin strongly inhibited 

the expression of P. aeruginosa QS genes like LasR and PqsA in non-cystic fibrosis bronchiectasis 

airways [345]. Similarly, El-Shaer and coworkers also showed that PABN reduced the expression 

of QS genes like LasI/R (with more specificity for LasR), RhlI/R and PqsA/R genes as well as 

virulence genes, suggesting again an activity of PABN on P. aeruginosa transcription, beyond 

efflux inhibition [138]. In contrast, Giordano and coworkers did not observe a reduction in the 

expression of LasI/R and RhlI/R genes involved in the production and reception of 3OC12-HSL 

and C4-HSL QS signals respectively by PABN in laboratory P. aeruginosa strains [81]. What’s 

more, the levels of 3OC12-HSL seemed to have been significantly increased in the presence of 

PABN (possibly due to a reduced transcription of PvdQ acylase by PABN, which degrades the 

3OC12-HSL signal), while C4-HSL and PQS signals were not affected at concentrations as high as 

50 µM (about 25 mg/L). The strain-dependent activity of PABN could be behind those 

discrepancies. Interestingly, they also found that PABN enhanced the transcription of qteE, a gene 

coding for a protein that inhibits the activity of 3OC12-HSL receptor, LasR [81]. 

In addition, numerous line of evidence demonstrated the involvement of efflux pumps in the 

transport of some QS signals. Indeed, it was shown that the MexAB-OprM pump is implicated in 
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the efflux of 3OC12-HSL, and that QS-regulated factors are affected by its activity [348]. 

Furthermore, MexEF-OprN and MexGHI-OpmD pumps were shown to export precursors of the 

PQS signals, facilitated QS, bacterial growth and promoted virulence [353–355]. It is therefore 

possible that by inhibiting efflux pumps, PABN could have affected the transport of some QS 

signals. This could result in less signals being transported and detected, and therefore a reduced 

expression in QS related genes like virulence factors and motility [138]. It is not excluded however 

that the concentrations used in this study could have been too small to induce significant drops in 

QS signals as well. Indeed, liposomal clarithromycin at 1/8 MIC and tobramycin combined with 

ethanedithiol at concentrations of 1/4 and 1/8 the MIC were previously reported to significantly 

reduce QS signals levels [269,312]. In contrast, our formulations were studied at 1/16 and 1/32 

MIC. Further studies to confirm those observations are warranted.  

P. aeruginosa exhibits three main mode of motility which are twitching, swarming and swimming. 

They play a determining role in bacterial attachment, colonization of new areas and ability to cause 

widespread infections [166]. Twitching is modulated by type IV pili and is evident on solid 

surfaces [173], while swarming is a coordinated group movement on semi-solid surfaces that 

requires both flagella and type IV pili and as such, it is regulated by QS [174]. Swimming on the 

other hand occurs in a liquid environment and also requires the use of flagella [172,173]. 

Twitching, swarming and swimming motilities in bacteria were significantly reduced by free and 

liposomal antibiotics and PABN to various extent. However, liposomal gentamicin and 

erythromycin proved to be more efficacious especially in PA11. It was found that PABN alone led 

to decrease in swimming in clinical isolates of P. aeruginosa [138]. Our results are also supported 

by a previous study which showed that erythromycin inhibited swarming in P. aeruginosa. The 
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study explained that macrolides inhibit flagellin expression in the bacteria, which is needed for the 

production of flagella, used in swarming and swimming motilities [356]. Similarly, Bahari and 

coworkers confirmed that azithromycin and gentamicin reduced twitching and swarming in PA01 

at sub-inhibitory concentrations [357]. Conversely, Shen et.al., showed increased virulence with 

azithromycin at sub-inhibitory concentrations [358]. They suggested that antibiotics at sub-MIC 

could promote population diversification and act as signal molecules to regulate bacterial gene 

expression. Their finding was corroborated by other studies. Those divergences highlight the 

complex regulatory networks in bacteria. 

2.5 Conclusion 

Adjuvants therapy is an interesting strategy to revitalize the activity of old antibiotics. Indeed, 

liposomal gentamicin and erythromycin combined with PABN proved efficacious in inhibiting P. 

aeruginosa’s growth, eradicating biofilms and reducing the production of virulence factors and 

motility, even though the production of QS autoinducers did not appear to be affected. This 

suggests a possible impairment of the detection and/or transport of QS signals by our formulations, 

that should be confirmed through molecular studies. Liposomal gentamicin and erythromycin 

combined with PABN therefore show potential in the management of P. aeruginosa infections in 

cystic fibrosis patients. 
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Tables and figures legends: 

Table 5: Free and Liposomal antibiotics susceptibility of P. aeruginosa isolates 

Table 6: Efficacy of Free and Liposomal Antibiotics against biofilms of P.  aeruginosa isolates 

Figure 24: Effects of sub-inhibitory concentrations of free and liposomal gentamicin and 

erythromycin on the growth of PA01 and PA11 at 1/2, 1/4, 1/8, 1/16 and 1/32 the MIC. Shown are 

PA01 with free gentamicin (A), liposomal gentamicin (B), free erythromycin (C), liposomal 

erythromycin (D) and PA11 with free gentamicin (A’), liposomal gentamicin (B’), free 

erythromycin (C’) and liposomal erythromycin (D’). 

Figure 25: Effects of sub-inhibitory concentrations of free and liposomal gentamicin and 

erythromycin in the presence and absence of PABN on protease levels in PA01 and PA11. Shown 

are PA01 with free gentamicin (A), liposomal gentamicin (B), free erythromycin (C), liposomal 

erythromycin (D), PABN (E) and PA11 with free gentamicin (A’), liposomal gentamicin (B’), free 

erythromycin (C’), liposomal erythromycin (D’) and PABN (E’). The results represent the mean 



 

90 

 

± SEM of three independent experiments done in triplicate. P values were considered significant 

when compared with the control and between groups: ***, P<0.001; **, P<0.01; *, P<0.05. 

Figure 26: Effects of sub-inhibitory concentrations of free and liposomal gentamicin and 

erythromycin in the presence and absence of PABN on pyocyanin levels in PA01. Shown are PA01 

with free gentamicin (A), liposomal gentamicin (B), free erythromycin (C), liposomal 

erythromycin (D) and PABN (E). The results represent the mean ± SEM of three independent 

experiments. P values were considered significant when compared with the control and between 

groups: *, P<0.05. 

Figure 27: Effects of sub-inhibitory concentrations of free and liposomal gentamicin and 

erythromycin in the presence and absence of PABN on pyoverdine levels in PA01 and PA11. 

Shown are PA01 with free gentamicin (A), liposomal gentamicin (B), free erythromycin (C), 

liposomal erythromycin (D), PABN (E) and PA11 with free gentamicin (A’), liposomal 

gentamicin (B’), free erythromycin (C’), liposomal erythromycin (D’) and PABN (E’). The results 

represent the mean ± SEM of three independent experiments done in triplicate. P values were 

considered significant when compared with the control and between groups: ***, P<0.001. 

Figure 28:  Effects of sub-inhibitory concentrations of free and liposomal gentamicin and 

erythromycin in the presence and absence of PABN on lipase levels in PA01 and PA11. Shown 

are PA01 with free gentamicin (A), liposomal gentamicin (B), free erythromycin (C), liposomal 

erythromycin (D), PABN (E) and PA11 with free gentamicin (A’), liposomal gentamicin (B’), free 

erythromycin (C’), liposomal erythromycin (D’) and PABN (E’). The results represent the mean 

± SEM of three independent experiments done in triplicate. P values were considered significant 

when compared with the control and between groups: ***, P<0.001; **, P<0.01; *, P<0.05. 
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Figure 29: Effects of sub-inhibitory concentrations of free and liposomal gentamicin and 

erythromycin in the presence and absence of PABN on quorum sensing signals in PA01 and PA11. 

Shown are PA01 with free gentamicin (A), free erythromycin (B), liposomal gentamicin (C), 

liposomal erythromycin (D), PABN (E) and PA11 with free gentamicin (A’), free erythromycin 

(B’), liposomal gentamicin (C’), liposomal erythromycin (D’) and PABN (E’). The results 

represent the mean ± SEM of three independent experiments done in triplicate. 

Figure 30: Impact of sub-inhibitory concentrations of free and liposomal gentamicin and 

erythromycin with PABN on PA01 and PA11 twitching motility. The motility was examined with 

free and liposomal antibiotics at 1/16 and 1/32 the MIC in the presence and absence of PABN (10 

and 25 mg/L). Shown are PA01 with free gentamicin (A), liposomal gentamicin (B), free 

erythromycin (C), liposomal erythromycin (D), PABN (E) and PA11 with free gentamicin (A’), 

liposomal gentamicin (B’), free erythromycin (C’), liposomal erythromycin (D’) and PABN (E’). 

The results are represented as the mean ± SEM of three independent experiments in triplicates. P 

values were considered significant compared with the control and between groups: ****, 

P<0.0001; ***, P<0.001; **, P<0.01; *, P<0.05. 

Figure 31: Impact of sub-inhibitory concentrations of free and liposomal gentamicin and 

erythromycin with PABN on PA01 and PA11 swarming motility. The motility was examined with 

free and liposomal antibiotics at 1/16 and 1/32 the MIC in the presence and absence of PABN (10 

and 25 mg/L). Shown are PA01 with free gentamicin (A), liposomal gentamicin (B), free 

erythromycin (C), liposomal erythromycin (D), PABN (E) and PA11 with free gentamicin (A’), 

liposomal gentamicin (B’), free erythromycin (C’), liposomal erythromycin (D’) and PABN (E’). 

The results are represented as the mean ± SEM of three independent experiments in triplicates. P 
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values were considered significant compared with the control and between groups: ****, 

P<0.0001; ***, P<0.001; **, P<0.01; *, P<0.05. 

Figure 32: Impact of sub-inhibitory concentrations of free and liposomal gentamicin and 

erythromycin with PABN on PA01 and PA11 swimming motility. The motility was examined with 

free and liposomal antibiotics at 1/16 and 1/32 the MIC in the presence and absence of PABN (10 

and 25 mg/L). Shown are PA01 with free gentamicin (A), liposomal gentamicin (B), free 

erythromycin (C), liposomal erythromycin (D), PABN (E) and PA11 with free gentamicin (A’), 

liposomal gentamicin (B’), free erythromycin (C’), liposomal erythromycin (D’) and PABN (E’). 

The results are represented as the mean ± SEM of three independent experiments in triplicates. P 

values were considered significant compared with the control and between groups: ****, 

P<0.0001; ***, P<0.001; **, P<0.01; *, P<0.05. 
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Table 5  

Strains Minimum Inhibitory Concentrations, MIC 

(mg/L) (Minimum Bactericidal 

Concentrations, MBC (mg/L)) 

Minimum Inhibitory Concentrations, MIC 

(mg/L) (Minimum Bactericidal Concentrations, 

MBC (mg/L)) 

Free Gentamicin 

(GEN) 

Lipo Gentamicin 

(GEN) 

Free Erythromycin 

(ERY) 

Lipo Erythromycin 

(ERY) 

-PABN +PABN  -PABN +PABN  -PABN +PABN  -PABN +PABN   

PA 01 8 (32) 8 (16) 2 (4) 1 (2) 512 (512) 256 (256) 128 (128) 128 (128) 

PA 11 256 

(1024) 

32 (128) 32 (128) 8 (32) 1024 

(1024) 

512 (512) 128 (256) 64 (256) 
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Table 6  

Strains Minimum Biofilm Eradication Concentration, MBEC (mg/L) 

Free Gentamicin 

(GEN) 

Lipo Gentamicin 

(GEN) 

Free Erythromycin 

(ERY) 

Lipo Erythromycin 

(ERY) 

-PABN +PABN  -PABN +PABN  -PABN +PABN  -PABN +PABN  

PA 01 64 16 4 2 1024 1024 128 64 

PA 11 1024 128 256 128 1024 512 512 512 
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Figure 24 
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Figure 25 
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Figure 26 
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Figure 27 

  

0.0

0.2

0.4

0.6

0.8

1.0

Fr
ee

 G
EN

 (O
D

40
5)

✱✱✱

✱✱✱

✱✱✱

✱✱✱

0.0

0.2

0.4

0.6

0.8

1.0

Li
po

 G
EN

 (O
D4

05
)

0.0

0.2

0.4

0.6

0.8

1.0

Fr
ee

 E
RY

 (O
D4

05
)

✱✱✱

✱✱✱
✱✱✱

✱✱✱

0.0

0.2

0.4

0.6

0.8

1.0

Li
po

 E
RY

 (O
D4

05
)

✱✱✱

✱✱✱

✱✱✱

✱✱✱

✱✱✱
✱✱✱

0.0

0.2

0.4

0.6

0.8

1.0

PA
BN

 (O
D4

05
)

✱✱✱

✱✱✱

✱

Contro
l

1/3
2 M

IC

1/1
6 M

IC

1/3
2 M

IC + 
P25

1/1
6 M

IC + 
P25

0.0

0.2

0.4

0.6

0.8

1.0

Fr
ee

 G
EN

 (O
D

40
5)

✱✱✱

✱✱✱
✱✱✱

✱✱✱

Contro
l

1/3
2 M

IC

1/1
6 M

IC

1/3
2 M

IC + 
P25

1/1
6 M

IC + 
P25

0.0

0.2

0.4

0.6

0.8

1.0

Li
po

 G
EN

 (O
D4

05
)

Contro
l

1/3
2 M

IC

1/1
6 M

IC

1/3
2 M

IC + 
P25

1/1
6 M

IC + 
P25

0.0

0.2

0.4

0.6

0.8

1.0

Fr
ee

 E
RY

 (O
D4

05
) ✱✱✱

✱✱✱

✱✱✱
✱✱✱

Contro
l

1/3
2 M

IC

1/1
6 M

IC

1/3
2 M

IC + 
P25

1/1
6 M

IC + 
P25

0.0

0.2

0.4

0.6

0.8

1.0

Li
po

 E
RY

 (O
D4

05
)

Contro
l

P10 P25

0.0

0.2

0.4

0.6

0.8

1.0

PA
BN

 (O
D4

05
)

A B C D E

A' B' C' D' E'



 

99 

 

 

Figure 28 
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Figure 29 
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Figure 30 
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Figure 31 
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Figure 32 
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Chapter 3
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3 Conclusion and future directions 

The DRV method gave us good encapsulation efficiencies for our antibiotics, with erythromycin 

having the highest percentage. MIC, MBC and MBEC values were significantly reduced by 

liposomes and PABN. Furthermore, our liposomal gentamicin and erythromycin in the presence 

of PABN proved efficacious in inhibiting P. aeruginosa’s growth, eradicating biofilms and 

reducing the production of virulence factors and motility, even though the production of QS 

autoinducers did not appear to be affected. This could be due to an impairment of the detection 

and/or transport of QS signals by our formulations. This speculation should however be confirmed 

through molecular studies. Liposomal gentamicin and erythromycin combined with PABN could 

potentially offer a relief to patients with cystic fibrosis in the management of P. aeruginosa 

infections. 

The tremendous progress in the management of CF has significantly increased the life expectancy 

of patients. Therapeutic approaches in the management of CF have mainly been focused on 

symptomatic treatments of clinical manifestations. As we move towards a more common use of 

precision medicine, CFTR modulators and CRISPR-nucleases are expected to potentially correct 

CFTR defects permanently, since they directly target mutations at the root. However, until then 

solutions that rejuvenate antibiotics are crucially needed. With the pressing search for new 

antimicrobials, strategies that target specific resistance mechanisms used by bacteria have the 

potential to greatly reduce the incidence of bacterial resistance while inhibiting bacterial 

pathogenesis.  

While efflux pump inhibitors are often only studied for their efflux inhibitory activities, their anti-

virulence potential should not be neglected as shown here with PABN alone. Future studies should 
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evaluate the virulence inhibitory effects of PABN and other EPIs on clinical isolates of bacteria 

from CF patients to paint a better picture of its mechanisms of action on virulence gene expression. 

The strain-dependent activity of PABN should however be taken into consideration.  

Moving forward, molecular studies on free and liposomal gentamicin and erythromycin binding 

with different QS associated proteins are required to confirm their anti-biofilm and anti-virulence 

mechanisms at sub-inhibitory concentration against P. aeruginosa. Furthermore, in vivo studies in 

P.  aeruginosa infected animals can be performed to assess the metabolism, the distribution and 

specificity of our liposomal formulations. Finally, it will also be interesting to design target 

specific liposomes with active encapsulation to increase the encapsulation efficiencies and to more 

specifically target biofilms in vivo.   
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