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Abstract 

The effectiveness of liposomes incorporating bismuth-ethanedithiol and loaded with 

tobramycin (LipoBiEDT-TOB) at sub-inhibitory concentrations to inhibit the production of 

quorum sensing signaling molecules and virulence factors induced by P. aeruginosa was 

evaluated in vitro.  In addition, we evaluated the efficacy and safety of free and encapsulated 

tobramycin in liposomal formulations administered intratracheally to rats chronically infected 

with P. aeruginosa. LipoBiEDT-TOB significantly reduced the production of quorum sensing 

signaling molecules and virulence factor secretion compared to free tobramycin. The 

LipoBiEDT-TOB formulation significantly reduced the bacterial count in lungs, modulated the 

IL-8 level in blood and minimized the nephrotoxicity that is associated with aminoglycoside 

treatment. These results support the hypothesis that aerosolization of liposomal aminoglycosides 

may enhance the management of chronic lung infections caused by resistant P. aeruginosa in 

patients with cystic fibrosis. 
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Chapter 1 

1. Introduction 

1.1. Cystic Fibrosis 

 Cystic fibrosis (CF), the most common autosomal recessive disorder, affects 1 in 2000 

Caucasians and results in shortening of the life span of the individual (1). [Please note that the 

references for chapter 1 are listed on page 97.] Cystic fibrosis is caused by a mutation in a single 

gene on the long arm of chromosome 7 that is responsible for encoding the cystic fibrosis 

transmembrane conductance regulator (CFTR) protein (2). The CFTR is a multi-functional 

protein which is located on the apical membrane of epithelial cells. A defect in the CFTR 

function is responsible for CF-related multi-system injuries including the lungs, the endocrine 

system, the pancreas, the gastrointestinal tract and the reproductive system (3). However, 

pulmonary disease is the main cause of morbidity and mortality among the CF population due to 

persistent bacterial infection and inflammation (4).  

1.1.1. CFTR gene 

The CFTR gene is located on the long arm of chromosome 7. It is 25,000 base pairs long, 

contains 27 exons and encodes the CFTR protein which consists of 1480 amino acids. The 

severity of symptoms associated with CF and the rate of disease progression in organs depends 

on the type of mutation (5). The more than 1900 different mutations, that can cause CF with mild 

symptoms to serious problems, have been sorted into six classes, depending on their effect on 

CFTR protein production (6). The most common mutation is the loss of a phenylalanine residue 

at position 508, hence the name ΔF508, which causes severe disease in 70% of Caucasian CF 
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patients (7). This defective protein does not fold normally and consequently, the protein is unable 

to enter the Golgi apparatus to be expressed on the cell membrane. Retention and subsequent 

degradation of immature proteins in endoplasmic reticulum decreases the number of chloride 

channels which are responsible for transporting chloride ions (6). 

1.1.2. Structure of CFTR 

The CFTR protein is part of a larger family of adenosine-5-triphosphate (ATP) binding 

cassette transporters (8). It contains two ATP-hydrolysis domains, which are also called 

nucleotide-binding domains (NBDs), and two transmembrane domains (TMDs), each of them 

consisting of six membrane-spanning alpha helixes that form an anion channel (diagram 1). The 

NBDs are responsible for binding and hydrolysis of ATP which provides the required energy for 

channel activity. The activation of CFTR depends also on phosphorylation of the cytoplasmic R 

domain by cyclic adenosine monophosphate (cAMP)-dependent protein kinase A (PKA), and 

ATP to power a NBD for opening and closing the channel gate (9).  

 

Diagram 1: Illustration of the CFTR structure. 
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1.1.3. CFTR function in lungs 

The biological function of the CFTR protein can be understood by the observation that 

the sweat of CF patients contains high levels of electrolytes (10). The CFTR protein functions as 

a channel, across the membrane of secretory epithelial cells, to transport chloride ions (Cl
-
) in 

and out of the epithelial cells (11). It also down regulates trans-epithelial sodium (Na
+
) channels 

(8). The transport of Cl
-
 and inhibition of Na

+
 flux help to control the movement of water from 

the epithelial cells to the airways and vice versa, which is a necessary process for the production 

of a thin and freely-flowing mucus that protects the lungs from inhaled particles and pathogens 

(9). 

Mutation of the CFTR gene is the basic pathology of CF due to abnormal CFTR function 

and subsequent electrochemical alterations across the membrane and  dehydrated  mucus (12). 

The absence of the CFTR protein results in blocking the Cl
-
 secretion and increases epithelial 

sodium channel activity (ENaC), leading to an increased absorption of Na
+
 by the epithelial cells 

lining the airways (13). In addition, abnormally thick and sticky mucus accumulation prevents 

cilia to beat normally and thus cleanse an airway (14). Furthermore, the thick and sticky mucus 

becomes an ideal growth medium in the lungs for several pathogens such as Staphylococcus 

aureus, Haemophilus influenzae, Burkholderia cepacia and Pseudomonas aeruginosa (15). Here, 

we focus on the pathogenesis of P. aeruginosa due to the fact that this organism persists in the 

lungs of CF patients for the rest of their lives causing recurrent infection and inflammation (16). 

However, a complete discussion of the inflammation is beyond the scope of this thesis and those 

who are interested in CF inflammation can refer to recent review article by Cohen-Cymberknoh 

et al. (17). 
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1.2. Pseudomonas aeruginosa 

 P. aeruginosa is a Gram-negative bacillus found in water, soil, plants and hospital 

equipment (18). P. aeruginosa is categorized as an aerobic bacterium, but has the capability to 

grow in anaerobic conditions by using nitrogenous oxides such as nitrite (NO2¯) or nitrate 

(NO3¯) as respiratory electron acceptors (19, 20). This opportunistic human pathogen is 

responsible for a number of serious acute and chronic infections in patients with compromised 

immunity and mucosal defenses (21). The first step, to establish P. aeruginosa chronic lung 

infection in CF patients, involves the inhalation of P. aeruginosa from the surrounding 

environment. The bacteria basically attach to the upper respiratory tract and then gain access to 

the lung parenchyma because of a defect in the mucociliary cleansing mechanism in CF 

individuals (22, 23). P. aeruginosa expresses a variety of different surface ligands such as type 

IV pili which recognize epithelial cells’ receptors, in particular asialoganglioside (GM1) (24). P. 

aeruginosa adhesion can also be dependent on flagella that adhere to human respiratory mucin 

(25, 26). P. aeruginosa is also equipped with highly complex cell-to-cell signaling systems, 

known as quorum sensing, that control gene expression of virulence factors (27). 

1.2.1. Quorum sensing 

Quorum sensing (QS) is associated with a system of signaling molecules, known as 

autoinducers, that are produced and released by bacteria in response to bacterial cell density 

(diagram 2). P. aeruginosa does not express its virulence factors until it has adhered to, 

penetrated and proliferated in the epithelial cells in order to avoid the host immune response and 

to colonize the lung successfully (28). Ultimately, P. aeruginosa releases an excess of virulence 

factors which contribute to morbidity and mortality in the lungs of CF patients (29). P. 
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aeruginosa utilizes two homologues known as lasI/lasR and rhlI/rhlR which control synthesis of 

autoinducers and transcription activator proteins (30). lasI and rhlI synthesize LasI and RhlI 

proteins respectively. These proteins were subsequently identified as N-3-oxo-

dodecanoylhomoserine lactone (3O-C12-HSL) and N-butanoylhomoserine lactone (C4-HSL), 

respectively (31). As the P. aeruginosa cell density increases and the level of 3O-C12-HSL 

reaches a threshold concentration, 3O-C12-HSL binds to LasR. The 3O-C12-HSL/LasR complex 

then binds to promoters encoding several virulence factors such as lipase, chitinase, protease, and 

elastase (32-36). The 3O-C12-HSL/LasR also regulates the Pseudomonas quinolone system 

(PQS), a signaling molecule that is integral to the QS cascade. This signaling molecule functions 

as an additional regulatory link between the Las/Rhl QS circuits and regulates production of 

rhamnolipids, elastase, biofilm and pyocyanin production (37-39). The 3O-C12-HSL/LasR can 

also activate the second transcriptional regulatory rhlR. Once rhlR is activated, the synthesized 

protein RhlR binds to C4-HSL to activate expression of virulence factors such as alkaline 

protease, lectins A, lectins B and exoenzyme S (40, 41). 
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Diagram 2: Quorum sensing signaling molecules. A) Structure of acyl homoserine 

lactone; B) Pseudomonas quinolone system exploited for cell-to-cell communication 

by P. aeruginosa. 

 

1.2.2. Biofilm and secreted virulence factors 

Once P. aeruginosa colonizes the tissues successfully, it forms a biofilm and secretes a 

variety of virulence factors such as elastase, protease, and chitinase which participate in 

extensive tissue damage.  

1.2.2.1. Biofilms formation 

Biofilms are a structured community of bacterial cells surrounded by a self-produced 

polymeric matrix that can adhere to biotic and abiotic surfaces (42). It consists of 
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polysaccharides, DNA and other macromolecular components such as protein and lipid (42, 43). 

Bacteria develop the biofilm mode of growth in order to survive in a harsh environment and 

protect themselves from bactericidal challenges such as the host immune response (44, 45). 

Several steps are involved in developing mature biofilms including reversible attachment, 

irreversible attachment, multiplication, maturation of the biofilm to a mushroom-like structure 

(diagram 3). 

 Reversible attachment is initiated when P. aeruginosa binds to the GM1 through the 

flagella encoded by fliC (46). P. aeruginosa mutants deficient in flagella showed a significant 

decrease in the attachment and biofilm formation compared to flagellated strains (47). The 

irreversible attachment involves the loss of flagellum and expression of type IV pili that bind to 

GM1 (48). The type IV pili are also responsible for twitching motility and have been reported to 

have an important role in aggregation and microcolony formation. Bacteria also multiply and 

upregulate their genes’ expression such as algC, algD, and algU, which are responsible for 

extracellular synthesis (49). The last step in biofilm formation is the maturation of biofilms to 

mushroom-shaped structure, and it has been reported that QS plays a significant role in biofilm 

structural changes from a flat unstructured shape to a mushroom-shaped structure via the 

expression of more than 550 genes including other virulence factors (50). Studies showed that 

the increase in proteins, at this stage, correlates with a decrease in the oxygen levels at the stalk 

portion of the biofilm and a decrease in bacterial metabolic activities, whereas the cap portion of 

the mushroom-shaped biofilms tend to have a higher level of oxygen and bacterial metabolic 

activities (51, 52). Bacteria then disperse away from the interior portions of cell clusters and 

proceed to develop new biofilm. The dispersion process was shown to be synchronized with 

downregulation of gene expression; thereby it might suggest that dispersion and finding new 
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niche are an active process that the bacteria are programmed to undergo (50). Studies have 

shown that a biofilm in a hypotoxic environment is advantageous for bacterial survival in the 

host system because they limit antimicrobial penetration (53, 54). 

  

 

Diagram 3: Biofilms formation. Model of the development of a mature P. 

aeruginosa biofilm from planktonic cells. 

 

1.2.2.2. Elastases 

P. aeruginosa elastase is encoded by the lasB gene and its activity has been reported to 

play an important role in CF lung infection (55). It has been reported that elastase ruptures the 

respiratory epithelium via tight-junction destruction, thereby increasing epithelial permeability 

and facilitating recruitment of neutrophil (56, 57). Elastase also degrades several biological 

molecules including elastin, laminin, fibrin and collagen as well as surfactant proteins A and D 
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in the respiratory tract (58-60). Elastase is capable of cleaving the complementary components, 

interferon-γ and immunoglobulins, such as IgG and IgA (61, 62).  

1.2.2.3. Proteases 

Protease is an enzyme encoded by the lasA gene. LasA cleaves proteins into short 

fragments, preferentially at sites glycine-glycine-alanine sequence in the protein (63). LasA 

enhances the elastolytic activity of LasB elastase as well as human neutrophil elastase, leading to 

tissue destruction (64). LasA- or LasB-deficient mutants exhibit decreased invasion of epithelial 

cells in vivo as well as in cultured epithelial cells (65). Furthermore, protease plays an important 

role in P. aeruginosa pathogenesis through the so-called shedding process, which involves the 

cleavage of cell surface proteins, followed by the release of ectodomains from the cell surface. 

Ectodomains convert membrane-anchored growth factor receptors such as IL-6 into diffusible 

factors, membrane receptors to soluble competitors of their own ligand, and cell adhesion 

receptors into substances that are no longer capable of mediating interaction with other cells (66, 

67). P. aeruginosa seems to use the host shedding mechanism to increase its virulence (68). 

Beside the elastolytic activity of LasA, it also possesses a staphylolytic activity, which rapidly 

lyses S. aureus cells by cleaving the pentaglycine cross-links of bacterial cell wall peptidoglycan 

(69). 

1.2.2.4. Chitinases 

Chitin is the most abundant polysaccharide polymer found in nature (70). P. aeruginosa 

chitinase is encoded by the chiC gene and its chitin-binding protein is encoded by cbpD (71). 

Bacteria produce chitinase in the presence of chitin and repress its production when growing in a 

rich medium. Degradation of chitin requires two enzymatic steps; the breakdown of chitin into 
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disaccharide by chitinase followed by hydrolysis of the disaccharide to N-acetylglucosamine, 

which can be used by bacteria as an energy source (72).  

 

1.3. Treatment of P. aeruginosa infection 

A wide range of antibiotics including macrolides, β-lactams, and aminoglycosides have 

been developed to overcome P. aeruginosa infection (73-75). Combination therapy against P. 

aeruginosa has been recommended because of the concern that monotherapy might be associated 

with elevated levels of antimicrobial resistance (76). Aminoglycosides, however, are the drugs of 

choice in treatment of pulmonary infections caused by P. aeruginosa. 

1.3.1. Aminoglycosides 

1.3.1.1. Mechanism of action and toxicity 

 The most useful class of antibiotics for treating P. aeruginosa pulmonary infection in CF 

patients is that of aminoglycosides such as tobramycin (diagram 4) (77). Aminoglycosides 

contain amino sugars linked to an aminocyclitol ring or hexoses by a glycosidic bond (78). 

Aminoglycosides, including tobramycin, are water soluble, positively charged, and are poorly 

absorbed in the gastrointestinal tract, when delivered orally due to efflux of the drug by the P-

glycoprotein pump in the brush border of the small intestine (79, 80). Hence aminoglycosides are 

commonly administered intravenously or intratracheally to maintain high bioavailability (81). 

Inhalation of nebulized aminoglycosides (primarily tobramycin), in treating P. aeruginosa 

pulmonary infection, has advantages in providing a direct deposition of drug at the site of 

infection and reducing systemic exposure and toxic effects (82, 83). Aminoglycosides exert their 
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effect on bacteria by increasing cell membrane permeability via irreversible binding of 

aminoglycosides to divalent cations and inhibiting normal protein synthesis through binding to 

the highly conserved A-site of bacterial 16S subunit of 30S ribosomal RNA (rRNA) (84). This 

binding leads to disruption of the proofreading in the protein synthesis process, which results in 

the instability of the membranes, greater penetration of bactericidal agents and finally cell death 

(85). However, due to the high concentration and the long exposure to antibiotics required in 

treating pulmonary infection in CF, there has been toxicity associated with tobramycin including 

neuromuscular blockade, ototoxicity and nephrotoxicity (86-88). For example, the long-term use 

of high doses of conventional tobramycin leads to the accumulation of the drug within the renal 

proximal tubule and epithelial  lysosomes where it binds to phospholipids (89). By binding to the 

phospholipids myeloid bodies form causing deterioration of the tubular cells (90). Although 

nebulized antibiotic administration reduces these toxic effects, there are other problems 

associated with bacterial resistance to aminoglycosides.    

 

 

Diagram 4: Tobramycin structure. 
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1.3.1.2. Resistance of P. aeruginosa to aminoglycosides 

P. aeruginosa is among the most antibiotic resistant bacterial species that commonly 

causes infections (91). Several mechanisms have been reported for P. aeruginosa resistance to 

aminoglycoside antibiotics including enzymatic modification of the aminoglycoside, reduction in 

membrane permeability and up-regulation of the bacterial efflux system.  

Inactivation of aminoglycosides by P. aeruginosa-resistant strains is due to the enzymatic 

modification of the amino or hydroxyl groups of these antibiotics (92). Three groups of enzymes 

that are responsible on the drug modification in the bacteria cytoplasm have been identified 

(diagram 5); these are aminoglycoside phosphotransferases (APHs), aminoglycoside 

acetyltransferases (AACs), and aminoglycoside nucleotidyltransferases (ANTs). Phosphorylation 

of aminoglycosides is carried out by aminoglycoside phosphotransferases, utilizing adenosine 

triphosphate (ATP) as a substrate to phosphorylate the hydroxyl groups at positions 2'', 3', 3'', 4, 

6, 7'', and 9 (93-95). Aminoglycoside acetyltransferases belong to the GCN5-related N- 

acetyltransferases (GNAT) superfamily and catalyze the acetylation of the amino groups by 

utilizing coenzyme A as a substrate (96). Acetylation of aminoglycosides can occur with the 

amino groups located at positions 1, 2', 3, and 6' (92). Aminoglycoside nucleotidyltransferases 

mediate inactivation of aminoglycosides by utilizing ATP as a substrate and transferring 

adenosine monophosphate (AMP) to the hydroxyl group at positions 2'', 3'', 4', 6, and 9 of the 

aminoglycosides (97-100).  
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Diagram 5: Modification of tobramycin by aminoglycoside-modifying 

enzymes. (A) phosphorylation of tobramycin by aminoglycoside 

phosphotransferases; (B) acetylation of tobramycin by aminoglycoside 

acetyltransferases; and (C) adenylation of tobramycin by aminoglycoside 

nucleotidyltransferases. 

 

   Bacterial resistance to cationic antimicrobial agents is usually due to outer membrane 

impermeability resulting from lipopolysaccharide (LPS) modification (101). Poly-cationic 

antimicrobials competitively displace divalent cations which cross-link anionic LPS to 

destabilize the bacterial outer membrane, thereby promoting their own entry into the cell by a 
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process called self-promoted uptake (102). The interaction relies on the presence of phosphate 

groups at the lipid A domain (103). Bacteria such as P. aeruginosa modify their lipid A structure 

by adding polar groups such as 4-amino-4-deoxy-L-arabinose (Ara4N) (104). Ara4N neutralizes 

the negative charge of the phosphate residue, thereby decreasing bacterial susceptibility to 

cationic antimicrobials (105).  

 Resistance to multiple antimicrobials, including aminoglycoside antibiotics, in P. 

aeruginosa can be also explained by the involvement of the multidrug efflux system of the 

resistance-nodulation-division (RND) family, MexXY-OprM, which allows bacteria to get rid of 

the aminoglycoside antibiotics from the bacterial interior (106). The RND family of pumps 

generally comprises three components which include an inner membrane drug-proton antiporter 

encoded by mexY, an outer membrane channel-forming protein encoded by oprM, and a 

periplasmic membrane fusion protein encoded by mexX, which facilitates assembly and joins the 

other two components into a functional efflux pump (107). Expression of MexXY-OprM in P. 

aeruginosa has been shown to confer resistance to aminoglycosides (108). In order to restore 

aminoglycoside activity and counter bacterial resistance, combination therapy against P. 

aeruginosa has been recommended because of the concern that monotherapy might be associated 

with elevated levels of antimicrobial resistance (76). Recently, in vitro studies have found that 

combination bismuth-thiols with tobramycin possess a potent antimicrobial activity in treating 

Gram-negative bacteria (109). 

1.3.2. Bactericidal activity of bismuth agents 

Bismuth agents, such as bismuth subsalicylate and bismuth subcitrate (diagram 6), have 

antimicrobial activities against a wide variety of gastrointestinal tract infections caused by 

Escherichia coli, Vibrio cholera, and Helicobacter pylori. Bismuth components disrupt the cell 
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wall structure and inhibit secretion of virulence factors by H. pylori (110, 111). Biofilm 

production and adherence of Klebsiella pneumonia and H. pylori to epithelial cells are also 

reduced by bismuth agents (112, 113). However, bismuth subsalicylate and bismuth subcitrate 

alone or combined with antibiotics do not exhibit potent antibacterial activities against Gram-

negative bacteria such as P. aeruginosa (114, 115). One study reported an improvement in 

antimicrobial activity against P. aeruginosa by chelating bismuth to a lipophilic thiol which 

increases its solubility (diagram 7) (116). Furthermore, exposing P. aeruginosa to bismuth-

ethanedithiol at sub-inhibitory concentration showed reduction in alginate and biofilm 

production, as well as reduced adherence to epithelial cells. However, bismuth-ethanedithiol 

exhibited an increased toxicity on epithelial cells at concentrations that might be required to 

eliminate infection (117). Due to the toxicity of bismuth complexes and aminoglycoside 

antibiotics as well as increasing resistance of P. aeruginosa to currently available antibiotics, 

there is a strong demand for a carrier system such as liposomes which are safe on host cells and 

effective against bacterial infection. 

 

 

Diagram 6: Chemical structures of bismuth subsalicylate and bismuth subcitrate. 
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Diagram 7: Chemical structure of bismuth-ethanedithiol. 

 

1.4. Liposomes 

 Liposomes are spherical lipid vesicles ranging from nanometers to micrometers in size. They 

consist of one or more lipid bilayers surrounding an aqueous core. Liposomes are a relatively 

safe delivery system because they are biocompatible and biodegradable (118). There are several 

reasons for using liposomes as carriers for biologically active compounds. Currently, liposomes 

are designed to eliminate or reduce the toxicity of entrapped biologically active agents, to direct 

active agents to a desired delivery site, to protect the drug from unwanted metabolic breakdown, 

to improve the pharmacokinetics of the active agents and to increase their accumulation at the 

target site (119-121). They are usually classified into three categories (Diagram 8): small 

unilamellar vesicles (SUVs) or oligolamellar vesicles (OLVs), large unilamellar vesicles 

(LUVs), and multilamellar vesicles (MLVs) depending on their size and the number of bilayers 

present in the vesicle (122).  
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Diagram 8: Classification of liposomes by size. Multilamellar vesicles 

(MLVs), large unilamellar vesicles (LUVs) and small unilamellar vesicles 

(SUVs). 

 

There are a wide variety of liposomal applications because the physicochemical properties of 

liposomes can be modified by changing: i) the net surface charge; ii) pH sensitivity; iii) heat 

sensitivity; or iv) proportions and type of lipids in the formulation (Diagram 9). The ability of 

liposomes to encapsulate both hydrophilic and lipophilic agents has proven to be a highly 

valuable characteristic (123). Increased bacterial drug resistance to common therapies and the 

ability of some species to form drug-impermeable capsules and biofilms impermeable to 

antibiotics have become a major problem in modern medicine (124). Liposomes can introduce 

components with poor penetration such as antibiotics into bacterial cells such as those of P. 

aeruginosa (125). Intensive research is now focused on liposome-encapsulated antibiotics in 

order to enhance their pharmacokinetic properties and bactericidal activities, as well as reducing 

the drug’s adverse effects (123, 126). Due to the complex physicochemical properties of 

liposomes, there are many factors to consider when preparing a liposomal formulation, e.g., the 

different lipid compositions that constitute the liposome, as well as its size and surface charge 

will affect both the encapsulation efficiency (EE) and the release rate of the antibiotics. While 
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many investigators are making efforts to discover new antibiotics, others are focused on 

enhancing the efficacy of currently available antibiotics in the form of liposomal formulations 

(127-129). The present thesis work falls into the latter category.   

 

 

 

Diagram 9: Modification of the physicochemical properties of liposomes. (A) Neutral 

or charged, (B) lipid compositions, (C) long circulating, (D) immunoliposomes, (E) 

heat sensitive and (F) pH sensitive. DPPC, dipalmitoyl glycerophosphocholine; 

DMPC, dimyristoyl glycerophosphocholine; DSPC, distearoyl 

glycerophosphocholine; PHEA, poly(hydroxyethyl-L-asparagine); PHEG, 

poly(hydroxyethyl-L-glutamine); and PEG, polyethylene glycol. 
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1.5. Liposomes as a drug delivery system 

Liposomes have been successfully used in the delivery of anti-cancer, antibacterial and anti-

fungal drugs in vitro and in vivo. Developing liposomal formulations holds great interest in 

biomedical research because they may serve as a sustained drug release system (130), which 

results in prolonged half-life of the active agents. The extended half-life provided by liposomal 

formulation may lead to a decrease in frequency and length of drug administration (131, 132). 

Different methods of preparation and characterization, as well as the stability and interaction of 

liposomes with cells, are discussed in this section of the thesis. 

1.5.1. Methods of preparation 

There is a wide variety of liposomal methods that used in the preparation of liposomes fall 

into two main categories, i.e., conventional or mechanical methods. Conventional methods 

include the dehydration-rehydration vesicle, reverse-phase evaporation, injection, and detergent 

removal methods which all involve the dissolution of lipids in an organic phase followed by the 

addition of an aqueous solution. The mechanical methods, on the other hand, involve a 

mechanical force that results in a homogeneous mixture of liposomes.   

 1.5.1.1 Conventional methods 

1.5.1.1.1 Dehydration-rehydration method  

The dehydration-rehydration vesicle (DRV) method is the simplest and most widely used 

procedure for liposome preparation (127, 129). The process of preparing DRVs involves 

dissolution lipids in organic solvents such as chloroform or a chloroform/methanol mixture in a 

round bottom flask, followed by evaporating the organic phase to form a thin lipid film. The last 
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step in the preparation involves rehydration of the lipid film with an aqueous phase. When the 

dry lipid films are rehydrated, lipid lamellae are formed, mechanical agitation such as shaking or 

vortexing are used to detach the lipid film from the flask (133). The DRV technique has been 

employed by several laboratories. Halwani et al. (134) determined that liposomal formulation 

consisting of distearoyl glycerophosphocholine (DSPC) and cholesterol in a 2:1 molar ratio, 

encapsulated amikacin with an EE of 52.1 %. Another study investigated the encapsulation of 

ciprofloxacin in two cationic liposomal formulations that consisted of phosphatidylcholine (PC), 

cholesterol and N-(1-(2,3-dioleolyloxy)propyl)-N,N,N-trimethylammonium methyl sulphate 

(DOTAP) in a molar ratio of 3:4:3 or PC, dioleoylglycero-3-phosphoethanolamine (DOPE) and 

DOTAP in a molar ratio of 3:4:3 by DRV method (135). The EE of liposomal ciprofloxacin was 

67 % for PC/DOPE/DOTAP and 74 % for PC/cholesterol/DOTAP. 

1.5.1.1.2. Reverse-phase evaporation method  

Reverse-phase evaporation is a procedure for the preparation of liposomes with a large 

internal aqueous space. Preparation of reverse-phase evaporation vesicles (REV) results in large 

unilamellar and oligolamellar vesicles that are able to entrap large macromolecules with high EE 

(136). The procedure is based on two steps: adding an aqueous phase to form a phospholipid 

monolayer surrounded by water, and then adding an excess quantity of organic solvent. The lipid 

mixture is transferred into a round bottom flask and dissolved in a solvent, followed by removing 

the solvent under reduced pressure using a rotary evaporation, followed by flush-drying with 

nitrogen gas (137). The solvents that have been successfully used are diethyl ether, isopropyl 

ether, halothane and trifluorotrichloroethane. Lipids are then redissolved in the organic phase, 

followed by adding an aqueous solution of the bioactive agent. The solution is then sonicated to 

produce inverted micelles. The organic solvent is removed and a viscous, gel-like matrix forms. 
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As the majority of solvent has been removed, the gel collapses and an aqueous suspension of 

vesicles forms. The drawbacks to using REV method are the encapsulated drug is in contact with 

the organic phase exposed to mechanical agitation (133). Ciprofloxacin-loaded liposomes with 

different compositions and surface charge have been  prepared by REV (138). Positively charged 

liposomes exhibited the highest EE (82.01 %). The maximum amount of ciprofloxacin entrapped 

was achieved in liposomes prepared from soya PC, cholesterol and stearylamine in a molar ratio 

of 5:3:1. Nicolosi et al. (139) reported the successful encapsulation of vancomycin into 

liposomes consisting of dioleoyl phosphatidyl ethanolamine, dipalmitoyl phosphatidylcholine 

and cholesterol hemisuccinate in molar ratio of 4:2:4 using the REV method. The liposomal 

vancomycin exhibited an EE of 65%. 

1.5.1.1.3. Injection method 

The ethanol/ether injection method involves dissolving lipids in ethanol or ether, then slowly 

injecting this lipid solution through a fine needle into the aqueous phase, followed by 

evaporating the organic solvent. The injection results in the formation of unilamellar liposomes 

with a high EE (140). When comparing the ethanol injection with the ether injection method, the 

latter is more advantageous since residual ethanol might be a concern; in contrast to ethanol, 

ether is immiscible with aqueous solutions and can be removed upon heating the solvent under 

vacuum (133). Chorachoo et al. (141) prepared rhodomyrtone liposomal formulations that 

consisted of PC and cholesterol with ratio of 4:1 using the ethanol injection method. The 

encapsulation efficiencies of the liposomal formulations ranged between 51 and 65 %. The 

highest percentage of rhodomyrtone entrapment was in liposomes of 60 μmol/ml of total lipid 

concentration. The liposomal rhodomyrtone exhibited higher activity compared with the free 

formulation against Staphylococcus aureus. Another study investigated the encapsulation of 
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amphotericin B into three liposomal formulations prepared by the ethanol injection method and 

consisted of soya PC and cholesterol, dimyristoyl phosphatidylcholine and cholesterol, or 

hydrogenated soya PC and cholesterol in a molar ratio of 7:3 (142). The EE of amphotericin B 

ranged between 93 and 97 %. 

1.5.1.1.4. Detergent removal method 

The detergent is used to solubilize the lipids in a micellar solution (143). The detergent 

protects the hydrophobic part of lipids from interacting with the aqueous solution; consequently 

micelles are formed instead of liposomal vesicles. After drying the lipid mixture, an aqueous 

phase, that contains hydrophilic drugs, is added to prepare detergent-lipid micelles. Liposomes 

are spontaneously formed once the detergent is removed by dialysis, column chromatography or 

adsorption. One of the drawbacks of liposomes formed by this technique is the use of detergent 

removal procedures, which are time consuming and might result in removing other hydrophilic 

components (144). As well, only a few detergents are appropriate for use with this method such 

as alkylglycosides, sodium cholate and alkyloxypolyethylenes. Using this method, Daemen et al. 

(145) showed that 98 % of the doxorubicin was encapsulated within liposomal vesicles  

consisting of PC, cholesterol and phosphatidylserine in a molar ratio of 4:5:1.   

  1.5.1.2. Mechanical methods 

A mechanical force is applied to alter the size, lamellarity or homogeneity to produce a 

liposomal population with a specific size or property. The methods applied most often after 

liposome preparations are sonication and extrusion. These methods result in size, lamellarity and 

heterogeneity reduction (144). 
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1.5.1.2.1. Sonication 

Sonication is a simple method for liposome size reduction that can be achieved by exposing 

the MLVs to ultrasonic irradiation. Two sonication techniques can be used: i) probe sonication, 

and ii) bath sonication. The probe sonicator delivers high energy to the lipid, but has the 

disadvantage of degradation caused by overheating the lipid suspension (146). The probe 

sonicator also tends to release titanium particles that need to be removed from lipid suspension 

(147). The bath sonicator, however, enables one to control the energy that is delivered to the 

lipids, thereby preventing lipid overheating and enhancing the reduction of liposomal size (148, 

149). Bath sonication also is the most widely used technique for large volume preparations (136). 

Mugabe et al. (150) successfully prepared liposomal formulations that loaded different 

antibiotics including gentamicin, tobramycin, amikacin and erythromycin by the DRV method. 

After homogenization was performed via sonication, the resulting liposomal formulations had 

average sizes that ranged from 163 to 260 nm.  

1.5.1.2.2. Extrusion 

In this method, the size is reduced when the liposomes are forced to pass through 

polycarbonate filters with pore sizes of 1 µm under moderate pressures, followed by several 

cycles of extrusions through filters of decreasing pore size ranging from 0.6 to 0.1 µm at 

elevated temperatures (147). There are disadvantages with the extrusion method, including the 

long period of time required to reduce the size and the high product losses that may occur due to 

clogging of the extrusion membrane (151). Liposomal polymyxin B of defined size and 

homogeneity was prepared by sequential extrusion of multilamellar vesicles through a double-

stacked polycarbonate membrane. The resulting liposomes had a mean diameter of 172 nm 
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(152). Another study showed how extrusion also improved the homogeneity and reduced the size 

of liposome-loaded vancomycin (139). The average size of the liposomal vesicles was 103 nm. 

1.5.1.2.3. Microfluidization  

Microfluidization is a technique for reducing liposomal size, used in the pharmaceutical 

industry for large-scale production (153). The method is based on splitting a fluid stream into 

two parts and passing them through a fine orifice under high pressure (10,000 psi) to guide the 

flow inside the interaction chamber (154). The high pressure then directs the flow stream through 

microchannels toward the impingement area. Inside the interaction chamber, cavitation, along 

with shear and impact, reduces liposome size (153, 154). However, a disadvantage of the 

microfluidization method is the high pressure required to reduce the size, which may result in 

partial degradation of the lipids (155). As far as we know, this method has not been widely 

applied in preparing liposomes for treating infectious diseases. However, Boltic et al. (156) have 

reported the suitability of the microfluidization method to reduce the size of liposome-loaded 

antibiotics. The mean diameter of the liposomal vesicles after five homogenizing cycles was 380 

nm. 

1.5.2. Methods of characterization 

Liposomes prepared by any of the above-mentioned methods must be characterized. The most 

important characteristic parameters to be determined for optimizing stability and shelf life of 

liposomal formulations are particle size, lamellarity, zeta potential, and EE. 
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 1.5.2.1. Particle size 

Size and size distribution measurements of liposome formulations are important characteristic 

parameters that indicate the homogeneity of liposomes. Unchanged in the size and size 

distribution of liposomes can be used as indicators of long-term stability (154). 

Dynamic light scattering (DLS), electron microscopy and gel exclusion chromatography are 

widely used to measure the size of liposomes. The basic principle of DLS is a measurement of 

the diffusion coefficient as a result of Brownian motion. The diffusion coefficient is then used to 

calculate the size of the liposome (157). Transmission electron microscopy (TEM) at cryogenic 

temperature and freeze-fracture TEM are also used to determine polydispersity and size (158). 

However, light scattering and electron microscopy have their own advantages and drawbacks 

(154). For instance, light scattering provides the particle size of the entire sample, but it does not 

determine the morphology of liposomes. Additionally, this technique measures aggregation of 

two or more liposomal spheres as one vesicle which is larger than the actual size of a single 

liposomal sphere. Electron microscopy can determine the shape and actual size of particles; 

however, only a small population can be measured. A simple but powerful method is gel 

exclusion chromatography, in which an actual hydrodynamic radius can be detected. The main 

drawback of this method is the presence of positively-charged colloidal particles in columns tend 

to clog due to the possibility of electrostatic interactions with the medium which may have a 

negative charge (147). 

 1.5.2.2. Lamellarity 

The lamellarity of liposomes can be determined by measuring the phosphorus nuclear 

magnetic resonance (
31

P-NMR) signal of the phospholipid head groups of liposomes before and 
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after the addition of manganese ions (Mn
2+

) as a paramagnetic agent. The Mn
2+ 

interacts with the 

negative charge on phospholipids of the outer liposomal surface. The interaction results in 

broadening and reduction of the resonance signal. Direct comparison of the peak height of the 

two signals reveals the ratio of outer to inner phospholipid content (159). Although this method 

is commonly used, parameters including buffer and Mn
2+ 

concentrations as well as pH may 

affect the method’s accuracy (160). Microscopic techniques including scanning electron 

microscopy (SEM), confocal laser scanning microscopy (CLSM) and cryo-TEM are also used to 

determine the lamellarity (161). Not only do these show the accurate lamellarity, but they also 

give additional information such as shape and size. The size and lamellarity can be provided as 

well by small-angle X-ray scattering. 

 1.5.2.3. Zeta potential 

This potential indicates the overall charge present on the colloidal systems. The zeta potential 

measurement can also indicate stability of colloidal systems. Positive or negative surface charges 

on liposomes indicate higher stability due to surface repulsion between similarly-charged 

particles, hence inhibiting the aggregation of liposomes (162). Measuring the zeta potential is 

also important for monitoring the fusion and precipitation of liposomes, which relate to 

liposomal stability (154). 

 1.5.2.4. Encapsulation efficiency (EE) 

EE is usually defined as the percent fraction of entrapped drug to that of the initial 

concentration used in the liposomal preparation (150). EE is indicative of the quantity of drugs 

entrapped in liposomal formulations. EE can be used to optimize the formulation composition 

before studying the behavior of these entrapped agents in physical or biological systems. For 
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water-soluble drugs, encapsulation corresponds to the entrapment within the aqueous core. For 

lipophilic drugs, on the other hand, it implies entrapment within lipid bilayers. After removal of 

non-entrapped drugs from the aqueous phase, total lysis of liposome vesicles can be induced by 

addition of a detergent such as Triton X100 in an effort to measure EE. 

 High performance liquid chromatography (HPLC) is commonly used for determination of 

EE. Spectrophotometry, fluorescence spectroscopy, enzyme-based methods, microbiological 

assays and electrochemical techniques are also used for determining the EE depending on the 

nature of the entrapped materials (127, 154). 

1.5.2.3. Stability of liposomes 

In the pharmaceutical industry and in drug delivery, the capability of the product formulation 

to remain stable within a defined period of time is very important. The stability of liposomes is 

determined by a number of physical and chemical properties.  

The physical instability can be indicated by: 1) the increase of liposome size, 2) ratio between 

lipid and entrapped agent due to fusion, and 3) aggregation of membrane bilayers or leakage of 

encapsulated materials. Physical stability can be improved by storing the liposomes at low 

temperatures. Geusens et al. (163) studied the stability of cationic liposomes for 28 days at 4°C 

and 25°C; they found that the particle size was stable at 4°C but increased from 100 nm to 160 

nm at 25°C. 

Chemical instability can occur by hydrolysis or oxidation of lipids. Hydrolysis removes the 

hydrophobic chain of ester bonds, thereby leading to lipid destruction and leakage of 

encapsulated materials. Unsaturated lipids are more likely to be prone to oxidation from reactive 

oxygen species, thereby affecting liposomal fluidity (164). However, chemical and physical 
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stability of liposomes can be enhanced by lyophilization process which has been found to be 

suitable for long-term stability (165). 

 

1.6. Interaction of liposomes with cells 

Interest in liposomes is based on their biological membrane-like structure consisting of lipids 

organized in bilayer configuration. The device prevents its content from being released rapidly, 

and ensures that they are delivered to the desired target because of the liposomes’ ability to 

interact with host cells via lipid exchange, adsorption, endocytosis, or fusion (Diagram 10) 

 1.6.1 Lipid exchange 

Lipophilic materials can be transferred from liposomes to the cell membrane by lipid 

exchange. Lipid exchange is a method where liposomes exchange their own lipids for the lipids 

of diverse cell membranes (166). Although the exact mechanism is not fully understood, one 

possibility is the transfer of lipid monomers mediated by lipid exchange proteins existing at the 

cell surface. It is also possible that the outer monolayer of vesicles and the cell membrane 

undergo a reversible transient merger. Finally, an enzymatic exchange of acyl chains may take 

place  between  the liposomes and  plasma membrane lipids of the host cells (167). 

1.6.2. Adsorption 

Adsorption of liposomes to the cell membrane is another mechanism of liposome-cell 

interaction. Adsorption occurs without merging the liposomes with the cell membrane. 

Adsorption of liposomes into the cell membrane proceeds when attractive forces (e.g., long-

distance electrostatic interactions, van der Waals interactions, hydrophopic insertion and 
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hydrogen bonding) exceed the repulsive forces (e.g., short-distance electrostatic interactions, 

steric hindrance, hydration and protrusion) (168).  

  1.6.3. Endocytosis 

Cells with phagocytic activity engulf liposomes into endosomes. In turn, the endosomes fuse 

with the lysosomes resulting in the formation of phagosomes. Lysosomal enzymes digest the 

lipids in the phagosomes and convert them to fatty acids. The liposomes’ content is then released 

intracellularly  (169). 

  1.6.4. Fusion 

Fusion of biological membranes is a crucial process in the intracellular delivery of lipids. 

Close contact of liposomes leads to intermixing and diffusion of liposomal lipids with the lipids 

of the target plasma membrane, thereby allowing entrapped agents in the aqueous compartment 

to be injected directly into the cytoplasm (127). On the other hand, incorporated agents in the 

lipid bilayer are delivered into the bilayer membrane of the cell.  

 

 

Diagram 10: Schematic representation of possible mechanisms of liposome-cell 

interaction. (A) fusion, (B) adsorption, (C) lipid exchange and (D) endocytosis. 
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1.7. Routes of administration 

Encapsulated agents in liposomes might be introduced into a biological system by different 

anatomical routes. Delivering medication to a biological system may proceed via oral, 

intravenous or pulmonary routes. 

1.7.1. Oral administration 

This route is the preferred means of delivering medication due to the safety, ease of 

administration, and its widespread acceptance by patients. Oral administration of lipid based 

encapsulation systems has a direct impact on drug performance in vivo. Lipophilic drugs may 

dissolve in water very poorly, but in gastrointestinal fluids they are often solubilized by bile to a 

significant extent. Thus, orally-administered liposomes that have a large surface area enable 

pancreatic lipase to efficiently hydrolyze triglycerides, promoting solubilization of the lipophilic 

drug in the aqueous environment of the intestinal lumen (170). Gershkovich et al. (171) 

examined the pharmacokinetics of liposome-loaded amphotericin B administered orally and 

found that the oral liposome formulation has the potential for improving therapeutic treatment 

and prophylaxis of systemic fungal infections. 

1.7.2. Intravenous administration 

Intravenous administration is the infusion of water-soluble materials directly into a vein. As 

systemic circulation supplies blood to the whole organism, liposomes are transported from the 

site of injection directly to the heart via the venous network and then to organs. On 

administration of liposomes to systemic circulation, however, liposomes are cleared rather 

quickly from the blood by the mononuclear phagocytic system (MPS) (172). Thus, diverse 

strategies have been developed to extend the drugs’ half-life in circulation. For example, 
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incorporation of certain glycolipids such as phosphatidyl inositol in the bilayer resulted in 

shortened clearance time and reduced uptake by the MPS in the spleen and the liver (173, 174). 

Conjugating a stealth component such as polyethylene glycol (PEG) on the liposome’s surface 

resulted in prolonged circulation (175). The pharmacokinetics of intravenously-administered 

conventional liposome-loaded gentamicin showed that plasma half-life was prolonged compared 

with the free drug (176).  

1.7.3. Pulmonary drug delivery 

Liposome-encapsulated active agents can be delivered directly to the lung for local treatment 

of pulmonary diseases. This route offers greater access of active agents to the target site and 

allows for the use of effective but lower drug doses with reduced systemic toxicity. Liposomes 

seem to be a suitable and attractive option for therapeutic agent delivery to the lung, since they 

can be prepared from components compatible to the lung (177). Liposomal formulations have 

been delivered to the lung in the form of an aerosol, which can deliver the drug particles by 

inhalation either through nebulization as droplets or dry powder inhalation. 

 1.7.3.1 Nebulization 

Nebulization is a method of delivering active agents dissolved in liquid in the form of a fine 

mist inhaled into the lung by using spraying devices. These fall into two categories: ultrasonic 

and jet flow devices (178). Nebulization depends on whether we deal with a drug that is soluble 

in solution (e.g., water, saline or cyclosporine in alcohol) or an insoluble drug suspended in 

liquid (179).  

Ultrasonic devices have the advantage of delivering medication in a short time, but they are 

not widely applicable with macromolecules due to denaturation of recombinant human 
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deoxyribonuclease (e.g., dornase α) by overheating (180). Thus, ultrasonic devices are limited in 

their therapeutic use (181). Jet flow devices can be applied in order to deliver various types and 

volumes of drug solutions in higher concentrations. For example, Weers et al. (182) investigated 

the inhalation of liposome-loaded amikacin in terms of pulmonary deposition, clearance and 

safety. Inhalation of liposome-loaded amikacin was well tolerated up to 120 mg and resulted in 

the prolonged retention time when a commercial jet nebulizer was used. 

 1.7.3.2. Dry powder inhalation 

Dry powder inhalation is an alternative methodology for aerosolization and delivery of 

medication to the lung in the form of a dry powder. Dry powder inhalers (DPIs) are an 

alternative technique to pressurized metered dose inhalers (pMDI) for delivering active agents. 

DPIs provide the advantages of increased efficacy with simplified and shortened time of drug 

administration (179). 

A case in point is budesonide, a corticosteroid that inhibits inflammatory symptoms like 

edema seen in chronic obstructive pulmonary disease (COPD). Liposome-encapsulated 

budesonide for DPIs has been found to provide a sustained release for longer periods of time 

while reducing systemic toxicity (183). 

 

1.8. Biodistribution 

The use of liposomes in drug delivery can alter the biodistribution and the rate of clearance of 

the drug by causing it to adopt the pharmacokinetic parameters of the liposomes. After 

intravenous administration, liposomes are rapidly cleared from the systemic circulation since 

they are recognized as foreign bodies by the MPS of the reticuloendothelial system (RES), 
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particularly Kupffer cells in the liver and spleen (173, 174). The increased rate of mononuclear 

phagocyte uptake is due to opsonization by serum proteins such as albumin, lipoproteins, 

immunoglobulins and the complement C3a and C5a fragments (184). Numerous studies have 

focused on investigating the factors responsible for the regulation of this interaction. The uptake 

rate of mononuclear phagocyte is affected by liposome properties such as size, surface charge, 

membrane lipid packing, and fluidity.  

 The circulation kinetics of liposomes with a mean size of 120 nm was shown to exhibit a 

slower removal rate from the blood compared with those having a mean size of 230 and 360 nm, 

respectively (185). The use of charged lipids in liposomes has a direct effect on liposome 

pharmacokinetics as well. Previous studies have shown that the presence of negatively and 

positively-charged lipids in liposomes resulted in a high uptake rate of liposomes by the RES 

(186, 187). Furthermore, the interactions of liposomes with serum proteins, including 

apolipoprotein, are highly dependent on lipid composition. It is generally accepted that the effect 

of bilayer fluidity and manipulation of lipid composition can have an impact on liposome 

clearance from circulation. For instance, absence of cholesterol from liposomes resulted in 

bilayer destabilization by high-density lipoproteins (188), thus quickly eliminating liposome 

components from systemic circulation. Different strategies have been developed to overcome the 

rapid liposomal systemic clearance by coating the surface of liposomes with immobile 

molecules. The common characteristic of these inert molecules is the occurrence of a hydrophilic 

flexible chain that forms a periliposomal layer (e.g., glycolipid or poly amino acid). This 

periliposomal layer hinders the binding of blood plasma protein to liposomes, thereby inhibiting 

the interaction of the MPS with liposomes (189). Methods for extending liposome blood 
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circulation times are based on grafting them with: PEG, poly(hydroxyethyl-L-asparagine) 

(PHEA) and poly(hydroxyethyl-L-glutamine) (PHEG) (175, 185).   

 

1.9. Targeting of liposomes 

The delivery of liposomes to a specific site involves shuttling them to the target area while 

reducing their exposure to normal tissues. Liposomes have been employed for accomplishing the 

delivery of therapeutic agents to a selected site by two mechanisms, known as passive and active 

targeting. 

1.9.1. Passive targeting 

Passive targeting for liposome delivery uses the natural tendency of certain cells upon 

injection into the circulatory system. For example, liposomes can be taken up by the RES in a 

passive manner. This uptake can be very useful in targeting diseases associated with parasites 

living inside macrophages such as leishmaniasis, candidiasis, and listeria. Once the liposomes 

are engulfed by the macrophages, the macrophages will degrade the liposomes resulting in the 

release of encapsulated drug within the macrophage (190). Therefore, the drug will reach the 

target site directly. Similarly, liposomes with a relatively small diameter can extravasate and 

accumulate in tissues characterized by leaky vasculature, such as solid tumors (191). This 

accumulation, which occurs due to retention of liposomes at sites of enhanced vascular 

permeability, will result in the creation of a high local drug concentration (192). 
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1.9.2. Active targeting 

Active targeting of liposomes involves controlling and directing the movement of liposomal 

vesicles with specific ligands coupled into the liposomal structure to target-specific tissues or 

cells. These so-called immunoliposomes improve the therapeutic availability of encapsulated 

drugs and minimize the adverse effects to non-target cells within pathological tissues. Examples 

of active targeting liposomal structure include concanavalin A-modified liposomes, mannose-

modified liposomes, monoclonal antibody (mAb)-modified liposomes, folate-modified 

liposomes, and transferrin-modified liposomes. 

 1.9.2.1. (Concanavalin A)-modified liposomes 

Lectins are glycoproteins or protein receptors that recognize sugar molecules, what makes 

them capable of binding to glycosylated molecules on cell membranes (193). The immobilization 

of carbohydrate ligands onto liposomal surfaces have led to the development of targeted 

liposomal delivery systems based on a carbohydrate–lectin interaction (194). Sudheesh et al. 

(195) reported that a concanavalin A-anchored liposomal amphotericin B exhibited higher 

activity on inhibiting the Candida albicans growth within a biofilm community, compared with 

conventional liposomes loaded with amphotericin B. 

1.9.2.2. Mannose-modified liposomes 

Another approach to target liposomes in infectious diseases consists of grafting mannose, 

instead of lectin, on liposomal surfaces. Mannose has the ability to recognize mannose receptors 

including mannose-binding lectins, which are highly expressed in cells of the immune system 

such as macrophages and dendritic cells (196). In addition, mannose binding proteins are capable 

of binding to a wide variety of cellular components including lipopolysaccharides, 
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lipoarabinomannan and lipophosphoglycan (197). Chono et al. (198) reported a higher efficacy 

for mannosylated liposomal ciprofloxacin against bacteria compared with unmodified liposomal 

ciprofloxacin in vitro. Same study showed that targeting ciprofloxacin to alveolar macrophages 

in a rat model of pulmonary infection was significantly higher in mannosylated liposomal 

ciprofloxacin than conventional liposome-loaded ciprofloxacin. 

1.9.2.3. (Monoclonal antibody)-modified liposomes 

Antibodies are frequently used as ligands because they can be applied against a variety of 

antigens and often exhibit high affinity and selectivity for their antigen. A tumor-specific mAb 

2C5 is capable of recognizing a wide variety of tumor cells. This antibody was used to modify 

the surface of liposome loaded meso-tetraphenylporphine (TPP) for tumor photo-dynamic 

therapy in vivo. The modification of liposome-entrapped TPP by mAb 2C5 resulted in enhancing 

the efficacy of TPP and increasing the accumulation of the drug in tumor cells (121). However, it 

has been reported that using whole antibodies may trigger complement-mediated cytotoxicity 

and antibody-dependent cellular toxicity (199). To prevent these effects, Fab fragment (a region 

on the antibody that binds to antigens) can be used instead of using the whole antibody. 

Modifying liposomes with antibody fragments resulted in prolonging the circulation time and 

enhancing the accumulation of liposomes in solid tumors (200). 

 1.9.2.4. Folate-modified liposomes 

Since folate receptors are often overexpressed in tumor cells, targeting these cells with folate-

modified liposomes has been successfully applied (201). Indeed, intravenously administered 

folate-targeted liposome-loaded doxorubicin in mice bearing KB tumors was investigated (202). 

Surface modification of liposome-loaded doxorubicin with folate increased the accumulation of 
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drug in tumor tissues and antitumor efficacy of the doxorubicin while prolonging the circulation 

time. 

 1.9.2.5. Transferrin-modified liposomes 

In addition to antibody- and folate-targeting liposomes for tumor cells, modifying the 

liposomal surface with transferrin has also attracted attention. Transferrin receptors are 

overexpressed on the surface of a variety of tumor cells and can be internalized after binding of 

transferrin to cell receptors (203). Therefore, the coupling of transferrin into the liposome 

structure offers longevity and the ability for drug delivery into the tumor. Transferrin-PEG-

liposome-loaded oxaliplatin injected intravenously into colon tumor-bearing mice was 

investigated and found that surface modification of liposomal formulations exhibited a long 

circulation time, low uptake rate by the RES in vivo, an enhanced accumulation in tumor cells for 

over 72 h after administration and suppressed tumor growth (204).  

 

1.10. Toxicity of liposomes 

Liposomes are usually considered as biocompatible, biodegradable, and relatively non-toxic 

because they are composed of lipids from natural sources that reduce the toxicity of entrapped 

bioactive agents. Previous studies showed that liposomes prepared from naturally occurring 

compounds are not toxic to culture cells in vitro (205, 206). However, when toxicity is associated 

with empty liposomes, it has not resulted from the lipids; rather, toxicity is coupled with the 

liposomal net charge and presence of volatile organic solvents (154, 206). 

A previous study has reported that charged liposomes show highly cytotoxic effects whereas 

neutral liposomes are not toxic (206). Preparation of liposomes using positively charged lipids 
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exhibited a highly toxic effect to epithelial lung cells, whereas negatively charged liposomes 

were relatively not toxic (206). Another study investigated the effect of charged liposomes on the 

buccal cells and found that positively charged liposomes were toxic; in contrast, negatively 

charged liposomes exhibited relatively low toxicity (207). The cytotoxicity of charged liposomes 

has not been completely elucidated. However, it has been proposed that the cytotoxicity results 

from the intermixing of cationic lipids in liposomes with the anionic lipids of cell organelles 

such as cardiolipin in the mitochondrial membrane (208). Another study investigated cationic 

liposome toxicity in the lungs and showed that positively charged liposomes can induce the 

production of toxic reactive oxygen intermediates (209). Although cationic liposomes are toxic, 

they play an important role as vaccine delivery systems (210). The majority of liposomal 

preparation methods require the use of organic solvents or detergents to solubilize the lipids. 

Residues of these solvents might not be removed completely from the final liposome solution, 

thereby causing a high potential for cytotoxicity via a number of suggested mechanisms. These 

mechanisms could include enzyme inhibition, protein denaturation, and cell membrane 

modification as well as extraction of outer cellular components such as lipids, cholesterol and 

proteins (211-213). Classical approaches can be applied to ensure solvent removal such as 

dialysis, evaporation under vacuum and gel filtration in an effort to reduce the cytotoxicity of 

liposomal formulations. 
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1.11. Application of liposomes 

1.11.1. In vitro studies 

Although polymyxin B can control a variety of bacterial infections including those by P. 

aeruginosa, its toxic side effects, including ototoxicity, nephrotoxicity and neuromuscular 

blockade are barriers to its use (214). However, it has been shown that the application of 

liposomal formulations could attenuate the side effects of drugs (215). Furthermore, in vitro 

studies on Bordetella bronchiseptica, P. aeruginosa, Escherichia coli, Klebsiella pneumonia, 

Acinetobacter lwoffii and Acinetobacter baumannii strains showed that encapsulation of 

polymyxin B in liposomes improved antimicrobial activity and reduced bacterial population in 

the presence of polyanions and sputum. This can illustrate the general observation that liposomes 

protect polycationic antibiotics from inactivation by polyanionic components present in sputum 

(129, 152).  

Liposomal formulations consisting of dicetyl phosphate (DCP) or dimyristoyl phosphatidyl 

glycerol (DMPG) loaded with vancomycin were evaluated in vitro against methicillin-resistant 

Staphylococcus aureus (MRSA) (216). Both liposomal formulations showed an improvement in 

the antimicrobial activity of vancomycin. Minimum inhibitory concentrations (MIC) of the 

liposomal formulations against MRSA strains were two- to fourfold lower than that of free 

vancomycin. Likewise, the minimum bactericidal concentrations (MBC) of both liposomal 

vancomycin formulations were fourfold less as well. Incorporation of vancomycin or 

ciprofloxacin in cationic, anionic and neutral liposomes improved the efficacy of encapsulated 

drugs against S. aureus. Cationic liposome, however, showed more potent activity than neutral 

and anionic formulations (217). Another study demonstrated that a cationic liposome-loaded 
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ciprofloxacin showed two to four times higher antibacterial activity compared with free drug 

against Gram-negative bacteria including P. aeruginosa, E. coli and K. pneumoniae (135). The 

enhanced activity of cationic formulation might be explained by the interaction of the negatively 

charged bacterial cell membrane with the positively-charged liposome surface (218). This 

interaction led to increased accumulation of encapsulated drugs in the periplasm, allowing a 

large number of antimicrobial molecules to diffuse in the cytoplasm (135).             

Aminoglycosides, including amikacin, netilmicin and tobramycin, loaded into cationic 

liposomes composed of lecithin, stearylamine and cholesterol or anionic liposomes consisting of 

lecithin, DCP and cholesterol, were investigated in vitro (125). Although the liposomal 

formulations exhibited a consistent release profile in human pooled sera; however, there was no 

significant difference in antibacterial activity between encapsulated and free drugs. Absence of 

enhanced activity of liposomes-encapsulated amikacin, netilmicin and tobramycin was explained 

in another study by the slow release of the drugs from liposomes, which prevented a sufficient 

amount of antibiotic to act directly on bacteria (219). However, other studies reported that 

liposomal aminoglycosides fuse with the outer membrane of P. aeruginosa and Burkholderia 

cenocepacia leading to the delivery of a high dosage of aminoglycosides into bacterial cells as 

confirmed by TEM, immunocytochemistry, lipid mixing assays and flow cytometry (127, 134). 

In other words, liposomes suppress the drug resistance of infectious organisms by offering a 

protection for antimicrobial agents from being effluxed (214).  

Encapsulation of amikacin, tobramycin and gentamicin in liposomes consisting of dipalmitoyl 

glycerophosphocholine (DPPC) and cholesterol (in a molar ratio of 2:1) exhibited more potent 

anti-pseudomonal activity than the free drug (127). The liposome-encapsulated aminoglycoside 

formulations also improved killing time and prolonged antimicrobial activity. Furthermore, a 64-
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fold reduction of the MIC with amikacin (512 mg/l for free drug vs 8 mg/l for liposomal 

amikacin), a 128-fold reduction with tobramycin (1,024 mg/l for free tobramycin vs 8 mg/l for 

liposomal tobramycin) and a 16-fold reduction with gentamicin (256 mg/l for free drug vs 8 mg/l 

for liposomes) were observed (127). Similar results for liposome-loaded gentamicin in the MIC 

reduction were noted for liposomes consisting of dimyristoyl glycerol phosphocholine (DMPC) 

and cholesterol (in a molar ratio of 2:1) (220). Furthermore, co-encapsulation of bismuth-

ethanedithiol (BiEDT) with tobramycin in liposomes showed a synergistic effect against P. 

aeruginosa, by enhancing its penetration into sputum and inhibiting bacterial growth within the 

biofilm structure. Moreover, the formulation reduced toxic side effects of BiEDT on lung 

epithelial cells as indicated by (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) and lactate dehydrogenase (LDH) assays (123, 128). We reported that liposomal BiEDT-

encapsulated tobramycin reduces P. aeruginosa quorum sensing signaling molecules, as well as 

production of lipase, chitinase, and protease in vitro, via a fusion mechanism (120).  

The efficacy of liposomal formulations of different surface-charged encapsulated 

clarithromycin was investigated against P. aeruginosa clinical isolates from CF patients. 

Liposomal formulations improved the MIC and MBC against clinical isolates compared with 

free formulation. Although using neutral liposomes were more effective than free formulations in 

reducing bacterial growth, positively and negatively-charged liposomes showed more 

elimination of the bacterial growth within the biofilm and were more effective in reducing 

virulence factors and bacterial motility (206).     

 Liposomal meropenem was also tested against sensitive and resistant strains of P. aeruginosa 

in vitro and showed an improvement in bactericidal activity of the encapsulated drug as the MIC 

results were two to four-times lower than the MICs of free meropenem for sensitive strains 
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(221). Benzyl penicillin-loaded liposomes inhibited the growth of a penicillin-sensitive strain of 

S. aureus at lower concentration and shorter exposure time than the free drug (222). 

Application of liposomes is an effective therapeutic delivery system in fungal infections. 

Polyene antibiotics such as amphotericin B, are utilized in the treatment of candidiasis and 

aspergillosis systemic infections. The mechanism of action of amphotericin B involves binding 

to ergosterol, a major sterol molecule in fungal membranes, resulting in changes to membrane 

permeability leading to metabolic disruption, osmotic imbalance, and as a consequence, cell 

death (223). The conventional amphotericin B with deoxycholate as a surfactant is associated 

with significant toxicities including infusion-related reactions, nephrotoxicity, and hypokalemia 

(224). However, liposome-loaded amphotericin B appears to have less nephrotoxicity than the 

conventional formulation and amphotericin B lipid complex (225, 226). 

1.11.2. In vivo studies 

Liposomes can alter the distribution of the encapsulated drug molecules in the body, which 

might extremely improve the efficacy of the treatment. Much interest has been focused on the 

application of liposomes as drug carriers using in vivo studies for treatment of several bacterial 

and parasitic infections (120, 214, 216, 227). 

Encapsulation of aminoglycoside antibiotics have been shown to have a superior effect on 

treating bacterial infections. A previous study showed that encapsulation of amikacin into 

liposomes administered intravenously in Mycobacterium avium mice infection model resulted in 

an increase of drug concentration in liver and spleen for up to 28 days (228). Furthermore, a once 

monthly of liposomal formulation treatments increased the survival time of infected mice up to 7 

months, compared with 4 months in the control group. Although liposomal amikacin reduced the 

bacteria load in the lungs (compared with the control) after a single injection of liposomal 
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formulation in a month, it did not eliminate bacterial growth due to low drug concentration 

measured in the lungs.  

A previous study showed that labeled liposomes administered intravenously in mice were 

found in high concentration in the liver and spleen, whereas lower amounts of liposomes reached 

the lungs (119). However, the bactericidal effect of long circulating liposomal amikacin given 

intravenously to mice showed two to six times higher antibacterial activity in the lungs compared 

with free drug (229). Liposomal amikacin showed two to six times higher antibacterial activity in 

spleen and lungs compared with free drug or combination of free amikacin and streptomycin 

when they were administered three-times a week. Administration of long circulating sterically 

stabilized liposomal amikacin to mice infected with M. avium showed an elimination of bacteria 

from infected organs, a decreased treatment period, and prevented relapse of bacterial infection 

(230). A similar finding is reported with the use of liposomal amikacin in a chronic P. 

aeruginosa lung infection in rats (231). This formulation also resulted in prolonged amikacin 

residence time in the airway thus allowing longer dosing intervals. Liposomal amikacin loaded 

into a PARI LC STAR nebulizer was investigated in a healthy male volunteer (182). The study 

demonstrated that a high percentage (70% of total liposomal formulation delivered to the body) 

was deposited in the lung and cleared slowly. The treatment was well tolerated with no 

significant clinical changes, including vital signs and lung function parameters. A randomized 

placebo-controlled Phase II study conducted in Europe demonstrated that administration of 

liposomal-loaded amikacin at 280 and 560 mg once-daily for 28 days improved force expiratory 

volume in 1 second (FEV1) versus placebo (232). The liposomal amikacin exhibited a prolong 

release of the antibiotic with no observed toxicity. A continuous open-label study of liposomal 

amikacin administered at 560 mg once-daily for 6 cycles, each cycle consisting of 28 days on, 
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followed by 56 days off treatment, showed a sustained improvement in lung function (233). 

There was also a significant reduction in non-mucoid and mucoid strains of P. aeruginosa cell 

counts, even during the 56 days off treatment. There was no significant change in the MICs over 

the study and Phase III trial was initiated. 

Results of investigations into the pharmacokinetic and the bactericidal effect of liposomal 

tobramycin are promising as well. Intratracheal administration of liposomal tobramycin in 

animal models of chronic pulmonary infection caused by mucoid P. aeruginosa improved the 

pharmacokinetic of tobramycin and was more effective in eliminating the bacteria (132, 234). 

We reported a significant improvement in efficacy of co-encapsulated BiEDT and tobramycin 

administered intratracheally in rats with chronic pulmonary infection caused by a resistant 

clinical strain of P. aeruginosa (120). In addition to improving bactericidal activity, the 

liposomal formulation showed a sustained concentration of tobramycin at the infection site, a 

reduced nephrotoxicity, minimal systemic absorption and a modulation of IL-8 levels in the 

lungs and sera. 

CpG oligodeoxynucleotide (CpG ODN) is a synthetic immunomodulator that increases nitric 

oxide production by macrophages in vivo (235). Encapsulated CpG ODN in cationic liposomes 

consisting of DOTAP exhibited the highest protective effect compared with the free form against 

Burkholderia pseudomallei in mice (236). The intracellular bacterial counts in mice macrophages 

treated with CpG ODN-DOTAP were reduced by 92% compared to the control, whereas the 

group treated with CpG ODN alone exhibited a 45% reduction in intracellular bacterial counts. 

The reduction in levels of intracellular bacteria resulted from increased production of nitric oxide 

by macrophages. In addition, the liposomes were able to localize in the liver and spleen, where 
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many infectious organisms reside, rendering liposomes useful for targeting antibiotics to these 

organs. 

 Efficacy of liposomal formulations against challenging intracellular mycobacterial infections 

has also been tested. Encapsulation of rifabutin (RFB) in liposomes exhibited an improvement in 

bactericidal activity more than free RFB against M. avium (237). Likewise, liposomal 

formulation administered intravenously in Mycobacterium tuberculosis infected mice decreased 

injuries in the liver, spleen and particularly in the lungs. The liposomal formulation also reduced 

M. tuberculosis in the lung significantly compared with free drug. This study concluded that 

liposomes with high transition temperature were more efficient in enhancing the delivery of 

RFB. Administration of the drug delivered by lung-specific liposomes of RFB enhanced RFB’s 

anti-tuberculosis effects in mice and significantly reduced its hepatotoxicity (238). When RFB-

loaded tuftsin-bearing liposomes were delivered twice weekly for 2 weeks, the load of lung 

bacilli was effectively lowered at least 2,000 times more than treatment with the free drug in vivo 

(239). 

MRSA is one of the challenging infections that worry public health (240). Conventional 

liposomal vancomycin administered intraperitoneally reduced bacterial infection in murine 

systemic infection caused by MRSA in kidney and spleen by 100 to 1000 times compared with 

the control (216). Various pieces of evidence supported the idea that the improved efficacy of 

liposomal formulation might be due to fusion of liposomes to the bacterial cell wall (127). 

Other research has focused on PEGylated surface-modified liposomes-loaded vancomycin 

over conventional liposomes in treating MRSA infections of the lungs in murine (241). The 

liposomal formulations showed a sustained vancomycin concentration in plasma for the 48 days 

of the study, whereas free vancomycin concentration was not detected after 2 h of injection. In 



46 
 

addition, both liposomal formulations significantly improved the biodistribution of vancomycin 

compared with free agent in liver and spleen; however, surface modification of liposomes 

significantly increased deposition of vancomycin in the lung compared with conventional 

liposomes. It is believed that surface modification of the liposomes protected the liposomes from 

being cleared rapidly by liver and spleen and prolonged the circulation time; therefore, it might 

be an efficacious treatment approach against MRSA in pneumonia.  

The persistence of infection in osteomyelitis due to contamination of bone tissues can be 

attributed to the rapid removal of antibiotics by the RES of Kupffer cells of the liver, bone 

marrow and macrophages of the spleen. Liposomal antibiotics may improve efficacy of 

antimicrobial drugs in treating infections in hard tissues. Intravenous administration of cationic 

liposomes-encapsulated vancomycin or ciprofloxacin was more effective in reducing infection in 

rabbit bone caused by S. aureus (217). Administration of liposomal formulations for 7 - 14 days 

resulted in 1.5- or 2- fold reduction in severity of the disease, respectively. The latter time point 

cured infections in 30% - 50% of the animal population. The combination therapy of liposomal 

ciprofloxacin and liposomal vancomycin for 14 days, however, cured all infected rabbits with 

reduced nephrotoxicity. The successful therapy of combining vancomycin and ciprofloxacin in 

liposomal form might be explained by the ability of liposomes to prolong circulation time of 

encapsulated drugs and avoid the uptake by macrophages. 

A previous study investigated the pharmacokinetic, the biodistribution and the efficacy of 

single doses of liposomal ciprofloxacin administered intravenously at concentrations ranging 

between 0.2 and 8 mg/kg in murine model of systemic Salmonella dublin infection (242). 

Liposomal formulation increased mice survival compared with free ciprofloxacin; a single dose 

of liposomal ciprofloxacin at 1/16 of the highest concentration resulted in survival 60% of 
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infected mice, whereas free drug at same concentration did not prevent mortality. Administration 

of a single dose of liposomal formulation at 1/4 of the highest concentration increased murine 

survival up to 83%, whereas administration of free agent at same concentration for 5 days 

exhibited 33% murine survival. The liposomal formulation exhibited a sustained drug release 

and prolonged the persistence of agents for 48 h in liver and spleen, whereas there was no 

ciprofloxacin detected in liver and spleen at 8 h. The study also showed that liposomal 

formulation was more effective in reducing bacteria community in liver, spleen, lymph nodes, 

Peyer’s patches and stool. The effectiveness of liposomal ciprofloxacin was dose dependent. 

Chono et al. (243) investigated the pharmacokinetics and pharmacodynamics of pulmonary-

administered liposomal ciprofloxacin in rats with lipopolysaccharides-induced pneumonia. 

Administration of liposomal ciprofloxacin enhanced the distribution of antimicrobial agents in 

epithelial lining fluid in the lungs compared with free agent and resulted in a sustained release of 

encapsulated agent throughout the study. Furthermore, the liposomal formulation increased the 

delivery of ciprofloxacin to alveolar macrophages and reduced systemic toxicity. 

Pharmacokinetic and pharmacodynamics parameters showed a markedly increased efficacy for 

liposomal formulation, suggesting that liposomal ciprofloxacin formulation could be a useful 

treatment to target intracellular and extracellular infection associated with pneumonia.  

The infected macrophages have been shown to overexpress mannose receptors that bind 

and internalize mannose-terminated glycoproteins (244). These receptors can effectively be 

targeted with appropriate delivery systems. Mannose-grafted liposomes with entrapped 

amphotericin B are more effective in reducing Leishmania donovani than free and unmodified 

liposome-entrapped amphotericin B. The improved reductive effect can be attributed to enhanced 

uptake of mannose-coupled liposomes by the mannosyl-fucosyl receptor present on the 
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macrophage surface. Thus, macrophage-rich organs such as the liver and spleen exhibited an 

increased accumulation of the drug for prolonged periods of time in L. donovani-infected golden 

hamsters (245). Chagas disease caused by Trypanosoma cruzi leading to cardiac failure is one of 

the worst parasitic diseases in terms of mortality and morbidity. Liposome-encapsulated 

amphotericin B was investigated in mice infected with T. cruzi and found to reduce infections in 

heart, liver, spleen, skeletal muscle and adipose tissues. Administration of liposomes-loaded 

amphotericin B in early stages of infection resulted in reduced T. cruzi loads in the spleen and 

liver, allowing the survival of the infected animals (246). A randomized comparative study 

evaluated the safety and efficacy of intravenously-administered liposomal amphotericin B 

compared with free formulation in treatment of febrile neutropenia patients (247). Although 

there was no statistically significant difference in duration of treatment, time to resolve fever and 

absolute neutrophil count between treatment groups, adverse effects of treatment such as 

vomiting, nausea, fever and headache were higher with conventional amphotericin B compared 

with the liposomal formulation. Furthermore, administration of liposomal formulation at 1 

mg/kg/day was equally efficacious and well-tolerated at 3 mg/kg/day. 

  



49 
 

1.12 Thesis objective 

The aim of this research thesis was to investigate the efficacy of co-encapsulation of 

bismuth-ethanedithiol and tobramycin into liposomal vesicles at sub-inhibitory concentration 

against P. aeruginosa to reduce quorum sensing signaling molecules and virulence factors, in 

vitro. In addition, the bactericidal efficacy of this liposomal formulation in an animal model of 

chronic pulmonary infection with P. aeruginosa was investigated. 
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Abstract 

We sought to investigate alterations in the quorum-sensing signal molecule, N-acyl 

homoserine lactone, secretion and in the release of Pseudomonas aeruginosa virulence factors as 

well as in vivo antimicrobial activity of bismuth-ethanedithiol incorporated into a liposome-

loaded tobramycin formulation (LipoBiEDT-TOB) administered to rats chronically infected with 

P. aeruginosa. The quorum-sensing signal molecule, N-acyl homoserine lactone, was monitored 

by using a biosensor organism. P. aeruginosa virulence factors were assessed 

spectrophotometrically. An agar beads model of chronic Pseudomonas lung infection in rats was 

used to evaluate the efficacy of the liposomal formulation in the reduction of bacterial count. The 

levels of active tobramycin in the lungs and the kidneys were evaluated by microbiological 

assay. LipoBiEDT-TOB was effective in disrupting both quorum-sensing signal molecules, N-3-

oxo-dodecanoylhomoserine lactone and N-butanoylhomoserine lactone, as well as significantly 

(P<0.05) reducing lipase, chitinase and protease production. At 24 h, after 3 treatments, the CFU 

counts in lungs treated with LipoBiEDT-TOB were of 3 log10 CFU/lungs comparatively to 7.4 

and 4.7 log10 CFU/lungs, in untreated and in lungs treated with free antibiotic, respectively. The 

antibiotic concentration after the last dose of LipoBiEDT-TOB was 25.1 µg/lung, while no 

tobramycin was detected in the kidneys. As for the free antibiotic, we found 6.5 µg/kidneys, but 

could not detect any tobramycin in the lungs. Taken together, LipoBiEDT-TOB reduced the 

production of quorum sensing molecules and virulence factors and could highly improve the 

management of chronic pulmonary infection in cystic fibrosis patients. 

 

Keywords: cystic fibrosis, aminoglycoside, cytokines, virulence factors, quorum sensing. 
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2.1. Introduction 

Cystic fibrosis (CF) is an autosomal recessive genetic disease caused by mutation in a cystic 

fibrosis transmembrane regulator (CFTR) gene that affects organs and systems including the 

lungs, the pancreas, the endocrine system and the gastrointestinal tract (1). Pulmonary injury is 

the most challenging medical problem and is responsible for the majority of morbidity and 

mortality in the CF population (2). There are more than 1500 mutations in CFTR genes with 

different degrees of disease severity. The mutation in CFTR gene caused by deletion of 

phenylalanine at position 508, known as ΔF508, is more common and causes severe disease due 

to non-functional chloride ion channels (3). Normal lung epithelial cells keep the epithelial lining 

fluid of the airways hydrated to ensure appropriate mucociliary clearance of allergens or 

microbes from the airways (4). Hydration of the mucosal surface of epithelial cells is linked 

osmotically to sodium transport and chloride secretion. The mutations in CFTR lead to 

dysfunctional or compromised chloride ion channels as well as hyper-absorption of sodium 

through sodium channels (ENaC). The resultant thick sticky mucous (5, 6) provides a suitable 

growth environment for bacteria such as Staphylococcus aureus, Haemophilus influenzae, 

Pseudomonas aeruginosa, and Burkholderia cepacia (7-9). Recurrent P. aeruginosa- induced 

pulmonary infection and inflammation is more common and is associated with reduced lung 

function and disease exacerbation (10, 11). 

P. aeruginosa is a Gram-negative opportunist human pathogen found in various environments 

such as fresh water, plants, sinks, hand soaps, and hospitals (12, 13). P. aeruginosa cells interact 

with specific host cell receptors through appendices such as type IV pili, which recognize the 

over-expressed asialoganglioside (GM1) in CF epithelial cells; and its monotrichous flagellum 

binds specifically to secreted respiratory mucins (14-16). P. aeruginosa utilizes mucus as a 
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shield against the host immune system and regulates its cell density, virulence factor production, 

and biofilm formation through quorum sensing (QS) signaling (17-20). The pathogen carries two 

homologues that control the QS system: the lasI/lasR and rhlI/rhlR (21). The autoinducer 

proteins are responsible for synthesizing specific signal molecules. LasI and RhlI synthesize N-3-

oxo-dodecanoylhomoserine lactone (3O-C12-HSL) and N-butanoylhomoserine lactone (C4-HSL), 

respectively; whereas, LasR and RhlR function as transcriptional activator proteins (22-24). 

Bacteria release 3O-C12-HSL at certain cell density into the external environment, where it binds 

to LasR forming a complex that binds promoters to induce a wide variety of virulence factors, 

including lipase, chitinase, and proteases (25-29). Activation of airway epithelial cells signaling 

pathways, in response to P. aeruginosa pulmonary infection, results in gene expression and 

secretion of several cytokines and chemokines including IL-8, a potent chemoattractant of 

neutrophil (30). While neutrophils eradicate bacteria, their toxic products, such as elastase and 

reactive oxygen radicals, in the airway, damage the lung tissue as well (31).  

Aggressive chemotherapy, through various routes, has been utilized to decrease the 

persistence of P. aeruginosa in lungs (32, 33). Administration of aminoglycosides such as 

tobramycin, along with β-lactams, is usually prescribed against P. aeruginosa to reduce infection 

(34, 35). Tobramycin at sub-inhibitory concentration reduces production of P. aeruginosa 

virulence factors at translation level by inhibiting the release of C4-HSL and 3O-C12-HSL levels 

(36, 37). However, since a high dosage and prolonged use of tobramycin are required to 

eradicate bacteria, a high risk of ototoxicity and nephrotoxicity exists (34). Furthermore, the 

presence of mucus, overexpression of multidrug efflux pumps, and bacterial transition to biofilm 

form result in a poor prognosis (38-41). 
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 Bismuth subsalicylate and bismuth subcitrate have been used for years to treat 

gastrointestinal disorders associated with Helicobacter pylori (42). A combination of bismuth 

and thiol agents increases the bismuth solubility, lipophilicity, and its anti-microbial activity 

against Gram-positive and Gram-negative bacteria (43). Huang and Stewart have shown that 

bismuth dimercaprol was able to reduce biofilm formation by P. aeruginosa (44). Bismuth- 

ethanedithiol (BiEDT) along with tobramycin have a synergistic effect against P. aeruginosa and 

Burkholderia cepacia in vitro (45, 46). The cytotoxic effects of bismuth, however, limit its 

utility. BiEDT, at concentrations of 10 and 20 µM, render human lung cells in culture nonviable 

(47). Microcarriers such as liposomes are used to overcome toxicities of the drugs, to sustain the 

release of drugs at the target site, and to prolong their residence time (48, 49). 
 

Liposomes are small lipid vesicles with a size ranging from nanometers to micrometers. They 

are generally a safe delivery system since liposomes are biocompatible and biodegradable. They 

consist of phospholipid bilayers with an aqueous core. Hydrophilic drugs can be encapsulated in 

the aqueous core, whereas lipophilic drugs can be incorporated into the bilayers. Recently, more 

research has focused on utilizing liposomes to deliver therapeutic molecules to target sites 

including the lungs (50). Liposomes are preferred for antibiotic delivery because they provide a 

sustained release of the drugs and reduce side effects, as well as increasing the bioavailability of 

insoluble hydrophopic drugs (50, 51). Previous studies in our laboratory have shown that 

coencapsulation of BiEDT with tobramycin in liposomes resulted in elimination of the BiEDT 

toxic effect on human lung cells while increasing its antibacterial efficacies against P. 

aeruginosa and B. cepacia (52, 53). 

The current study was performed to test whether liposomal BiEDT loaded tobramycin 

(LipoBiEDT-TOB) at sub-inhibitory concentrations is able to reduce production of virulence 
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factors and QS signal molecules by P. aeruginosa in vitro and to enhance the antimicrobial 

efficacy as well as to examine anti-inflammatory effect of LipoBiEDT-TOB on the animal model 

of chronic pulmonary infection with the aforementioned bacteria. 

2.2. Materials and methods 

2.2.1. Chemicals and media 

1, 2-Distearoyl-sn-glycero-3-phosphocholine (DSPC) was purchased from Northern Lipids, 

(Vancouver, BC, Canada). Cholesterol, bismuth nitrate [Bi (NO3)3·5H2O], 1, 2-ethanedithiol 

(EDT), propylene glycol (PG), heavy mineral oil, xylazine, saline, chitin azure, β-D-

galacopyranoside and Triton X-100 were obtained from Sigma–Aldrich (Oakville, ON, Canada). 

Sodium hydroxide (NaOH), sodium deoxycholic acid (C24H39O4Na), tobramycin, chloroform 

and methanol were purchased from Fisher Scientific (Ottawa, ON, Canada). Tryptic soy agar, 

Tryptic soy broth, Luria-Bertani (LB) broth, Luria-Bertani agar and Mueller-Hinton agar were 

purchased from Becton Dickinson Microbiology Systems (Oakville, ON, Canada). Ketamine 

was obtained from Animal Health Inc.(Cambridge, ON, Canada). 

2.2.2. Bacterial strains 

PA-489122 strains of P. aeruginosa were used throughout the experiment and had been 

isolated from CF patients at Sudbury Regional Hospital (Sudbury, Ontario, Canada).  

Staphylococcus aureus ATCC 29213 was used as an indicator of tobramycin activity, as 

recommended by the Clinical and Laboratory Standards Institute (CLSI). All strains were stored 

in Mueller-Hinton  broth at -80°C supplemented with 10% glycerol. All strains were grown for 

18 h in ABt medium (27 mM (NH4)2SO4, 30 mM Na2HPO4·2H2O, 20 mM KH2PO4, 47 mM 
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NaCl, 1 mM MgCl2, 0.1 mM CaCl2, 0.01 mM FeCl2, 0.5% w/v glucose, 0.5% w/v casamino 

acids and 0.00025% w/v of thiamine) broth prior to the MIC, QS, and virulence factors 

experiments. Agrobacterium tumefaciens strain A136 (pCF218)(pCF372) (Ti
-
)  was used as the 

biosensor for the detection of AHL and cultured in Luria-Bertani (LB) broth at 30°C. 

2.2.3. LipoBiEDT-TOB preparation 

A dehydration-rehydration method was used to prepare liposomal bismuth tobramycin. To 

prepare BiEDT, Bi (NO3)3 and 600 mM of NaOH were dissolved first in 25 mL of methanol. 

One mL of EDT was then added to the mixture. To prepare the liposome vesicles, DSPC and 

cholesterol (2:1) molar ratio were transferred into a round flask and dissolved in 19 mL of 

chloroform: methanol (2:1) molar ratio. One mL of ethanedithiol bismuth was then added to the 

round flask. The organic solvents were removed by using rotary vapor (Buchi Rotavapor R205, 

Buchi vacuum controller V-800; Brinkman, Toronto, Ontario, Canada) under vacuum at 55°C, 

which resulted in a thin layer of lipid. The lipid film was rehydrated by adding 12 mL of PBS 

with hand shaking for 5-7 min in a water bath at 55°C until it became a suspension. The 

suspension lipids were then sonicated at an amplitude of 50% (Sonic Dismembrator Model 500, 

Fisher Scientific, Ottawa, ON, Canada) for 10 min (40 sec ON and 5 sec OFF). Tobramycin (8 

mg/mL) and PG were added to the sonicated suspension. The solution was then sonicated again 

for 10 min (40 sec ON and 5 sec OFF). The sonicated liposomes were transferred to 15 mL tubes 

and frozen for 15 min at -70°C and then freeze-dried overnight (Freeze Dry System model 

77540, Labconco Corporation, Kansas City, MO, USA). The powdered liposomes were stored at 

0°C. To rehydrate the powder formulation, sterile distilled water was added in the volume of 

10% of the volume before lyophilisation, vortexed, and then the mixture was incubated for 30 

min at 45°C; then PBS was added to restore the original volume. The solution was centrifuged 
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(Beckaman L8-M Ultracenterifuge) for 20 min, at 100,000 ×g and 4°C and the supernatant was 

removed. This step was repeated by PBS as described previously (52). The size of liposomes was 

determined by a Submicron Particle Sizer, Model 270 (Nicomp, Santa Barbara, CA, USA). 

2.2.4. Tobramycin encapsulation efficiency (EE) within 

LipoBiEDT-TOB formulation 

The concentrations of tobramycin incorporated into LipoBiEDT were measured by an agar 

diffusion assay using laboratory strains of S. aureus (ATCC 29213) as an indicator organism for 

tobramycin. We used an overnight culture of the organisms in cation-adjusted Mueller-Hinton  

broth (CAMH) to prepare a bacterial solution equivalent to 0.5 McFarland (1.5×l0
8
 

bacterial/mL). The bacterial suspension in warm (45°C) Mueller-Hinton agar was then poured 

into a sterile glass plate (460 mm×360 mm) and left to solidify at room temperature. Wells of 5 

mm diameter were made with a well puncher. Standard curves of diluted tobramycin as well as 

samples of LipoBiEDT-TOB were prepared. Triplicate samples (25 µL) were transferred into the 

agar plate holes. The plate was covered and incubated for 18 h at 37°C. We then measured the 

inhibition zones and the averages of triplicate measures were used in data analysis. The standard 

curve was utilized to calculate concentrations of the entrapped tobramycin that were released 

from the liposomes by 0.2% (vol/vol) Triton X-100 (with PBS). The sensitivity of the assay was 

0.75 µg/ml. The quantifiable limit for tobramycin was 0.75 µg/ml. At concentrations from 0.75 

to 12.5 µg/ml, the coefficients of variation (ratio of standard deviation to the mean in percentage) 

ranged between 1.2 and 2.9%. Over the same concentrations, the intraday coefficients of 

variation ranged between 2.2 and 3.5%. For 10 samples of spiked tobramycin, the standard curve 

linearity extended over the range 0.75 to 12.5 µg/ml gave a correlation coefficient greater than 
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0.999. Concentration measurements were the means of at least three independent experiments, 

with each experiment measured in triplicate. 

2.2.4.1. Encapsulation efficiency 

The drug encapsulation efficiency (expressed as a percentage) was calculated by dividing the 

concentration of LipoBiEDT-TOB (determined by the microbiological assay as described in 

section 2.2.4.) by the concentration of free tobramycin used in the original preparation of these 

liposomes. 

2.2.5. Determination of the minimum inhibitory concentrations 

(MICs) 

The micro-broth dilution method was used to determine the MICs for tobramycin. Briefly, the 

reference strain S. aureus or clinical isolates of P. aeruginosa PA-489122 were exposed to 

different dilutions of LipoBiEDT-TOB or a combination of tobramycin with BiEDT. The 

contribution of bismuth-ethanedithiol to the MICs was assessed by exposing the aforementioned 

bacterial strains to different concentrations of BiEDT-TOB and LipoBiEDT-TOB, with a starting 

concentration of 128 mg/L for tobramycin as well as 128 µM for BiEDT in the LipoBiEDT-TOB 

and free BiEDT-TOB as reported previously (123). Drug-free bacterial cultures and an ABt broth 

medium alone were used as positive and negative controls respectively. 

2.2.6. Quantification of bismuth in liposomal formulations 

The bismuth content within the LipoBiEDT-TOB formulation was measured by graphite 

furnace atomic absorption spectroscopy (GFAAS) as described previously, with some 

modifications (52). To simplify, samples were lyophilized, weighed, and then transferred into 
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Teflon digestion vessels. A total of 1 mL H2O2 (30%, w/w) and 4 mL HNO3 was added and the 

samples were digested overnight at 25°C. Samples were then subjected to hot-plate digestion in a 

glycerol bath at 135–140°C for 3 h and left overnight. Next, the volumes were adjusted to 25 mL 

with double distilled water. 1.25 mL from each digested sample was then subjected to 20-fold 

dilution with 2% HNO3. Samples were then analyzed by GFAAS (AAnalyst 600, Perkin Elmer 

Precisely, Woodbridge, ON, Canada). 

2.2.7. Evaluation of QS and virulence factor production and 

activity 

PA-489122 was grown in ABt medium for 18 h at 37°C; then the bacteria solution was 

adjusted to follow the 0.5 McFarland standard (optical density at 600 nm [OD600], 0.13) in a 100 

ml flask and incubated for 1 h at 37°C for experiments involving QS signal molecules, lipase, 

chitinase, and protease. When the bacterial concentration doubled to OD600=0.26, the solutions 

were exposed to an equal volume of free or liposomal BiEDT-TOB (1/16-1/2 MICs). Untreated 

P. aeruginosa PA-489122 served as control. After 24 h, bacterial cultures were measured and 

centrifuged, at 16000 ×g for 15 min at 4°C and filter sterilized (0.22 µm). To test that there were 

no killing effect of the antibiotic on bacteria at concentrations below the MICs, free or liposomal 

BiEDT-TOB (1/4 and 1/2 MICs) was introduced to a PA-489122 culture that had been adjusted 

to 0.5 McFarland standard in 100 ml flasks and incubated at 37°C with agitation (250 rpm). The 

growth was monitored (OD600) for 8 h. 
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2.2.8. Bioassay for AHL production 

Supernatant samples were screened for AHL production as described previously with some 

modification (54). A. tumefaciens strain A136 (pCF218)(pCF372) (Ti
-
)  cells equal to density of 

10
6
 CFU/ml with β-D-galactopyranoside (20 mg/ml in dimethylformamide) and LB agar at 45°C 

were poured into Petri dishes. Wells of 5 mm diameter were made with a well puncher and 

aliquots (80 µl) from control or treated supernatant samples were transferred to the wells. The 

Petri dishes were incubated for 48 h at 30°C. AHL production levels were confirmed by blue 

pigmentation around the wells. 

2.2.9. β -Galactosidase activity assay 

The level of AHL production from P. aeruginosa exposed to free or LipoBiEDT-TOB at sub-

inhibitory concentrations was examined by measuring the ability of P. aeruginosa AHL 

signaling molecules released in the supernatants to activate the production of β-galactosidase in 

the reporter strain A. tumefaciens (A136) as described previously (55). Briefly, bioassay tubes 

containing 4 mL of reporter strain and 1 mL of supernatant were incubated at 30°C in water bath 

for 5 h with rotation at 100 r.p.m. Next, bacterial cell density was measured at (OD600) before 

centrifugation. The supernatants were removed, and the pellets were suspended in an equal 

volume of Z buffer (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). The cells were then permeabilized by a 

solution of 200 µL of chloroform and 100 µL of 0.1 % sodium dodecyl sulphate prior to the 

addition of 0.4 mL of O-nitrophenol-β-D-galactopyranoside (4 mg/mL in PBS). After the 

development of yellow color, 1 mL of 1M Na2CO3 was added to stop the reaction. Optical 

density of the reaction samples was measured at 420 and 550 nm. Miller units of β-Galactosidase 
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were calculated as (1000× A420nm) ‒ (1.75× A550nm)/ (time × volume × A600nm) as described 

previously (56). 

2.2.10. Virulence factor assays 

Lipase activity was evaluated using Tween 20 as substrate. Briefly, the reaction mixture 

consisted of 0.6 mL of 10% Tween 20 in Tris buffer, 0.1 mL of 1 M CaCl2, 0.6 mL of filtered 

supernatant, and 1.6 mL of double distilled water. Samples were incubated at 37°C for 24 h with 

agitation (200 rpm). In the presence of lipase, Tween 20 is broken down to a fatty acid and 

alcohol. The fatty acid binds calcium to form a precipitate that was measured at (OD400). For 

chitinase, 1 mL of filtered supernatant was mixed with 1 mL of PBS and 5 mg of insoluble chitin 

azure. The reaction mixture was incubated at 37°C for 24 h with agitation (200 rpm). The 

cleaving of chitin azure in the presence of chitinase results in the release of a blue-coloured dye 

that can be measured spectrophotometrically at (OD290). The lipase and chitinase experiments 

were repeated three times with three replicates and the results were normalized by dividing the 

optical density by cell density (OD600). For the protease assay, 100 µL of filtered supernatants 

were transferred into the wells of an ABt medium containing 2 % agar and 2 % skim milk. Plates 

were incubated for 48 h at 37°C. Zones of clearance due to the proteolytic activity of protease 

could be easily perceived and were measured in (millimeters) by using digital callipers. The 

experiments were repeated three times with three replicates. 

2.2.11. Preparation of agar beads 

Agar beads were prepared as described previously with some modifications (57). The P. 

aeruginosa PA-489122 strain was grown overnight at 37°C in a tryptic soy broth. The bacteria 

were then embedded into agar beads by mixing 2% v/v of the aforementioned strain with tryptic 
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soy agar and mineral oil (1:3 volume ratio) at 45°C. The mixture was then vortexed vigorously 

and cooled down by placing crushed ice around the vessel while stirring continuously for 5 min. 

Next, the mineral oil was removed by centrifugation at slow speed for 5 min, 500×g at 4°C. Agar 

beads were washed once with 0.5% sodium deoxycholic acid, once with 0.25% sodium 

deoxycholic acid, and three times in PBS for 20 min, 1,000×g at 4°C. The number of bacteria 

was determined after homogenizing the bacteria-impregnated bead suspension. The bacterial 

count was ascertained by working 10-fold serial dilutions in phosphate-buffered saline (PBS) on 

Mueller-Hinton agar plates as described previously (58).  

2.2.12. Experimental infection and LipoBiEDT-TOB treatment 

Fifteen Sprague-Dawley rats weighing 201-225 g (Charles River, Saint Constant, Quebec, 

Canada) were used in this study. The animals were housed (Nalgene® cages) in groups of three 

for 1 week before any experiment was undertaken and allowed free access to food and water. 

Animals were kept at room temperature and were exposed to alternate cycles of 12 hours of light 

and darkness. Animals used in this study were treated and cared for in accord with the guidelines 

recommended by the Canadian Council on Animal Care and the Association for Assessment and 

Accreditation of Laboratory Animal Care. The experimental protocol was approved by the 

Institutional Animal Care and Use Committee. 

 To mimic the chronic respiratory tract infection caused by P. aeruginosa, PA-489122 was 

incorporated into agar beads. Animals were anesthetized with a mixture of 70 mg/kg of ketamine 

hydrochloride and 7 mg/kg of xylazine by intraperitoneal injection before infection and placed in 

the supine position, and the upper jaw was attached to the operating table with a rubber band 

brought over the incisor teeth. Using a laryngoscope, the tongue was moved aside and the mouth 

was opened. The larynx was identified and distinguished by its opening and closing as the rat 
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breathed. A catheter was inserted between the vocal cords and pushed gently forward into the 

trachea. The catheter’s insertion was confirmed by the formation of water condensation on a cold 

mirror with each breath of the rat. The rats were then inoculated with 50 µL of agar beads 

containing 10
6
 CFU of P. aeruginosa at the bifurcation of the trachea with a 1mL tuberculin 

syringe followed by a bolus of air to ensure complete delivery. 

Four days after the inoculation with agar beads, the rats were anaesthetized using the same 

procedure as above to be treated with antibiotics. The rats were sorted to three groups and each 

group was administered either saline, BiEDT-TOB or LipoBiEDT-TOB for three days. Infected 

animals received a dose (same method as described for infection) of either 300 mg/L of 

LipoBiEDT-TOB per kg or 300 mg/L of BiEDT-TOB per kg. The concentration of tobramycin 

in free or LipoBiEDT-TOB was 300 mg/L and BiEDT in liposomal as well as the combination 

with tobramycin was 300 µM. Saline (90 µL) was administered to the infected control animals. 

Twenty four hours after the last treatment, the animals were euthanized by using CO2. The 

kidneys and the lungs were removed aseptically and homogenized in cold sterile PBS (33% 

[wt/vol]) for 40 s with a Polytron Homogenizer. The homogenizer was rinsed, immersed in 95% 

ethanol, flamed, and then cooled down with cold saline between samples. Lung bacterial counts 

were performed after homogenizing the lungs. Serial 10-fold dilutions of the homogenates in 

cold PBS were made, and 0.1 mL of each dilution was pipetted and spread on Mueller-Hinton 

agar. The experiment was done in triplicate and the bacterial counts for each animal were done in 

triplicate. CFU were counted after 24 h incubations at 37°C and counts were expressed in log10 

CFU per pair of lungs. To measure the quantity of active tobramycin in tissues, the tissue 

samples were concentrated as follows: 1mL samples of homogenized lungs or kidneys were 

lyophilized (Freeze Dry System model 77540, Labconco Corporation, Kansas City, MO, USA) 
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and rehydrated with 100 µL of sterile PBS. The presence of active tobramycin was detected by 

an agar diffusion assay as described above in 2.4.  

2.2.13. IL-8 assay 

Supernatants from sera and the lung homogenates samples were used to quantify secreted IL-

8 protein. A 96-well plate was pre-coated with IL-8 capture antibody (primary antibody) 

overnight. A wash buffer, consisting of 1x PBS and Debecos buffered salts, was used between 

each step to rinse excess reagents from the treatment plate according to the manufacturer’s 

protocol (BioLegend, San Diego, CA). Next, the protein blocking agent was added to each well 

of the 96-well plate. The blocking agent was allowed to sit in the wells for one hour while on a 

shaker (200 rpm) at room temperature. The assay diluent was removed from plate with wash 

buffer. A standard curve was made with 1:2 serial dilution of known IL-8 antigen. Supernatants 

were spun in a microcentrifuge for 10 min, at 106 ×g and 22°C. The supernatants were added to 

the well for two hours while shaking. The plates were washed before adding the detection 

antibody for one hour on a shaker. Detection antibody was washed and Avidin-HRP was added 

to sit in well for thirty minutes while shaking in the dark. The Avidin-HRP was washed with 

wash buffer and tetramethylbenzidine substrate Solution C was added for 15 min in the dark 

without shaking. A 2N H2SO4 solution was added to the mixture to stop the reaction. The plate 

was read with the Beckman Coulter AD 340 microplate reader (Beckman, Brea, CA). Data were 

normalized and IL-8 concentrations reported in pg/mL. 
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2.2.14. Data analysis 

The data presented as mean ± S.E.M. of three independent experiments. Comparisons of 

groups were made by one-way analysis of variance (ANOVA) using InStat 3 from GraphPad 

(GraphPad Software Inc., Version 5.0) followed by a post t-test. Probability values of *P<0.05, 

**P<0.01 and ***P<0.001 are reported as statistically significant. 

2.3. Results 

2.3.1. LipoBiEDT-TOB characterization 

The average size of the LipoBiEDT-TOB formulation was 907.3 ± 40.1 nm and the 

encapsulated tobramycin in the LipoBiEDT formulation was 1.0 ± 0.2 mg/mL. The percentage of 

tobramycin that was encapsulated into liposomes 14.40 ± 0.001%. Atomic absorption analysis 

showed that the concentration of bismuth incorporated into LipoBiEDT-TOB formulation was 

1.0 ± 0.3 mM. 

2.3.2. Antimicrobial activity of free and LipoBiEDT-TOB 

The MICs of LipoBiEDT-TOB formulation against the P. aeruginosa strain used in this study 

was 16-fold lower than tobramycin alone or fourfold lower than tobramycin in combination with 

BiEDT. For example, the MIC of tobramycin alone was 16 mg/L, whereas BiEDT-TOB was 4 

mg/L for tobramycin and 4 µM for BiEDT in free BiEDT-TOB compared to 1 mg/L for 

tobramycin and 1 µM for BiEDT in LipoBiEDT-TOB. 
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2.3.3. Effect of sub-inhibitory concentrations of free or 

LipoBiEDT-TOB 

The effect of concentrations (1/4-1/2 MICs) of free BiEDT or LipoBiEDT-TOB on bacterial 

growth are shown in (Fig. 1). The rate of growth of cells was inhibited when treated with 1/2 of 

the MIC of the liposomal formulation, therefore this formulation at that concentration is not 

considered as sub-inhibitory for further investigation. Thus, all the experiments that involve QS 

and virulence factors were done using concentrations of 1/16-1/4 of the MICs of free or 

LipoBiEDT-TOB. 
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Figure 1: The effect of sub-inhibitory concentrations of BiEDT-TOB on the 

growth of PA-489122. Growth curve of P. aeruginosa without antibiotics (filled 

circles), in the presence of sub-inhibitory concentrations of 1/2 MIC of 

LipoBiEDT-TOB [ 0.5 mg/L of TOB][0.5 µM of BiEDT] (open circle), 1/4 MIC of 

LipoBiEDT-TOB [0.25 mg/L of TOB][0.25 µM of BiEDT] (filled triangle), 1/2 

MIC of free BiEDT-TOB [ 2 mg/L of TOB][2 µM of BiEDT] (filled squares), or 

1/4 MIC of free BiEDT-TOB [ 1 mg/L of TOB][1 µM of BiEDT] (open triangle). 
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2.3.4. QS molecule reduction 

P. aeruginosa PA-489122 was grown in an ABt medium for 24 h at 37°C with or without free 

or liposomal BiEDT-TOB at 1/16-1/4 MICs. Both formulas have reduced AHL production up to 

1/16 MIC compared to control, but did not prevent the production completely (Fig. 2). However, 

LipoBiEDT-TOB reduced AHL production at sub-inhibitory concentrations that were 4 times 

lower than for free BiEDT-TOB. At 1/4 MICs of free BiEDT-TOB, the production of the blue 

pigment ring around the edge was darker and more clear than 1/4 MIC of LipoBiEDT-TOB.  

 

 

Figure 2: Effect of sub-inhibitory concentrations of free or LipoBiEDT-TOB 

(1/16-1/4 MICs) on QS. LB agar containing Agrobacterium tumefaciens and 

β-D-galactopyranoside was poured in Petri dishes. Holes were made in the 

agar by a vacuum device and 80 µl from control or treated supernatant 

samples were transferred to the wells. The plates were incubated for 48 h at 

30ºC. 
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2.3.5. AHL quantification  

The levels of β-galactosidase activity, in response to AHL, indicated a decrease in the levels 

of AHL signaling molecules released from P. aeruginosa cells exposed to LipoBiEDT-TOB 

(Fig. 3a and b). For instance, free BiEDT-TOB at 1/8 MIC did not reduce the level of AHL 

significantly, whereas LipoBiEDT-TOB reduced the level of AHL, at 1/8 MIC significantly 

(P<0.01) compared to the control. LipoBiEDT-TOB was significantly more active in reducing 

AHL production than free BiEDT-TOB at 1/4 MIC (P<0.001). 

2.3.6. Reduction of virulence factors by BiEDT-TOB 

We compared the effects of free and liposomal BiEDT-TOB at 1/16-1/4 MICs on production 

of the virulence factors, lipase, chitinase, and protease by PA-489122. For the lipase assay, free 

BiEDT-TOB at 1/4 of the MICs did not reduce the production of lipase significantly compared to 

the control (Fig. 4a). LipoBiEDT-TOB at 1/4 MIC attenuated lipase production significantly 

compared to the control (P<0.001) (Fig. 4b). Chitinase production in the supernatants was 

evaluated by quantifying the breakdown of chitin azure. As shown in (Fig. 5a and b), the 

liposomal formulation was able to reduce chitinase at a concentration 8 times lower than with 

free BiEDT-TOB (1/8 vs. 1/4) and more effectively (P<0.01) than the free formulations. The 

activity of extracellular protease LasA in filtered sterilized supernatants was measured in agar 

plates containing 2% skim milk. Free BiEDT-TOB reduced the protease level at 1/4 of the MICs 

(P<0.01) compared to the control, whereas LipoBiEDT-TOB attenuated activity significantly at 

1/4 MIC (P<0.001). Furthermore, protease activity was able to be reduced by LipoBiEDT-TOB 

at a concentration eightfold lower than the free formulation (1/8 vs. 1/4) (P<0.001) as indicated 

in (Fig. 6a and b). 



69 
 

C
ontr

ol

1/
16

 M
IC

1/
8 

M
IC

1/
4 

M
IC

0

200

400

600

Control

1/16 MIC

1/8 MIC

1/4 MIC

(a)

***

Free tobramycin (mg/L), free bismuth { M}


-G

a
la

c
to

s
id

a
s

e

(M
il

le
r 

U
n

it
)

C
ontr

ol

1/
16

 M
IC

1/
8 

M
IC

1/
4 

M
IC

0

200

400

600

Control

1/16 MIC

1/8 MIC

1/4 MIC

(b)

***

**

Tobramycin (mg/L), bismuth { M} in liposomes


-G

a
la

c
to

s
id

a
s

e

(M
il

le
r 

U
n

it
)

 

Figure 3: Production of the QS molecules as measured by β-galactosidase 

activity: (a) in the presence of free BiEDT-TOB or (b) in the presence of 

LipoBiEDT-TOB at 1/16 -1/4 MICs. P. aeruginosa was exposed to free and 

LipoBiEDT-TOB then the supernatants were collected and incubated with A. 

tumefaciens (A136). β-Galactosidase activities were measured in miller units. 

Each bar represents the mean ± S.E.M. of three independent experiments. P 

values were considered significant when compared with the control and between 

groups: ***P<0.001, **P<0.01, and *P<0.05. 
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Figure 4: Lipase activities in supernatant from PA-489122. Cultures grown either 

without antibiotics as control and (a)  in the presence of 1/4 MIC of free BiEDT-

TOB[1 mg/L of TOB][1 µM of BiEDT], 1/8 MIC of free BiEDT-TOB[0.5 mg/L of 

TOB][0.5 µM of BiEDT] or 1/16 MIC of free BiEDT-TOB[0.25 mg/L of TOB][0.25 

µM of BiEDT] or (b) in the presence of 1/4 MIC of LipoBiEDT-TOB[0.25 mg/L of 

TOB][0.25 µM of BiEDT], 1/8 MIC of LipoBiEDT-TOB[0.125 mg/L of TOB][0.125 

µM of BiEDT], 1/16 MIC of LipoBiEDT-TOB[0.062 mg/L of TOB][0.062 µM of 

BiEDT]. Each bar represents the mean ± S.E.M. of three independent experiments. 

P value was considered significant when compared with the control: ***p<0.001. 
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Figure 5: Chitinase activities in supernatant from PA-489122. Cultures grown 

either without antibiotics as control and (a)  in the presence of 1/4 MIC of free 

BiEDT-TOB[1 mg/L of TOB][1 µM of BiEDT], 1/8 MIC of free BiEDT-TOB[0.5 

mg/L of TOB][0.5 µM of BiEDT] or 1/16 MIC of free BiEDT-TOB[0.25 mg/L of 

TOB][0.25 µM of BiEDT] or (b) in the presence of 1/4 MIC of LipoBiEDT-

TOB[0.25 mg/L of TOB][0.25 µM of BiEDT], 1/8 MIC of LipoBiEDT-

TOB[0.125 mg/L of TOB][0.125 µM of BiEDT], 1/16 MIC of LipoBiEDT-

TOB[0.062 mg/L of TOB][0.062 µM of BiEDT]. Each bar represents the mean ± 

S.E.M. of three independent experiments. P values were considered significant 

when compared with the control and between groups: ***P<0.001, **P<0.01. 
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Figure 6: Protease activities in supernatant from PA-489122. Cultures grown 

either without antibiotics as control and (a)  in the presence of 1/4 MIC of free 

BiEDT-TOB[1 mg/L of TOB][1 µM of BiEDT], 1/8 MIC of free BiEDT-TOB[0.5 

mg/L of TOB][0.5 µM of BiEDT] or 1/16 MIC of free BiEDT-TOB[0.25 mg/L of 

TOB][0.25 µM of BiEDT] or (b) in the presence of 1/4 MIC of LipoBiEDT-

TOB[0.25 mg/L of TOB][0.25 µM of BiEDT], 1/8 MIC of LipoBiEDT-TOB[0.125 

mg/L of TOB][0.125 µM of BiEDT], 1/16 MIC of LipoBiEDT-TOB[0.062 mg/L of 

TOB][0.062 µM of BiEDT]. Each bar represents the mean ± S.E.M. of three 

independent experiments. P values were considered significant when compared 

with the control and between groups: ***P<0.001, **P<0.01. 
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2.3.7. LipoBiEDT-TOB or BiEDT-TOB activity against infected 

rats lungs 

The number of bacteria loaded in agar beads was 8.4 ± 0.1 log10 CFU/mL. We instilled a total 

of 10
6
 CFU

 
in 50-µL volume in the lungs of each rat. The number of CFU enumerated following 

24 h of the last treatment with saline was 7.4 ± 0.2 log10 CFU/lungs. The bacterial load in the 

lungs of the rats after three doses of 300 µg for tobramycin and 300 µM for BiEDT in free or 

liposomal formula was significantly lower (P<0.001) than the control (Fig. 7). The effect of 

liposomal formulation in lowering bacterial load was significantly higher than that of the free 

formulation (3.1 ± 0.1 log10 CFU/lungs vs. 4.7 ± 0.3 log10 CFU /lungs; P<0.001) as shown in Fig. 

7. 

 

2.3.8. Levels of active antibiotic in the lungs, the kidneys and the 

sera of treated rats 

The tobramycin concentration was 25.1 ± 1.5 µg/mg of lungs after 24 h of administering the 

last doses of LipoBiEDT-TOB. We did not detect tobramycin in the kidneys or sera of the rats 

treated with the liposomal formulation. In addition, we did not detect any active tobramycin in 

the lungs or sera, but we found 6.5 ± 5.3 µg/mg tobramycin in the kidneys of the rats treated with 

free BiEDT-TOB (Fig. 8). 
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Figure 7: Effect of free BiEDT-TOB or LipoBiEDT in chronic lung infection 

model. Rats were inoculated with agar beads containing 10
6
 CFU of 

Pseudomonas aeruginosa. After the bacteria were grown for four days, saline 

(filled circles) as well as free BiEDT-TOB (open squares) or LipoBiEDT-TOB 

(filled triangle) was intratracheally-administered at 300 µg/mL/kg for three 

days. Lungs were then harvested and homogenized for analysis. Each column 

represents mean ± S.E.M. of four animals. P values were considered significant 

when compared with the control as well as between groups ***P<0.001. 
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Figure 8: Measurement of active tobramycin. Tobramycin concentrations in the 

lungs and the kidneys homogenates of rats chronically infected with P. aeruginosa 

were evaluated by microbiological assay. Tissues were removed at 24 h after that 

last treatment of LipoBiEDT-TOB (filled bar) or free BiEDT-TOB (clear bar). 

Bars represent the mean ± S.E.M. of four animals. 

 

2.3.9. Effect of LipoBiEDT-TOB on IL-8 production 

We investigated whether LipoBiEDT-TOB would reduce the level of IL-8. In the lungs, the 

level of IL-8 decreased from 72.9 ± 28.8 pg/mL for the group treated with saline to 9.5 ± 1.3 and 

to 6.9 ± 2.1 pg/mL in groups treated with LipoBiEDT-TOB and free BiEDT-TOB, respectively 

(Fig. 9a). Free BiEDT-TOB slightly reduced IL-8 released in sera to 34.3 ± 14.8 pg/mL 

compared to 58.8 ± 9.9 pg/mL measured in sera for the saline-treated group whereas only 0.4 ± 

0.3 pg/mL of IL-8 was detected in sera of LipoBiEDT-TOB treated animals (Fig. 9b). 
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Figure 9: The concentration of IL-8: (a) in lungs and (b) in sera of rats infected 

with P. aeruginosa by enzyme-linked immunosorbent assay (ELISA). Each 

column represents mean ± S.E.M. of four animals. 
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2.4. Discussion 

Many studies described the efficacy of inhaled tobramycin on lowering P. aeruginosa 

pulmonary infection in CF patients (59). The high dose required and the prolonged use of 

tobramycin raise investigators’ concerns about its toxicity. Encapsulation of antimicrobial agents 

in liposomes has been proven to increase their efficacy (60, 61). Bismuth has emerged as a 

therapeutic agent against gastrointestinal infection caused by H. pylori (62). Introducing BiEDT 

at a sub-inhibitory concentration resulted in reducing alginate and lipopolysaccharide production, 

as well as inhibition of adherence of P. aeruginosa to epithelial cells and secretion of virulence 

factors (47). Furthermore, previous results from our laboratory indicated that co-encapsulation of 

BiEDT into liposomal-loaded tobramycin increases the killing effect on P. aeruginosa, as well as 

diminishing AHL production and bacterial adherence to human lung epithelial cells (52, 53). 

Herein, we have demonstrated that LipoBiEDT-TOB at sub-inhibitory concentration is able to 

debilitate QS signaling molecule production and secretion of virulence factors, including 

protease, chitinase and lipase in vitro. In addition, we examine in vivo bactericidal efficacy and 

the anti-inflammatory property of LipoBiEDT-TOB in a rat model of pulmonary infection. 

The MIC results reported here indicate significant differences between free and liposomal 

BiEDT-TOB. The MIC of LipoBiEDT-TOB was 16-fold lower than the MIC of tobramycin 

alone and fourfold lower than the MIC of free BiEDT-TOB. These values are in agreement with 

previous observation on improved susceptibility of resistant Gram-negative strains to liposomal 

polymyxin B (60). Since exposing bacteria to the sub-inhibitory concentration of free or 

LipoBiEDT-TOB did not prevent P. aeruginosa to grow (Fig. 1), we investigated their potential 

effect on inhibition of clinical isolate P. aeruginosa communication and virulence factor 

production. The secretion of AHL molecules that play an important role in regulating the 



78 
 

production of several virulence factors was reduced compared to the control at both free and 

LipoBiEDT-TOB up to 1/16 MICs (Fig. 3). LipoBiEDT-TOB was able to reduce AHL 

production 29% at 1/8 MIC, whereas production was reduced 19% by free BiEDT-TOB at 1/8 

MIC compared to the control. Exposing P. aeruginosa to free BiEDT-TOB at 1/4 MIC showed 

50% reduction in AHL, whereas LipoBiEDT-TOB at 1/4 MIC led to an approximate 71% 

reduction compared to the control. However, comparing free and liposomal formulations, 

LipoBiEDT-TOB was found to be more effective at concentrations four times lower than free 

BiEDT-TOB based on qualitative (Fig. 2) and quantitative measurements (Fig. 3). Studies have 

reported that tobramycin at sub-inhibitory concentrations was able to decrease N-3-oxo-

dodecanoylhomoserine lactone and N-butanoylhomoserine lactone once tobramycin gains access 

to interact with bacterial ribosome (36, 37). Another study reported the improved efficacy of 

tobramycin with BiEDT in liposomes (53); thus, LipoBiEDT-TOB provides greater advantage in 

reducing 3-oxo-dodecanoylhomoserine lactone and N-butanoylhomoserine lactone production 

levels by enhancing tobramycin penetration into the cell to interact with ribosomes. This 

interaction might result in down-regulation of the QS gene (36).     

LipoBiEDT-TOB also reduced the level of virulence factors including lipase (Fig. 4), 

chitinase (Fig. 5), and protease (Fig. 6) at a concentration four to eight times lower than free 

BiEDT-TOB with respect to the corresponding untreated control levels. It is not yet clear, 

however, how LipoBiEDT-TOB exerts its effect to reduce virulence factors. Tobramycin inhibits 

protein synthesis in P. aeruginosa (36). BiEDT is known to inhibit alginate and 

lipopolysaccharides, as well as causing blebbing of the P. aeruginosa cell wall (47). 

Furthermore, transmission electron microscopy has provided evidence of the fusion of 

LipoBiEDT-TOB and the penetration of tobramycin into the cell wall of P. aeruginosa (63). 
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Collectively, BiEDT in liposome form facilitates the uptake of loaded antibiotic, and it might 

thereby promote down-regulation of QS and virulence factors gene expression or reduce their 

post-transcription synthesis (63).  

Many investigators have reported intratracheal administration of liposome-loaded drugs such 

as deguelin (64), insulin (65), tobramycin (66), siRNA, antisense oligonucleotides, and 

anticancer drugs (67) into the lungs of rodents. The liposomal delivery system and intratracheal 

route satisfy three therapeutically preferred goals in pulmonary infection: (i) sustained release of 

an antibiotic from liposomes, which increases the residence time of the drug; (ii) reduction of 

antibiotic toxicity; (iii) direct aiming of the drug at the site of infection. The data reported here 

manifest that chronic respiratory infection caused by P. aeruginosa can be decreased by in situ 

administration of liposome co-encapsulated BiEDT and tobramycin. Three treatments of 

LipoBiEDT-TOB (300 mg/L/kg for tobramycin and 300 µM/kg for BiEDT) reduced P. 

aeruginosa in the lungs. We used a clinical isolate strain embedded in agar beads to initiate a 

chronic lung infection. Such retention apparently prevents physical elimination of bacteria and 

ensures stimulation of host defense typical of CF. Bacterial counts in the lungs showed 2.7 log10 

units reduction in CFU of the free BiEDT-TOB treated group compared to the control, whereas 

LipoBiEDT-TOB reduced the bacterial counts approximately by 4.3 log10 units compared to the 

control. The increased efficacy of LipoBiEDT-TOB can be explained by the enhanced 

penetration of encapsulated formula through the bacterial outer membrane, likely through the 

mechanism of fusion (60). Previous work by others has shown improved bactericidal activities of 

liposome-encapsulated antibiotics specific to P. aeruginosa (68, 69).  

The microbiological analysis of the liposomal antibiotic in the lungs indicated the presence of 

25 times the MIC of active tobramycin after 24 h of antibiotic therapy. However, no active 
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tobramycin was detected at 24 h when the animals were treated with the free drug. Despite the 

fact that 25 times the MIC was detected in the lungs, the animals’ lungs treated with 

LipoBiEDT-TOB remained infected. A previous study speculated that the persistent infection 

with liposomal antibiotic treatment might be due to the high stability of the liposomes’ lipid 

composition, the protection of bacteria by agar beads, or a portion of the agar beads injected 

being preserved in the bronchial tree (58). Since our formula consists of DSPC and cholesterol 

with a phase transition temperature of 55°C (70), the high stability of the vesicle might not allow 

the release of tobramycin at sufficient concentration to ensure a complete eradication. Also, 

using agar beads to induce chronic infection might contribute to the presence of infection. The 

microbiological assay also showed no active tobramycin in the kidneys of the LipoBiEDT-TOB 

treated group, but we found tobramycin accumulation in the kidneys of the free BiEDT-TOB 

treated group. There was no active tobramycin detected in plasma when the antibiotic was 

administered in liposomes. Our findings agree with previously published reports (58, 71) and 

with the notion that the half-life of tobramycin in sera of human and rodents is around 2 h after 

intravenous and intratracheal administration (58, 72). Likewise, our liposomal formulation 

results are in agreement with data reported by other researchers who investigated the efficacy of 

liposomal antibiotics against P. aeruginosa respiratory infection (73, 74) and this could suggest 

an advantage in reducing the nephrotoxicity associated with tobramycin treatment (73). 

Tobramycin is known to have both antibacterial and anti-inflammatory activity (75, 76). Our 

results indicate the benefit of administrating LipoBiEDT-TOB intratracheally on P. aeruginosa 

infection and showed lowered inflammation by reduced IL-8 levels in lungs and sera. Although 

the exact mechanism of tobramycin as an anti-inflammatory drug is not well known, tobramycin 

have been shown to protect epithelial lung cells against myeloperoxidase by binding to anionic 
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cell surfaces and neutralizing hypochlorous acid that participate in tissue damage (77, 78). 

However, since the local inflammatory response is in agreement with pulmonary infection (79), 

the significant decrease in the P. aeruginosa counts in lungs may be explained by the beneficial 

aspects of LipoBiEDT-TOB. 

In conclusion, LipoBiEDT-TOB modulated the production of QS molecules, virulence factors 

and IL-8 and could highly enhance the treatment of chronic pulmonary infection in CF patients. 
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Chapter 3 

3.1. Conclusion 

Chronic pulmonary infection caused by Gram-negative Pseudomonas aeruginosa is the 

main cause of morbidity and mortality among Caucasians with CF. Pseudomonas aeruginosa 

regulates its gene expression and virulence factors through cell-to-cell communication molecules 

to colonize the lung successfully. Tobramycin, an aminoglycoside antibiotic, is the most 

effective regimen of treatment; however, due to its elevated toxicity profile and the increased 

resistance of Pseudomonas aeruginosa to currently available antibiotics, a carrier system such as 

liposomes is required to improve bactericidal activity and reduce toxicity. 

 Liposomes have also drawn great interest from research scientists as a suitable model for 

the investigation of the structure and function of biological membranes. Several of the 

liposomes’ biological and physicochemical properties including biocompatibility and 

biodegradability contribute to their success in the pharmaceutical industry. Furthermore, 

encapsulated agents in liposomes can be protected from the host’s metabolic enzymes and other 

internal environmental elements. Liposomes can also prolong the drug’s effect by providing a 

sustained release of the bioactive compound in the body. In addition, they can be administered 

through different routes depending on the affected body system. Most importantly, they can 

carry any compound regardless of their chemical affinity as hydrophilic drugs can be 

encapsulated in the aqueous core, whereas lipophilic agents are carried within the lipid bilayers. 

The ability of liposomes to co-encapsulate hydrophobic as well as hydrophilic chemicals 

facilitates development of synergistic therapeutics. Recent studies showed the superiority of 

liposomal encapsulated bismuth-ethanedithiol and tobramycin formulation against Pseudomonas 
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aeruginosa. The main objective of this study was to evaluate the efficacy of LipoBiEDT-TOB in 

vitro and in vivo.  

We demonstrated that LipoBiEDT-TOB, below the bactericidal concentration, reduced 

QS signaling molecules produced by P. aeruginosa compared to the untreated samples and 

exhibited four times higher activity than the free formulation. LipoBiEDT-TOB also 

significantly decreased the level of virulence factors-secreted enzymes including lipase, chitinase 

and protease at an encapsulated tobramycin concentration eight times lower than that of free 

tobramycin in vitro. 

Intratracheal administration of LipoBiEDT-TOB into the infected lungs of rodents 

resulted in the presence of the active agents at 25 times higher the concentration required to 

inhibit the bacteria. In other words, the liposomal BiEDT formulation improved the antimicrobial 

activity of tobramycin and provided a sustained, as well as direct, release of antibiotic at the site 

of infection. Furthermore, the liposomal formulation provided an advantage in reducing the 

nephrotoxicity associated with aminoglycoside treatments. Administration of LipoBiEDT-TOB 

also showed a beneficial reduction of inflammatory response by reducing IL-8.  

This research demonstrates the increase efficacy of bactericidal agents such as bismuth- 

ethanedithiol when they are encapsulated in a liposomal formulation while reducing its adverse 

side effects.  

3.2. Future directions        

We have examined the efficacy of liposomal formulations on cell-to-cell communication 

and secreted virulence factors in vitro; however, their exact mechanism of action on reducing QS 

and virulence factors has not been fully explored yet. Thereby, investigation of the antimicrobial 
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effectiveness on P. aeruginosa gene expressions, which are involved in production signaling 

molecules and virulence factors in vivo, could explain this mechanism. 

A single dose of LipoBiEDT-TOB against chronic pulmonary infection caused by P. 

aeruginosa was investigated and showed an improvement in the pharmacokinetic and efficacy 

against infection. However, it would be important to test in future work the efficacy of a multiple 

dose regimen to determine whether or not this would eliminate bacterial infection completely. 

  



96 
 

3.3. General bibliography 

1. Kulczycki LL, Kostuch M, Bellanti JA. 2003. A clinical perspective of cystic fibrosis 

and new genetic findings: relationship of CFTR mutations to genotype-phenotype 

manifestations. Am J Med Genet A 116A:262-267. 

2. Weiler CA, Drumm ML. 2013. Genetic influences on cystic fibrosis lung disease 

severity. Front Pharmacol 4:40. 

3. Whitty JE. 2010. Cystic fibrosis in pregnancy. Clin Obstet Gynecol 53:369-376. 

4. O'Malley CA. 2009. Infection control in cystic fibrosis: cohorting, cross-contamination, 

and the respiratory therapist. Respir Care 54:641-657. 

5. Castellani C, Cuppens H, Macek M, Jr., Cassiman JJ, Kerem E, Durie P, Tullis E, 

Assael BM, Bombieri C, Brown A, Casals T, Claustres M, Cutting GR, Dequeker E, 

Dodge J, Doull I, Farrell P, Ferec C, Girodon E, Johannesson M, Kerem B, Knowles 

M, Munck A, Pignatti PF, Radojkovic D, Rizzotti P, Schwarz M, Stuhrmann M, 

Tzetis M, Zielenski J, Elborn JS. 2008. Consensus on the use and interpretation of 

cystic fibrosis mutation analysis in clinical practice. J Cyst Fibros 7:179-196. 

6. Boyle M, De Boeck K. 2013. A new era in the treatment of cystic fibrosis: correction of 

the underlying CFTR defect. The Lancet Respiratory Medicine 1:158-163. 

7. Ntimbane T, Comte B, Mailhot G, Berthiaume Y, Poitout V, Prentki M, Rabasa-

Lhoret R, Levy E. 2009. Cystic fibrosis-related diabetes: from CFTR dysfunction to 

oxidative stress. Clin Biochem Rev 30:153-177. 

8. Rowe SM, Miller S, Sorscher EJ. 2005. Cystic fibrosis. N Engl J Med 352:1992-2001. 

9. Gadsby DC, Vergani P, Csanady L. 2006. The ABC protein turned chloride channel 

whose failure causes cystic fibrosis. Nature 440:477-483. 



97 
 

10. Davies JC, Alton EW, Bush A. 2007. Cystic fibrosis. BMJ 335:1255-1259. 

11. Chambers LA, Rollins BM, Tarran R. 2007. Liquid movement across the surface 

epithelium of large airways. Respir Physiol Neurobiol 159:256-270. 

12. Clunes MT, Boucher RC. 2007. Cystic Fibrosis: The Mechanisms of Pathogenesis of an 

Inherited Lung Disorder. Drug Discov Today Dis Mech 4:63-72. 

13. Donaldson SH, Boucher RC. 2003. Update on pathogenesis of cystic fibrosis lung 

disease. Curr Opin Pulm Med 9:486-491. 

14. Boucher RC. 2004. New concepts of the pathogenesis of cystic fibrosis lung disease. Eur 

Respir J 23:146-158. 

15. Coutinho HD, Falcão-Silva VS, Gonçalves GF. 2008. Pulmonary bacterial pathogens in 

cystic fibrosis patients and antibiotic therapy: a tool for the health workers. Int Arch Med 

1:24. 

16. Rao J, Damron FH, Basler M, DiGiandomenico A, Sherman NE, Fox JW, 

Mekalanos JJ, Goldberg JB. 2011. Comparisons of two proteomic analyses of non-

mucoid and mucoid Pseudomonas aeruginosa clinical isolates from a cystic fibrosis 

patient. Front Microbiol 2:162. 

17. Cohen-Cymberknoh M, Kerem E, Ferkol T, Elizur A. 2013. Airway inflammation in 

cystic fibrosis: molecular mechanisms and clinical implications. Thorax May 

23:doi:10.1136/thoraxjnl-2013-203204. 

18. Saiman L. 2011. Infection prevention and control in cystic fibrosis. Curr Opin Infect Dis 

24:390-395. 



98 
 

19. Filiatrault MJ, Wagner VE, Bushnell D, Haidaris CG, Iglewski BH, Passador L. 

2005. Effect of anaerobiosis and nitrate on gene expression in Pseudomonas aeruginosa. 

Infect Immun 73:3764-3772. 

20. Schreiber K, Krieger R, Benkert B, Eschbach M, Arai H, Schobert M, Jahn D. 2007. 

The anaerobic regulatory network required for Pseudomonas aeruginosa nitrate 

respiration. J Bacteriol 189:4310-4314. 

21. Stover CK, Pham XQ, Erwin AL, Mizoguchi SD, Warrener P, Hickey MJ, 

Brinkman FS, Hufnagle WO, Kowalik DJ, Lagrou M, Garber RL, Goltry L, 

Tolentino E, Westbrock-Wadman S, Yuan Y, Brody LL, Coulter SN, Folger KR, 

Kas A, Larbig K, Lim R, Smith K, Spencer D, Wong GK, Wu Z, Paulsen IT, Reizer 

J, Saier MH, Hancock RE, Lory S, Olson MV. 2000. Complete genome sequence of 

Pseudomonas aeruginosa PAO1, an opportunistic pathogen. Nature 406:959-964. 

22. Murray TS, Egan M, Kazmierczak BI. 2007. Pseudomonas aeruginosa chronic 

colonization in cystic fibrosis patients. Curr Opin Pediatr 19:83-88. 

23. Bals R, Hiemstra PS. 2004. Innate immunity in the lung: how epithelial cells fight 

against respiratory pathogens. Eur Respir J 23:327-333. 

24. Tatterson LE, Poschet JF, Firoved A, Skidmore J, Deretic V. 2001. CFTR and 

Pseudomonas infections in cystic fibrosis. Front Biosci 6:D890-897. 

25. Ben Mohamed F, García-Verdugo I, Medina M, Balloy V, Chignard M, Ramphal R, 

Touqui L. 2012. A crucial role of Flagellin in the induction of airway mucus production 

by Pseudomonas aeruginosa. PLoS One 7:e39888. 



99 
 

26. Dasgupta N, Wolfgang MC, Goodman AL, Arora SK, Jyot J, Lory S, Ramphal R. 

2003. A four-tiered transcriptional regulatory circuit controls flagellar biogenesis in 

Pseudomonas aeruginosa. Mol Microbiol 50:809-824. 

27. Erickson DL, Endersby R, Kirkham A, Stuber K, Vollman DD, Rabin HR, Mitchell 

I, Storey DG. 2002. Pseudomonas aeruginosa quorum-sensing systems may control 

virulence factor expression in the lungs of patients with cystic fibrosis. Infect Immun 

70:1783-1790. 

28. Rumbaugh KP, Griswold JA, Hamood AN. 2000. The role of quorum sensing in the in 

vivo virulence of Pseudomonas aeruginosa. Microbes Infect 2:1721-1731. 

29. Gómez MI, Prince A. 2008. Airway epithelial cell signaling in response to bacterial 

pathogens. Pediatr Pulmonol 43:11-19. 

30. Waters CM, Bassler BL. 2005. Quorum sensing: cell-to-cell communication in bacteria. 

Annu Rev Cell Dev Biol 21:319-346. 

31. Duan K, Surette MG. 2007. Environmental regulation of Pseudomonas aeruginosa 

PAO1 Las and Rhl quorum-sensing systems. J Bacteriol 189:4827-4836. 

32. Jimenez PN, Koch G, Thompson JA, Xavier KB, Cool RH, Quax WJ. 2012. The 

multiple signaling systems regulating virulence in Pseudomonas aeruginosa. Microbiol 

Mol Biol Rev 76:46-65. 

33. Rutherford ST, Bassler BL. 2012. Bacterial quorum sensing: its role in virulence and 

possibilities for its control. Cold Spring Harb Perspect Med 2. 

34. Kipnis E, Sawa T, Wiener-Kronish J. 2006. Targeting mechanisms of Pseudomonas 

aeruginosa pathogenesis. Med Mal Infect 36:78-91. 



100 
 

35. Heurlier K, Williams F, Heeb S, Dormond C, Pessi G, Singer D, Cámara M, 

Williams P, Haas D. 2004. Positive control of swarming, rhamnolipid synthesis, and 

lipase production by the posttranscriptional RsmA/RsmZ system in Pseudomonas 

aeruginosa PAO1. J Bacteriol 186:2936-2945. 

36. Caballero AR, Moreau JM, Engel LS, Marquart ME, Hill JM, O'Callaghan RJ. 

2001. Pseudomonas aeruginosa protease IV enzyme assays and comparison to other 

Pseudomonas proteases. Anal Biochem 290:330-337. 

37. Diggle SP, Cornelis P, Williams P, Cámara M. 2006. 4-quinolone signalling in 

Pseudomonas aeruginosa: old molecules, new perspectives. Int J Med Microbiol 296:83-

91. 

38. Wade DS, Calfee MW, Rocha ER, Ling EA, Engstrom E, Coleman JP, Pesci EC. 

2005. Regulation of Pseudomonas quinolone signal synthesis in Pseudomonas 

aeruginosa. J Bacteriol 187:4372-4380. 

39. Diggle SP, Winzer K, Chhabra SR, Worrall KE, Cámara M, Williams P. 2003. The 

Pseudomonas aeruginosa quinolone signal molecule overcomes the cell density-

dependency of the quorum sensing hierarchy, regulates rhl-dependent genes at the onset 

of stationary phase and can be produced in the absence of LasR. Mol Microbiol 50:29-43. 

40. Juhas M, Eberl L, Tümmler B. 2005. Quorum sensing: the power of cooperation in the 

world of Pseudomonas. Environ Microbiol 7:459-471. 

41. Winzer K, Hardie KR, Williams P. 2002. Bacterial cell-to-cell communication: sorry, 

can't talk now - gone to lunch! Curr Opin Microbiol 5:216-222. 

42. Ma L, Conover M, Lu H, Parsek MR, Bayles K, Wozniak DJ. 2009. Assembly and 

development of the Pseudomonas aeruginosa biofilm matrix. PLoS Pathog 5:e1000354. 



101 
 

43. Høiby N. 2002. Understanding bacterial biofilms in patients with cystic fibrosis: current 

and innovative approaches to potential therapies. J Cyst Fibros 1:249-254. 

44. Donlan RM, Costerton JW. 2002. Biofilms: survival mechanisms of clinically relevant 

microorganisms. Clin Microbiol Rev 15:167-193. 

45. Leid JG, Shirtliff ME, Costerton JW, Stoodley P. 2002. Human leukocytes adhere to, 

penetrate, and respond to Staphylococcus aureus biofilms. Infect Immun 70:6339-6345. 

46. de Kievit TR. 2009. Quorum sensing in Pseudomonas aeruginosa biofilms. Environ 

Microbiol 11:279-288. 

47. O'Toole GA, Kolter R. 1998. Flagellar and twitching motility are necessary for 

Pseudomonas aeruginosa biofilm development. Mol Microbiol 30:295-304. 

48. Campodónico VL, Gadjeva M, Paradis-Bleau C, Uluer A, Pier GB. 2008. Airway 

epithelial control of Pseudomonas aeruginosa infection in cystic fibrosis. Trends Mol 

Med 14:120-133. 

49. Davies DG, Geesey GG. 1995. Regulation of the alginate biosynthesis gene algC in 

Pseudomonas aeruginosa during biofilm development in continuous culture. Appl 

Environ Microbiol 61:860-867. 

50. Sauer K, Camper AK, Ehrlich GD, Costerton JW, Davies DG. 2002. Pseudomonas 

aeruginosa displays multiple phenotypes during development as a biofilm. J Bacteriol 

184:1140-1154. 

51. Parsek MR, Tolker-Nielsen T. 2008. Pattern formation in Pseudomonas aeruginosa 

biofilms. Curr Opin Microbiol 11:560-566. 



102 
 

52. O'May CY, Reid DW, Kirov SM. 2006. Anaerobic culture conditions favor biofilm-like 

phenotypes in Pseudomonas aeruginosa isolates from patients with cystic fibrosis. FEMS 

Immunol Med Microbiol 48:373-380. 

53. Høiby N, Ciofu O, Johansen HK, Song ZJ, Moser C, Jensen PØ, Molin S, Givskov 

M, Tolker-Nielsen T, Bjarnsholt T. 2011. The clinical impact of bacterial biofilms. Int J 

Oral Sci 3:55-65. 

54. Høiby N, Bjarnsholt T, Givskov M, Molin S, Ciofu O. 2010. Antibiotic resistance of 

bacterial biofilms. Int J Antimicrob Agents 35:322-332. 

55. Voynow JA, Fischer BM, Zheng S. 2008. Proteases and cystic fibrosis. Int J Biochem 

Cell Biol 40:1238-1245. 

56. Azghani AO. 1996. Pseudomonas aeruginosa and epithelial permeability: role of 

virulence factors elastase and exotoxin A. Am J Respir Cell Mol Biol 15:132-140. 

57. Azghani AO, Miller EJ, Peterson BT. 2000. Virulence factors from Pseudomonas 

aeruginosa increase lung epithelial permeability. Lung 178:261-269. 

58. White ES, Lazar MH, Thannickal VJ. 2003. Pathogenetic mechanisms in usual 

interstitial pneumonia/idiopathic pulmonary fibrosis. J Pathol 201:343-354. 

59. Azghani AO, Baker JW, Shetty S, Miller EJ, Bhat GJ. 2002. Pseudomonas 

aeruginosa elastase stimulates ERK signaling pathway and enhances IL-8 production by 

alveolar epithelial cells in culture. Inflamm Res 51:506-510. 

60. Mariencheck WI, Alcorn JF, Palmer SM, Wright JR. 2003. Pseudomonas aeruginosa 

elastase degrades surfactant proteins A and D. Am J Respir Cell Mol Biol 28:528-537. 



103 
 

61. Kuang Z, Hao Y, Walling BE, Jeffries JL, Ohman DE, Lau GW. 2011. Pseudomonas 

aeruginosa elastase provides an escape from phagocytosis by degrading the pulmonary 

surfactant protein-A. PLoS One 6:e27091. 

62. Alcorn JF, Wright JR. 2004. Degradation of pulmonary surfactant protein D by 

Pseudomonas aeruginosa elastase abrogates innate immune function. J Biol Chem 

279:30871-30879. 

63. Kessler E, Safrin M, Abrams WR, Rosenbloom J, Ohman DE. 1997. Inhibitors and 

specificity of Pseudomonas aeruginosa LasA. J Biol Chem 272:9884-9889. 

64. Marquart ME, Caballero AR, Chomnawang M, Thibodeaux BA, Twining SS, 

O'Callaghan RJ. 2005. Identification of a novel secreted protease from Pseudomonas 

aeruginosa that causes corneal erosions. Invest Ophthalmol Vis Sci 46:3761-3768. 

65. Cowell BA, Twining SS, Hobden JA, Kwong MS, Fleiszig SM. 2003. Mutation of lasA 

and lasB reduces Pseudomonas aeruginosa invasion of epithelial cells. Microbiology 

149:2291-2299. 

66. Müllberg J, Schooltink H, Stoyan T, Günther M, Graeve L, Buse G, Mackiewicz A, 

Heinrich PC, Rose-John S. 1993. The soluble interleukin-6 receptor is generated by 

shedding. Eur J Immunol 23:473-480. 

67. Gearing AJ, Newman W. 1993. Circulating adhesion molecules in disease. Immunol 

Today 14:506-512. 

68. Park PW, Pier GB, Preston MJ, Goldberger O, Fitzgerald ML, Bernfield M. 2000. 

Syndecan-1 shedding is enhanced by LasA, a secreted virulence factor of Pseudomonas 

aeruginosa. J Biol Chem 275:3057-3064. 



104 
 

69. Kessler E, Safrin M, Blumberg S, Ohman DE. 2004. A continuous spectrophotometric 

assay for Pseudomonas aeruginosa LasA protease (staphylolysin) using a two-stage 

enzymatic reaction. Anal Biochem 328:225-232. 

70. Thompson SE, Smith M, Wilkinson MC, Peek K. 2001. Identification and 

characterization of a chitinase antigen from Pseudomonas aeruginosa strain 385. Appl 

Environ Microbiol 67:4001-4008. 

71. Folders J, Tommassen J, van Loon LC, Bitter W. 2000. Identification of a chitin-

binding protein secreted by Pseudomonas aeruginosa. J Bacteriol 182:1257-1263. 

72. DURU S, YÜCEEGE M, ARDIÇ S. 2013. Chitinases and lung diseases. Tuberk Toraks 

61:71-75. 

73. Saiman L, Chen Y, Gabriel PS, Knirsch C. 2002. Synergistic activities of macrolide 

antibiotics against Pseudomonas aeruginosa, Burkholderia cepacia, Stenotrophomonas 

maltophilia, and Alcaligenes xylosoxidans isolated from patients with cystic fibrosis. 

Antimicrob Agents Chemother 46:1105-1107. 

74. Zobell JT, Young DC, Waters CD, Ampofo K, Cash J, Marshall BC, Olson J, 

Chatfield BA. 2011. A survey of the utilization of anti-pseudomonal beta-lactam therapy 

in cystic fibrosis patients. Pediatr Pulmonol 46:987-990. 

75. Geller DE, Pitlick WH, Nardella PA, Tracewell WG, Ramsey BW. 2002. 

Pharmacokinetics and bioavailability of aerosolized tobramycin in cystic fibrosis. Chest 

122:219-226. 

76. Döring G, Conway SP, Heijerman HG, Hodson ME, Høiby N, Smyth A, Touw DJ. 

2000. Antibiotic therapy against Pseudomonas aeruginosa in cystic fibrosis: a European 

consensus. Eur Respir J 16:749-767. 



105 
 

77. Smyth A, Tan KH, Hyman-Taylor P, Mulheran M, Lewis S, Stableforth D, Prof 

Knox A. 2005. Once versus three-times daily regimens of tobramycin treatment for 

pulmonary exacerbations of cystic fibrosis--the TOPIC study: a randomised controlled 

trial. Lancet 365:573-578. 

78. Shahid M. 2007. Aminoglycosidic Aminocyclitol Antibiotics-A Wonder, But Toxic 

Drugs:Developments and Clinical Implications. Anti-Infective Agents in Medicinal 

Chemistry 6:107-117. 

79. Banerjee SK, Jagannath C, Hunter RL, Dasgupta A. 2000. Bioavailability of 

tobramycin after oral delivery in FVB mice using CRL-1605 copolymer, an inhibitor of 

P-glycoprotein. Life Sci 67:2011-2016. 

80. Shakil S, Khan R, Zarrilli R, Khan AU. 2008. Aminoglycosides versus bacteria--a 

description of the action, resistance mechanism, and nosocomial battleground. J Biomed 

Sci 15:5-14. 

81. Elphick HE, Tan A. 2005. Single versus combination intravenous antibiotic therapy for 

people with cystic fibrosis. Cochrane Database Syst Rev 18:CD002007. 

82. Ryan G, Mukhopadhyay S, Singh M. 2003. Nebulised anti-pseudomonal antibiotics for 

cystic fibrosis. Cochrane Database Syst Rev:CD001021. 

83. Geller DE, Weers J, Heuerding S. 2011. Development of an inhaled dry-powder 

formulation of tobramycin using PulmoSphere technology. J Aerosol Med Pulm Drug 

Deliv 24:175-182. 

84. Dozzo P, Moser HE. 2010. New aminoglycoside antibiotics. Expert Opin Ther Pat 

20:1321-1341. 



106 
 

85. Kohanski MA, Dwyer DJ, Collins JJ. 2010. How antibiotics kill bacteria: from targets 

to networks. Nat Rev Microbiol 8:423-435. 

86. Watson AR. 2007. Aminoglycosides, toxicity and cystic fibrosis. J R Soc Med 100 

Suppl. 47:24-28. 

87. Martins LM, Camargos PA, Becker HM, Becker CG, Guimarães RE. 2010. Hearing 

loss in cystic fibrosis. Int J Pediatr Otorhinolaryngol 74:469-473. 

88. Pasquale TR, Tan JS. 2005. Nonantimicrobial effects of antibacterial agents. Clin Infect 

Dis 40:127-135. 

89. Mingeot-Leclercq MP, Tulkens PM. 1999. Aminoglycosides: nephrotoxicity. 

Antimicrob Agents Chemother 43:1003-1012. 

90. Fanos V, Dall'Agnola A. 1999. Antibiotics in neonatal infections: a review. Drugs 

58:405-427. 

91. Lister PD, Wolter DJ, Hanson ND. 2009. Antibacterial-resistant Pseudomonas 

aeruginosa: clinical impact and complex regulation of chromosomally encoded resistance 

mechanisms. Clin Microbiol Rev 22:582-610. 

92. Ramirez MS, Tolmasky ME. 2010. Aminoglycoside modifying enzymes. Drug Resist 

Updat 13:151-171. 

93. Toth M, Frase H, Antunes NT, Vakulenko SB. 2013. Novel aminoglycoside 2''-

phosphotransferase identified in a gram-negative pathogen. Antimicrob Agents 

Chemother 57:452-457. 

94. Shaw KJ, Rather PN, Hare RS, Miller GH. 1993. Molecular genetics of 

aminoglycoside resistance genes and familial relationships of the aminoglycoside-

modifying enzymes. Microbiol Rev 57:138-163. 



107 
 

95. Berthold P, Schmitt R, Mages W. 2002. An engineered Streptomyces hygroscopicus 

aph 7" gene mediates dominant resistance against hygromycin B in Chlamydomonas 

reinhardtii. Protist 153:401-412. 

96. Vetting MW, LP SdC, Yu M, Hegde SS, Magnet S, Roderick SL, Blanchard JS. 

2005. Structure and functions of the GNAT superfamily of acetyltransferases. Arch 

Biochem Biophys 433:212-226. 

97. Cerdá P, Goñi P, Millán L, Rubio C, Gómez-Lus R. 2007. Detection of the 

aminoglycoside streptothricin resistance gene cluster ant(6)-sat4-aph(3 ')-III in 

commensal viridans group streptococci. Int Microbiol 10:57-60. 

98. Chen L, Mediavilla JR, Smyth DS, Chavda KD, Ionescu R, Roberts RB, Robinson 

DA, Kreiswirth BN. 2010. Identification of a novel transposon (Tn6072) and a truncated 

staphylococcal cassette chromosome mec element in methicillin-resistant Staphylococcus 

aureus ST239. Antimicrob Agents Chemother 54:3347-3354. 

99. Bozdogan B, Galopin S, Gerbaud G, Courvalin P, Leclercq R. 2003. Chromosomal 

aadD2 encodes an aminoglycoside nucleotidyltransferase in Bacillus clausii. Antimicrob 

Agents Chemother 47:1343-1346. 

100. Ramírez MS, Quiroga C, Centrón D. 2005. Novel rearrangement of a class 2 integron 

in two non-epidemiologically related isolates of Acinetobacter baumannii. Antimicrob 

Agents Chemother 49:5179-5181. 

101. Moskowitz SM, Ernst RK, Miller SI. 2004. PmrAB, a two-component regulatory 

system of Pseudomonas aeruginosa that modulates resistance to cationic antimicrobial 

peptides and addition of aminoarabinose to lipid A. J Bacteriol 186:575-579. 



108 
 

102. Hancock RE, Chapple DS. 1999. Peptide antibiotics. Antimicrob Agents Chemother 

43:1317-1323. 

103. McPhee JB, Lewenza S, Hancock RE. 2003. Cationic antimicrobial peptides activate a 

two-component regulatory system, PmrA-PmrB, that regulates resistance to polymyxin B 

and cationic antimicrobial peptides in Pseudomonas aeruginosa. Mol Microbiol 50:205-

217. 

104. Ernst RK, Moskowitz SM, Emerson JC, Kraig GM, Adams KN, Harvey MD, 

Ramsey B, Speert DP, Burns JL, Miller SI. 2007. Unique lipid a modifications in 

Pseudomonas aeruginosa isolated from the airways of patients with cystic fibrosis. J 

Infect Dis 196:1088-1092. 

105. Raetz CR, Reynolds CM, Trent MS, Bishop RE. 2007. Lipid A modification systems 

in gram-negative bacteria. Annu Rev Biochem 76:295-329. 

106. Mao W, Warren MS, Black DS, Satou T, Murata T, Nishino T, Gotoh N, 

Lomovskaya O. 2002. On the mechanism of substrate specificity by resistance 

nodulation division (RND)-type multidrug resistance pumps: the large periplasmic loops 

of MexD from Pseudomonas aeruginosa are involved in substrate recognition. Mol 

Microbiol 46:889-901. 

107. Poole K. 2004. Efflux-mediated multiresistance in Gram-negative bacteria. Clin 

Microbiol Infect 10:12-26. 

108. Hocquet D, Vogne C, El Garch F, Vejux A, Gotoh N, Lee A, Lomovskaya O, Plésiat 

P. 2003. MexXY-OprM efflux pump is necessary for a adaptive resistance of 

Pseudomonas aeruginosa to aminoglycosides. Antimicrob Agents Chemother 47:1371-

1375. 



109 
 

109. Veloira WG, Domenico P, LiPuma JJ, Davis JM, Gurzenda E, Kazzaz JA. 2003. In 

vitro activity and synergy of bismuth thiols and tobramycin against Burkholderia cepacia 

complex. J Antimicrob Chemother 52:915-919. 

110. Chowdhury HR, Yunus M, Zaman K, Rahman A, Faruque SM, Lescano AG, Sack 

RB. 2001. The efficacy of bismuth subsalicylate in the treatment of acute diarrhoea and 

the prevention of persistent diarrhoea. Acta Paediatr 90:605-610. 

111. Mégraud F. 2012. The challenge of Helicobacter pylori resistance to antibiotics: the 

comeback of bismuth-based quadruple therapy. Therap Adv Gastroenterol 5:103-109. 

112. Lambert JR, Midolo P. 1997. The actions of bismuth in the treatment of Helicobacter 

pylori infection. Aliment Pharmacol Ther 11 Suppl 1:27-33. 

113. Domenico P, Schwartz S, Cunha BA. 1989. Reduction of capsular polysaccharide 

production in Klebsiella pneumoniae by sodium salicylate. Infect Immun 57:3778-3782. 

114. Mahony DE, Lim-Morrison S, Bryden L, Faulkner G, Hoffman PS, Agocs L, Briand 

GG, Burford N, Maguire H. 1999. Antimicrobial activities of synthetic bismuth 

compounds against Clostridium difficile. Antimicrob Agents Chemother 43:582-588. 

115. Domenico P, O'Leary R, Cunha BA. 1992. Differential effects of bismuth and 

salicylate salts on the antibiotic susceptibility of Pseudomonas aeruginosa. Eur J Clin 

Microbiol Infect Dis 11:170-175. 

116. Huang CT, Stewart PS. 1999. Reduction of polysaccharide production in Pseudomonas 

aeruginosa biofilms by bismuth dimercaprol (BisBAL) treatment. J Antimicrob 

Chemother 44:601-605. 



110 
 

117. Wu CL, Domenico P, Hassett DJ, Beveridge TJ, Hauser AR, Kazzaz JA. 2002. 

Subinhibitory bismuth-thiols reduce virulence of Pseudomonas aeruginosa. Am J Respir 

Cell Mol Biol 26:731-738. 

118. Jaspart S, Piel G, Delattre L, Evrard B. 2005. Solid lipid microparticles: formulation, 

preparation, characterisation, drug release and applications. Expert Opin Drug Deliv 

2:75-87. 

119. Anderson M, Paradis C, Omri A. 2003. Disposition of 3H-cholesteryl ether labeled 

liposomes following intravenous administration to mice: comparison with an 

encapsulated 14C-inulin as aqueous phase marker. Drug Deliv 10:193-200. 

120. Alhariri M, Omri A. 2013. Efficacy of Liposomal Bismuth-Ethanedithiol-Loaded 

Tobramycin after Intratracheal Administration in Rats with Pulmonary Pseudomonas 

aeruginosa Infection. Antimicrob Agents Chemother 57:569-578. 

121. Roby A, Erdogan S, Torchilin VP. 2007. Enhanced in vivo antitumor efficacy of poorly 

soluble PDT agent, meso-tetraphenylporphine, in PEG-PE-based tumor-targeted 

immunomicelles. Cancer Biol Ther 6:1136-1142. 

122. Rahimpour Y, Hamishehkar H. 2012. Liposomes in cosmeceutics. Expert Opin Drug 

Deliv 9:443-455. 

123. Halwani M, Blomme S, Suntres ZE, Alipour M, Azghani AO, Kumar A, Omri A. 

2008. Liposomal bismuth-ethanedithiol formulation enhances antimicrobial activity of 

tobramycin. Int J Pharm 358:278-284. 

124. Høiby N, Krogh Johansen H, Moser C, Song Z, Ciofu O, Kharazmi A. 2001. 

Pseudomonas aeruginosa and the in vitro and in vivo biofilm mode of growth. Microbes 

Infect 3:23-35. 



111 
 

125. Omri A, Ravaoarinoro M, Poisson M. 1995. Incorporation, release and in vitro 

antibacterial activity of liposomal aminoglycosides against Pseudomonas aeruginosa. J 

Antimicrob Chemother 36:631-639. 

126. Muppidi K, Pumerantz AS, Wang J, Betageri G. 2012. Development and stability 

studies of novel liposomal vancomycin formulations. ISRN Pharm 2012:636743; doi: 

636710.635402/632012/636743. 

127. Mugabe C, Halwani M, Azghani AO, Lafrenie RM, Omri A. 2006. Mechanism of 

enhanced activity of liposome-entrapped aminoglycosides against resistant strains of 

Pseudomonas aeruginosa. Antimicrob Agents Chemother 50:2016-2022. 

128. Halwani M, Hebert S, Suntres ZE, Lafrenie RM, Azghani AO, Omri A. 2009. 

Bismuth-thiol incorporation enhances biological activities of liposomal tobramycin 

against bacterial biofilm and quorum sensing molecules production by Pseudomonas 

aeruginosa. Int J Pharm 373:141-146. 

129. Alipour M, Suntres ZE, Halwani M, Azghani AO, Omri A. 2009. Activity and 

interactions of liposomal antibiotics in presence of polyanions and sputum of patients 

with cystic fibrosis. PLoS One 4:e5724. 

130. Drummond DC, Noble CO, Hayes ME, Park JW, Kirpotin DB. 2008. 

Pharmacokinetics and in vivo drug release rates in liposomal nanocarrier development. J 

Pharm Sci 97:4696-4740. 

131. Kirpotin DB, Drummond DC, Shao Y, Shalaby MR, Hong K, Nielsen UB, Marks 

JD, Benz CC, Park JW. 2006. Antibody targeting of long-circulating lipidic 

nanoparticles does not increase tumor localization but does increase internalization in 

animal models. Cancer Res 66:6732-6740. 



112 
 

132. Marier JF, Brazier JL, Lavigne J, Ducharme MP. 2003. Liposomal tobramycin 

against pulmonary infections of Pseudomonas aeruginosa: a pharmacokinetic and 

efficacy study following single and multiple intratracheal administrations in rats. J 

Antimicrob Chemother 52:247-252. 

133. Vemuri S, Rhodes CT. 1995. Preparation and characterization of liposomes as 

therapeutic delivery systems: a review. Pharm Acta Helv 70:95-111. 

134. Halwani M, Mugabe C, Azghani AO, Lafrenie RM, Kumar A, Omri A. 2007. 

Bactericidal efficacy of liposomal aminoglycosides against Burkholderia cenocepacia. J 

Antimicrob Chemother 60:760-769. 

135. Gubernator J, Druis-Kawa Z, Dorotkiewicz-Jach A, Doroszkiewicz W, Kozubek A. 

2007. In vitro antimicrobial activity of liposomes containing ciprofloxacin, meropenem 

and gentamicin against gram-negative clinical bacterial strains. Letters in Drug Design & 

Discovery 4:297-304. 

136. Samad A, Sultana Y, Aqil M. 2007. Liposomal drug delivery systems: an update 

review. Curr Drug Deliv 4:297-305. 

137. Szoka F, Jr., Papahadjopoulos D. 1978. Procedure for preparation of liposomes with 

large internal aqueous space and high capture by reverse-phase evaporation. Proc Natl 

Acad Sci U S A 75:4194-4198. 

138. Hosny KM. 2010. Ciprofloxacin as ocular liposomal hydrogel. AAPS PharmSciTech 

11:241-246. 

139. Nicolosi D, Scalia M, Nicolosi VM, Pignatello R. 2010. Encapsulation in fusogenic 

liposomes broadens the spectrum of action of vancomycin against Gram-negative 

bacteria. Int J Antimicrob Agents 35:553-558. 



113 
 

140. Rongen HA, Bult A, van Bennekom WP. 1997. Liposomes and immunoassays. J 

Immunol Methods 204:105-133. 

141. Chorachoo J, Amnuaikit T, Voravuthikunchai SP. 2013. Liposomal encapsulated 

rhodomyrtone: a novel antiacne drug. Evid Based Complement Alternat Med 

2013:157635. 

142. Singodia D, Verma A, Khare P, Dube A, Mitra K, Mishra PR. 2012. Investigations 

on feasibility of in situ development of amphotericin B liposomes for industrial 

applications. J Liposome Res 22:8-17. 

143. Walde P, Cosentino K, Engel H, Stano P. 2010. Giant vesicles: preparations and 

applications. Chembiochem 11:848-865. 

144. Meure LA, Foster NR, Dehghani F. 2008. Conventional and dense gas techniques for 

the production of liposomes: a review. AAPS PharmSciTech 9:798-809. 

145. Daemen T, Hofstede G, ten Kate MT, Bakker-Woudenberg IA, Scherphof GL. 1995. 

Liposomal doxorubicin-induced toxicity: depletion and impairment of phagocytic activity 

of liver macrophages. Int J Cancer 61:716-721. 

146. Silva R, Ferreira H, Little C, Cavaco-Paulo A. 2010. Effect of ultrasound parameters 

for unilamellar liposome preparation. Ultrason Sonochem 17:628-632. 

147. Jesorka A, Orwar O. 2008. Liposomes: technologies and analytical applications. Annu 

Rev Anal Chem 1:801-832. 

148. Richardson ES, Pitt WG, Woodbury DJ. 2007. The role of cavitation in liposome 

formation. Biophys J 93:4100-4107. 

149. Huang X, Caddell R, Yu B, Xu S, Theobald B, Lee LJ, Lee RJ. 2010. Ultrasound-

enhanced microfluidic synthesis of liposomes. Anticancer Res 30:463-466. 



114 
 

150. Mugabe C, Azghani AO, Omri A. 2006. Preparation and characterization of 

dehydration-rehydration vesicles loaded with aminoglycoside and macrolide antibiotics. 

Int J Pharm 307:244-250. 

151. Wagner A, Vorauer-Uhl K. 2011. Liposome technology for industrial purposes. J Drug 

Deliv 2011:591325; doi:591310.591155/592011/591325. 

152. Alipour M, Halwani M, Omri A, Suntres ZE. 2008. Antimicrobial effectiveness of 

liposomal polymyxin B against resistant Gram-negative bacterial strains. Int J Pharm 

355:293-298. 

153. Vuillemard JC. 1991. Recent advances in the large-scale production of lipid vesicles for 

use in food products: microfluidization. J Microencapsul 8:547-562. 

154. Mozafari MR. 2010. Nanoliposomes: preparation and analysis. Methods Mol Biol 

605:29-50. 

155. Riza M. 1996. Liposomes preparation methods. Pakistan Journal of Pharmaceutical 

Sciences 19:56-77. 

156. Boltić Z, Petkovska M, Obradović B, Nedović V, Bugarski B. 2003. In vitro 

evaluation of the controlled release of antibiotics from liposomes. Hemijska industrija 

57:589-595. 

157. Kapoor M, Burgess DJ, Patil SD. 2012. Physicochemical characterization techniques 

for lipid based delivery systems for siRNA. Int J Pharm 427:35-57. 

158. Coldren B, van Zanten R, Mackel MJ, Zasadzinski JA, Jung HT. 2003. From vesicle 

size distributions to bilayer elasticity via cryo-transmission and freeze-fracture electron 

microscopy. Langmuir 19:5632-5639. 



115 
 

159. Fröhlich M, Brecht V, Peschka-Süss R. 2001. Parameters influencing the determination 

of liposome lamellarity by 31P-NMR. Chem Phys Lipids 109:103-112. 

160. Edwards KA, Baeumner AJ. 2006. Analysis of liposomes. Talanta 68:1432-1441. 

161. Ruozi B, Belletti D, Tombesi A, Tosi G, Bondioli L, Forni F, Vandelli MA. 2011. 

AFM, ESEM, TEM, and CLSM in liposomal characterization: a comparative study. Int J 

Nanomedicine 6:557-563. 

162. Chougule M, Padhi B, Misra A. 2007. Nano-liposomal dry powder inhaler of 

tacrolimus: preparation, characterization, and pulmonary pharmacokinetics. Int J 

Nanomedicine 2:675-688. 

163. Geusens B, Lambert J, De Smedt SC, Buyens K, Sanders NN, Van Gele M. 2009. 

Ultradeformable cationic liposomes for delivery of small interfering RNA (siRNA) into 

human primary melanocytes. J Control Release 133:214-220. 

164. Watabe N, Ishida Y, Ochiai A, Tokuoka Y, Kawashima N. 2007. Oxidation 

decomposition of unsaturated fatty acids by singlet oxygen in phospholipid bilayer 

membranes. J Oleo Sci 56:73-80. 

165. Ingvarsson PT, Yang M, Nielsen HM, Rantanen J, Foged C. 2011. Stabilization of 

liposomes during drying. Expert Opin Drug Deliv 8:375-388. 

166. Koynova R, Tihova M. 2010. Nanosized self-emulsifying lipid vesicles of 

diacylglycerol-PEG lipid conjugates: biophysical characterization and inclusion of 

lipophilic dietary supplements. Biochim Biophys Acta 1798:646-653. 

167. Pagano RE, Huang L. 1975. Interaction of phospholipid vesicles with cultured 

mammalian cells. II. Studies of mechanism. J Cell Biol 67:49-60. 

168. Lasic DD. 1998. Novel applications of liposomes. Trends Biotechnol 16:307-321. 



116 
 

169. Hillaireau H, Couvreur P. 2009. Nanocarriers' entry into the cell: relevance to drug 

delivery. Cell Mol Life Sci 66:2873-2896. 

170. Elgart A, Cherniakov I, Aldouby Y, Domb AJ, Hoffman A. 2012. Lipospheres and 

pro-nano lipospheres for delivery of poorly water soluble compounds. Chem Phys Lipids 

165:438-453. 

171. Gershkovich P, Wasan EK, Lin M, Sivak O, Leon CG, Clement JG, Wasan KM. 

2009. Pharmacokinetics and biodistribution of amphotericin B in rats following oral 

administration in a novel lipid-based formulation. J Antimicrob Chemother 64:101-108. 

172. Santos-Magalhães NS, Mosqueira VC. 2010. Nanotechnology applied to the treatment 

of malaria. Adv Drug Deliv Rev 62:560-575. 

173. Bakker-Woudenberg IA, Lokerse AF, ten Kate MT, Storm G. 1992. Enhanced 

localization of liposomes with prolonged blood circulation time in infected lung tissue. 

Biochim Biophys Acta 1138:318-326. 

174. Bakker-Woudenberg IA. 2002. Long-circulating sterically stabilized liposomes as 

carriers of agents for treatment of infection or for imaging infectious foci. Int J 

Antimicrob Agents 19:299-311. 

175. Bakker-Woudenberg IA, ten Kate MT, Guo L, Working P, Mouton JW. 2002. 

Ciprofloxacin in polyethylene glycol-coated liposomes: efficacy in rat models of acute or 

chronic Pseudomonas aeruginosa infection. Antimicrob Agents Chemother 46:2575-

2581. 

176. Swenson CE, Stewart KA, Hammett JL, Fitzsimmons WE, Ginsberg RS. 1990. 

Pharmacokinetics and in vivo activity of liposome-encapsulated gentamicin. Antimicrob 

Agents Chemother 34:235-240. 



117 
 

177. Justo OR, Moraes ÂM. 2003. Incorporation of antibiotics in liposomes designed for 

tuberculosis therapy by inhalation. Drug Deliv 10:201-207. 

178. Le Brun PP, de Boer AH, Gjaltema D, Hagedoorn P, Heijerman HG, Frijlink HW. 

1999. Inhalation of tobramycin in cystic fibrosis. Part 1: the choice of a nebulizer. Int J 

Pharm 189:205-214. 

179. Traini D, Young PM. 2009. Delivery of antibiotics to the respiratory tract: an update. 

Expert Opin Drug Deliv 6:897-905. 

180. Gonda I. 1996. Inhalation therapy with recombinant human deoxyribonuclease I. 

Advanced Drug Delivery Reviews 19:37–46. 

181. Westerman EM, Heijerman HG, Frijlink HW. 2007. Dry powder inhalation versus 

wet nebulisation delivery of antibiotics in cystic fibrosis patients. Expert Opin Drug 

Deliv 4:91-94. 

182. Weers J, Metzheiser B, Taylor G, Warren S, Meers P, Perkins WR. 2009. A gamma 

scintigraphy study to investigate lung deposition and clearance of inhaled amikacin-

loaded liposomes in healthy male volunteers. J Aerosol Med Pulm Drug Deliv 22:131-

138. 

183. Joshi M, Misra AN. 2001. Pulmonary disposition of budesonide from liposomal dry 

powder inhaler. Methods Find Exp Clin Pharmacol 23:531-536. 

184. Bertrand N, Leroux JC. 2012. The journey of a drug-carrier in the body: an anatomo-

physiological perspective. J Control Release 161:152-163. 

185. Romberg B, Oussoren C, Snel CJ, Hennink WE, Storm G. 2007. Effect of liposome 

characteristics and dose on the pharmacokinetics of liposomes coated with poly(amino 

acid)s. Pharm Res 24:2394-2401. 



118 
 

186. Awasthi VD, Garcia D, Klipper R, Goins BA, Phillips WT. 2004. Neutral and anionic 

liposome-encapsulated hemoglobin: effect of postinserted poly(ethylene glycol)-

distearoylphosphatidylethanolamine on distribution and circulation kinetics. J Pharmacol 

Exp Ther 309:241-248. 

187. Devine DV, Wong K, Serrano K, Chonn A, Cullis PR. 1994. Liposome-complement 

interactions in rat serum: implications for liposome survival studies. Biochim Biophys 

Acta 1191:43-51. 

188. Hunt CA. 1982. Liposomes disposition in vivo. V. Liposome stability in plasma and 

implications for drug carrier function. Biochim Biophys Acta 719:450-463. 

189. Semple SC, Chonn A, Cullis PR. 1998. Interactions of liposomes and lipid-based carrier 

systems with blood proteins: Relation to clearance behaviour in vivo. Adv Drug Deliv 

Rev 32:3-17. 

190. Kelly C, Jefferies C, Cryan SA. 2011. Targeted liposomal drug delivery to monocytes 

and macrophages. J Drug Deliv 2011:727241; doi:727210.721155/722011/727241. 

191. McDonald DM, Baluk P. 2002. Significance of blood vessel leakiness in cancer. Cancer 

Res 62:5381-5385. 

192. Schiffelers RM, Bakker-Woudenberg IA, Storm G. 2000. Localization of sterically 

stabilized liposomes in experimental rat Klebsiella pneumoniae pneumonia: dependence 

on circulation kinetics and presence of poly(ethylene)glycol coating. Biochim Biophys 

Acta 1468:253-261. 

193. Lehr CM. 2000. Lectin-mediated drug delivery: the second generation of bioadhesives. J 

Control Release 65:19-29. 



119 
 

194. Bies C, Lehr CM, Woodley JF. 2004. Lectin-mediated drug targeting: history and 

applications. Adv Drug Deliv Rev 56:425-435. 

195. Sudheesh MS, Jain V, Shilakari G, Kohli DV. 2009. Development and characterization 

of lectin-functionalized vesicular constructs bearing amphotericin B for biofilm targeting. 

J Drug Target 17:148-158. 

196. Keler T, Ramakrishna V, Fanger MW. 2004. Mannose receptor-targeted vaccines. 

Expert Opin Biol Ther 4:1953-1962. 

197. Gupta G, Surolia A. 2007. Collectins: sentinels of innate immunity. Bioessays 29:452-

464. 

198. Chono S, Tanino T, Seki T, Morimoto K. 2008. Efficient drug targeting to rat alveolar 

macrophages by pulmonary administration of ciprofloxacin incorporated into 

mannosylated liposomes for treatment of respiratory intracellular parasitic infections. J 

Control Release 127:50-58. 

199. Boross P, Leusen JH. 2012. Boosting antibody therapy with complement. Blood 

119:5945-5947. 

200. Maruyama K, Takahashi N, Tagawa T, Nagaike K, Iwatsuru M. 1997. 

Immunoliposomes bearing polyethyleneglycol-coupled Fab' fragment show prolonged 

circulation time and high extravasation into targeted solid tumors in vivo. FEBS Lett 

413:177-180. 

201. Pan X, Lee RJ. 2004. Tumour-selective drug delivery via folate receptor-targeted 

liposomes. Expert Opin Drug Deliv 1:7-17. 



120 
 

202. Riviere K, Huang Z, Jerger K, Macaraeg N, Szoka FC, Jr. 2011. Antitumor effect of 

folate-targeted liposomal doxorubicin in KB tumor-bearing mice after intravenous 

administration. J Drug Target 19:14-24. 

203. Daniels TR, Delgado T, Helguera G, Penichet ML. 2006. The transferrin receptor part 

II: targeted delivery of therapeutic agents into cancer cells. Clin Immunol 121:159-176. 

204. Suzuki R, Takizawa T, Kuwata Y, Mutoh M, Ishiguro N, Utoguchi N, Shinohara A, 

Eriguchi M, Yanagie H, Maruyama K. 2008. Effective anti-tumor activity of 

oxaliplatin encapsulated in transferrin-PEG-liposome. Int J Pharm 346:143-150. 

205. Khazanov E, Simberg D, Barenholz Y. 2006. Lipoplexes prepared from cationic 

liposomes and mammalian DNA induce CpG-independent, direct cytotoxic effects in cell 

cultures and in mice. J Gene Med 8:998-1007. 

206. Alhajlan M, Alhariri M, Omri A. 2013. Efficacy and safety of liposomal 

clarithromycin and its effect on Pseudomonas aeruginosa virulence factors. Antimicrob 

Agents Chemother 57:2694-2704. 

207. Smistad G, Jacobsen J, Sande SA. 2007. Multivariate toxicity screening of liposomal 

formulations on a human buccal cell line. Int J Pharm 330:14-22. 

208. Xu Y, Szoka FC, Jr. 1996. Mechanism of DNA release from cationic liposome/DNA 

complexes used in cell transfection. Biochemistry 35:5616-5623. 

209. Dokka S, Toledo D, Shi X, Castranova V, Rojanasakul Y. 2000. Oxygen radical-

mediated pulmonary toxicity induced by some cationic liposomes. Pharm Res 17:521-

525. 



121 
 

210. Christensen D, Agger EM, Andreasen LV, Kirby D, Andersen P, Perrie Y. 2009. 

Liposome-based cationic adjuvant formulations (CAF): past, present, and future. J 

Liposome Res 19:2-11. 

211. Ross AC, Bell G, Halling PJ. 2000. Organic solvent functional group effect on enzyme 

inactivation by the interfacial mechanism. Journal of Molecular Catalysis B: Enzymatic 

8:183–192. 

212. Mozafari MR. 2005. Liposomes: an overview of manufacturing techniques. Cell Mol 

Biol Lett 10:711-719. 

213. Jamur MC, Oliver C. 2010. Permeabilization of cell membranes. Methods Mol Biol 

588:63-66. 

214. Omri A, Suntres ZE, Shek PN. 2002. Enhanced activity of liposomal polymyxin B 

against Pseudomonas aeruginosa in a rat model of lung infection. Biochem Pharmacol 

64:1407-1413. 

215. Ali A, Kolappa Pillai K, Jalees Ahmad F, Dua Y, Iqbal Khan Z, Divya Vohora D. 

2007. Comparative efficacy of liposome-entrapped amiloride and free amiloride in 

animal models of seizures and serum potassium in mice. Eur Neuropsychopharmacol 

17:227-229. 

216. Sande L, Sanchez M, Montes J, Wolf AJ, Morgan MA, Omri A, Liu GY. 2012. 

Liposomal encapsulation of vancomycin improves killing of methicillin-resistant 

Staphylococcus aureus in a murine infection model. J Antimicrob Chemother 67:2191-

2194. 



122 
 

217. Kadry AA, Al-Suwayeh SA, Abd-Allah AR, Bayomi MA. 2004. Treatment of 

experimental osteomyelitis by liposomal antibiotics. J Antimicrob Chemother 54:1103-

1108. 

218. Drulis-Kawa Z, Dorotkiewicz-Jach A, Gubernator J, Gula G, Bocer T, 

Doroszkiewicz W. 2009. The interaction between Pseudomonas aeruginosa cells and 

cationic PC:Chol:DOTAP liposomal vesicles versus outer-membrane structure and 

envelope properties of bacterial cell. Int J Pharm 367:211-219. 

219. Omri A, Ravaoarinoro M. 1996. Comparison of the bactericidal action of amikacin, 

netilmicin and tobramycin in free and liposomal formulation against Pseudomonas 

aeruginosa. Chemotherapy 42:170-176. 

220. Rukholm G, Mugabe C, Azghani AO, Omri A. 2006. Antibacterial activity of 

liposomal gentamicin against Pseudomonas aeruginosa: a time-kill study. Int J 

Antimicrob Agents 27:247-252. 

221. Drulis-Kawa Z, Gubernator J, Dorotkiewicz-Jach A, Doroszkiewicz W, Kozubek A. 

2006. In vitro antimicrobial activity of liposomal meropenem against Pseudomonas 

aeruginosa strains. Int J Pharm 315:59-66. 

222. Kim HJ, Jones MN. 2004. The delivery of benzyl penicillin to Staphylococcus aureus 

biofilms by use of liposomes. J Liposome Res 14:123-139. 

223. Moen MD, Lyseng-Williamson KA, Scott LJ. 2009. Liposomal amphotericin B: a 

review of its use as empirical therapy in febrile neutropenia and in the treatment of 

invasive fungal infections. Drugs 69:361-392. 

224. Cornely OA. 2008. Aspergillus to Zygomycetes: causes, risk factors, prevention, and 

treatment of invasive fungal infections. Infection 36:296-313. 



123 
 

225. Miceli MH, Chandrasekar P. 2012. Safety and efficacy of liposomal amphotericin B 

for the empirical therapy of invasive fungal infections in immunocompromised patients. 

Infect Drug Resist 5:9-16. 

226. Wingard JR, White MH, Anaissie E, Raffalli J, Goodman J, Arrieta A. 2000. A 

randomized, double-blind comparative trial evaluating the safety of liposomal 

amphotericin B versus amphotericin B lipid complex in the empirical treatment of febrile 

neutropenia. L Amph/ABLC Collaborative Study Group. Clin Infect Dis 31:1155-1163. 

227. Webb MS, Boman NL, Wiseman DJ, Saxon D, Sutton K, Wong KF, Logan P, Hope 

MJ. 1998. Antibacterial efficacy against an in vivo Salmonella typhimurium infection 

model and pharmacokinetics of a liposomal ciprofloxacin formulation. Antimicrob 

Agents Chemother 42:45-52. 

228. Leitzke S, Bucke W, Borner K, Müller R, Hahn H, Ehlers S. 1998. Rationale for and 

efficacy of prolonged-interval treatment using liposome-encapsulated amikacin in 

experimental Mycobacterium avium infection. Antimicrob Agents Chemother 42:459-

461. 

229. Dhillon J, Fielding R, Adler-Moore J, Goodall RL, Mitchison D. 2001. The activity of 

low-clearance liposomal amikacin in experimental murine tuberculosis. J Antimicrob 

Chemother 48:869-876. 

230. de Steenwinkel JE, van Vianen W, ten Kate MT, Verbrugh HA, van Agtmael MA, 

Schiffelers RM, Bakker-Woudenberg IA. 2007. Targeted drug delivery to enhance 

efficacy and shorten treatment duration in disseminated Mycobacterium avium infection 

in mice. J Antimicrob Chemother 60:1064-1073. 



124 
 

231. Meers P, Neville M, Malinin V, Scotto AW, Sardaryan G, Kurumunda R, 

Mackinson C, James G, Fisher S, Perkins WR. 2008. Biofilm penetration, triggered 

release and in vivo activity of inhaled liposomal amikacin in chronic Pseudomonas 

aeruginosa lung infections. J Antimicrob Chemother 61:859-868. 

232. Dupont L, Minic P, Fustic S, Mazurek H, Solyom E, Feketova A, Csiszer E, Gupta 

R. 2008. A randomized placebo-controlled study of nebulized liposomal amikacin 

(Arikace™) in the treatment of cystic fibrosis patients with chronic Pseudomonas 

aeruginosa lung infection. Journal of Cystic Fibrosis 7 Suppl. 2:S26. Abstract 102.  . 

233. Minic P, Fustic S, Solyom E, Mazurek H, Antipkin Y, Feketeova A, Senatorova A, 

Csiszer E, Kostromina V, Takac B, Ujhelyi R, Govan J, Slee A, Gupta R. 2011. A 

multi-cycle open label study of nebulized liposomal amikacin (Arikace™) in the 

treatment of cystic fibrosis patients with chronic Pseudomonas aeruginosa lung infection. 

Journal of Cystic Fibrosis 10 Suppl. 1:S55. Abstract 217. . 

234. Beaulac C, Sachetelli S, Lagacé J. 1999. Aerosolization of low phase transition 

temperature liposomal tobramycin as a dry powder in an animal model of chronic 

pulmonary infection caused by Pseudomonas aeruginosa. J Drug Target 7:33-41. 

235. Deng JC, Moore TA, Newstead MW, Zeng X, Krieg AM, Standiford TJ. 2004. CpG 

oligodeoxynucleotides stimulate protective innate immunity against pulmonary 

Klebsiella infection. J Immunol 173:5148-5155. 

236. Puangpetch A, Anderson R, Huang YY, Sermswan RW, Chaicumpa W, Sirisinha S, 

Wongratanacheewin S. 2012. Cationic liposomes extend the immunostimulatory effect 

of CpG oligodeoxynucleotide against Burkholderia pseudomallei infection in BALB/c 

mice. Clin Vaccine Immunol 19:675-683. 



125 
 

237. Gaspar MM, Cruz A, Penha AF, Reymão J, Sousa AC, Eleutério CV, Domingues 

SA, Fraga AG, Filho AL, Cruz ME, Pedrosa J. 2008. Rifabutin encapsulated in 

liposomes exhibits increased therapeutic activity in a model of disseminated tuberculosis. 

Int J Antimicrob Agents 31:37-45. 

238. Deol P, Khuller GK, Joshi K. 1997. Therapeutic efficacies of isoniazid and rifampin 

encapsulated in lung-specific stealth liposomes against Mycobacterium tuberculosis 

infection induced in mice. Antimicrob Agents Chemother 41:1211-1214. 

239. Agarwal A, Kandpal H, Gupta HP, Singh NB, Gupta CM. 1994. Tuftsin-bearing 

liposomes as rifampin vehicles in treatment of tuberculosis in mice. Antimicrob Agents 

Chemother 38:588-593. 

240. Moran GJ, Krishnadasan A, Gorwitz RJ, Fosheim GE, McDougal LK, Carey RB, 

Talan DA. 2006. Methicillin-resistant S. aureus infections among patients in the 

emergency department. N Engl J Med 355:666-674. 

241. Muppidi K, Wang J, Betageri G, Pumerantz AS. 2011. PEGylated liposome 

encapsulation increases the lung tissue concentration of vancomycin. Antimicrob Agents 

Chemother 55:4537-4542. 

242. Magallanes M, Dijkstra J, Fierer J. 1993. Liposome-incorporated ciprofloxacin in 

treatment of murine salmonellosis. Antimicrob Agents Chemother 37:2293-2297. 

243. Chono S, Tanino T, Seki T, Morimoto K. 2008. Efficient drug delivery to alveolar 

macrophages and lung epithelial lining fluid following pulmonary administration of 

liposomal ciprofloxacin in rats with pneumonia and estimation of its antibacterial effects. 

Drug Dev Ind Pharm 34:1090-1096. 



126 
 

244. Basu N, Sett R, Das PK. 1991. Down-regulation of mannose receptors on macrophages 

after infection with Leishmania donovani. Biochem J 277:451-456. 

245. Rathore A, Jain A, Gulbake A, Shilpi S, Khare P, Jain SK. 2011. Mannosylated 

liposomes bearing Amphotericin B for effective management of visceral Leishmaniasis. J 

Liposome Res 21:333-340. 

246. Cencig S, Coltel N, Truyens C, Carlier Y. 2011. Parasitic loads in tissues of mice 

infected with Trypanosoma cruzi and treated with AmBisome. PLoS Negl Trop Dis 

5:e1216. 

247. Jadhav MP, Shinde VM, Chandrakala S, Jijina F, Menon H, Arora B, Kurkure PA, 

Parikh PM, Kshirsagar NA. 2012. A randomized comparative trial evaluating the safety 

and efficacy of liposomal amphotericin B (Fungisome) versus conventional amphotericin 

B in the empirical treatment of febrile neutropenia in India. Indian J Cancer 49:107-113. 

 

 


