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Abstract: Biofilm targeting represents a great challenge for effective antimicrobial therapy. Increased
biofilm resistance, even with the elevated concentrations of very potent antimicrobial agents, often
leads to failed therapeutic outcome. Application of biocompatible nanomicrobials, particularly
liposomally-associated nanomicrobials, presents a promising approach for improved drug delivery
to bacterial cells and biofilms. Versatile manipulations of liposomal physicochemical properties, such
as the bilayer composition, membrane fluidity, size, surface charge and coating, enable development
of liposomes with desired pharmacokinetic and pharmacodynamic profiles. This review attempts
to provide an unbiased overview of investigations of liposomes destined to treat bacterial biofilms.
Different strategies including the recent advancements in liposomal design aiming at eradication of
existing biofilms and prevention of biofilm formation, as well as respective limitations, are discussed
in more details.
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1. Introduction

Biofilms are defined as immobilized microbial colonies interspersed and encased within a
self-produced matrix of hydrated extracellular polymeric substances (polysaccharides, proteins, nucleic
acids and lipid molecules). Complex and heterogeneous structure of extracellular matrix is transected
with network of water and nutrient channels, which are necessary for the exchange of nutrients, water
and metabolic products among cells. The exact structure and composition of biofilms are influenced
by numerous factors including surface properties, nutrient availability and microbial constituents of
the biofilm [1].

The formation of the biofilm on solid surfaces is a step-wise process comprising several stages
(Figure 1). It starts with the conditioning of the surface through the coating with macromolecules from
the aqueous surrounding, which enables initial reversible adhesion of microorganisms. The next step
is a formation of stronger, irreversible attachments to the surface, followed by the proliferation and
aggregation of microorganisms into multicellular and multilayered clusters, which actively produce
extracellular matrix. Some cells in the mature biofilms continuously detach and separate from the
aggregates, representing a continuous source of planktonic bacteria that can subsequently spread
and form new microcolonies [2]. Both the growth and the maturation into a differentiated biofilm,
as well as maintenance of such highly organized communities are regulated through the intercellular
communication via molecular chemical signals, also known as quorum sensing (QS) [3]. QS affects
the cell density, gene expression, resistance to stress, virulence factor production and other cellular
functions in the biofilm [4,5].
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Figure 1. Schematic drawing of biofilm formation (adapted from [6,7]).

Biofilms are a common cause of chronic, nosocomial and medical device-related infections,
due to the fact that they can develop either on vital or necrotic tissue as well as on the inert
surfaces of different implanted materials. Moreover, biofilms are linked with high-level resistance
to antimicrobials, frequent treatment failures, increased morbidity and mortality. As a consequence,
biofilm infections and accompanying diseases have become a major health concern and a serious
challenge for both modern medicine and pharmacy. The rough estimation shows that more than 60%
of hospital-associated infections are attributable to the biofilms formed on indwelling medical devices,
which result in more than one million cases of infected patients annually and more than $1 billion
of hospitalization costs per year in the USA [7,8]. For example, the catheter related infections and
sepsis alone result in approximately 900,000 admissions per year in the USA, which cost additional
$28,000 per case [7]. Taking the aforementioned into account, as well as an increasing number of
implantable medical devices available and the constant aging of the population, it is rather clear that
the infections associated with biofilms represent a heavy and expanding economic burden for the
healthcare systems worldwide. Apart from the medical device-related infections (prosthetic joints,
prosthetic heart valves, central venous and urinary catheters, intrauterine devices, contact lenses),
there are numerous medical conditions in humans that can also be associated to biofilm appearance
such as recurrent urinary infections and prostatitis [9], slow- and non-healing chronic wounds and
burns [10], periodontitis [11], chronic pulmonary infections in cystic fibrosis (CF) [12], chronic otitis
media [13], chronic rhinosinusitis [14], native valve endocarditis [2,15] and others.

Biofilm infections share some common characteristics: slow development in one or more hot-spots,
delayed clinical manifestation, persistency for months or years, usually with interchanging periods of
acute exacerbations and absence of clinical symptoms [16]. Even though they are less aggressive than
acute infections, their treatment is challenging to a greater extent. The main reason for the aforesaid is
up to 1000-fold decrease in susceptibility of biofilms to antimicrobial agents and disinfectants as well as
resistance to host immune response [5]. As reported in many reviews, the increased biofilm resistance is
hypothesized to be a result of various possible mechanisms [5,17-21]. For instance, increased tolerance
could be partly explained by the fact that the biofilm-constituting microorganisms are embedded within
extracellular polymeric glycocalix, mostly anionic in nature, which represents certain penetration
impediment, probably through slowing and delaying diffusion or by chemical and electrostatic
interactions with antimicrobial molecules [17,21]. Chemical interactions involve enzymatic degradation
of antibiotics, especially since the extracellular matrix provides appropriate environment for the
accumulation of high amounts of antibiotic-inactivating enzymes within biofilm. Another proposed
theory for elevated biofilm resistance is that the specific mosaic structure of biofilm generates gradients
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of oxygen, nutrients, pH-value, ionic strength and redox potential throughout the biofilm, which lead
to corresponding heterogeneity in growth rate and metabolic activity of biofilm residents in different
layers [22]. Due to changes in proliferation speed and gene transcription microorganisms in biofilms
also manifest altered phenotype as compared to planktonic cells. The mutation and horizontal gene
transmission frequency in biofilms is significantly higher as compared to their planktonic counterparts,
which could explain why biofilm-growing microorganisms easily become multidrug resistant [23].
All of these proposed mechanisms contribute to the lack of successful treatment and result in
re-infection due to incomplete biofilm eradication. The majority of the proposed biofilm-control
methods focuses on: (i) prevention and minimization of biofilm formation by selection and surface
modifications of anti-adhesive materials [24,25]; (ii) debridement techniques including ultrasound and
surgical procedures [26-28]; (iii) disruption of biofilm QS-signaling system [4,29]; or (iv) achieving
proper drug penetration and delivery to formed biofilms by the use of electromagnetic field [30],
ultrasound waves [31], photodynamic activation [32] or specific drug delivery systems [18,33].

Among different drug delivery technologies that have been explored and developed for
treatment of the biofilm-related infections nanotechnology plays an important role. During the
last few decades a variety of nano-scaled drug delivery systems have been designed and employed,
including polymeric nanoparticles, dendrimers, metal nanoparticles, solid lipid nanoparticles and
liposomes [7,8,34-37]. These nanosystems are considered a promising strategy for overcoming biofilm
resistance as they enable improved delivery of antimicrobials to bacterial cells thus increasing the
efficacy of treatments. Lipid-based vesicular nanosystems are particularly interesting due to the safety
issue and targeting ability.

This review provides an overview of the different types of liposome-based drug delivery
(nano)systems, currently investigated for prevention and/or eradication of bacterial biofilms. They are
classified according to the bilayer composition, membrane rigidity/elasticity, surface properties and
abilities to trigger the release of the encapsulated antimicrobials. Special emphasis has been given
to the novel approaches in liposome-based biofilm delivery and the impact of the physicochemical
properties influencing the efficacy of the formulations.

2. Liposomes for Targeting Bacterial Biofilms

2.1. General Considerations

Liposomes are physiologically acceptable (phospho)lipid-based vesicles composed of one or more
lipid bilayers enclosing inner aqueous compartment(s). Such a structure facilitates encapsulation of a wide
variety of drugs/active ingredients; hydrophilic into the inner water space, lipophilic inside bilayer
and amphiphilic between these two regions. Liposomes are characterized by their phospholipid
composition, morphology, particle size, surface properties and membrane rigidity/elasticity,
parameters that determine their stability and interactions with biological milieu [38—40]. Many reviews
report liposomes as the most widely used antimicrobial drug delivery nanosystem [7,34-37,41-43].
Moreover, they have been explored to be applied via different routes of drug administration including
parenteral [35], dermal [40,44], vaginal [45,46], pulmonary [47,48] and ocular [49] route. Liposomes are
expected to increase the bioavailability, biocompatibility and safety profiles of encapsulated drug [40].
Their unique feature lies in lipid bilayer structure mimicking cell membranes and allowing fusion with
bacterial membranes. Consequently, the entrapped drug can be released to the cell membranes or the
interior of the microorganisms [50].

2.2. The Role of Liposomal Physicochemical Properties

Physicochemical features of liposomes have been proven to influence their efficacy in prevention
and eradication of biofilms. Appropriate size, narrow size distribution, suitable bilayer features, surface
characteristics and high encapsulation efficiency are of great importance for effective antimicrobial
delivery to biofilms (Figure 2). In addition, biofilm properties including the complex composition



Pharmaceutics 2016, 8, 18 4 of 26

of extracellular matrix and physicochemical characteristics of antimicrobial agents (drugs, enzymes,
metals) should also be considered during design of an effective liposome formulation [7,42].
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Figure 2. Influence of the liposomal physicochemical properties on the biofilm delivery.

The concept of non-specific targeting using the liposomes with the surface charge opposite to the
surface charge of bacteria enables an extended contact time of antibiotic with biofilms. Robison and
collaborators have shown that each bacterium in biofilm adsorbed independently and that the extent
of adsorption was significantly decreased for anionic liposomes in comparison to positively charged
vesicles of the same size range [51]. Cationic formulations (both conventional and fusogenic liposomes)
were thus more effective against negatively charged bacteria due to their ionic interaction and fusion
with the bacterial cell envelope [52]. Moreover, the size of liposomes and the thermodynamic state of
the bilayers were found to be responsible for stability of the vesicles during storage, release pattern
as well as interaction with biofilm and bacteria [42]. Thus, the majority of all studied conventional
liposomes that were effective in delivery of antimicrobials to biofilms had a size significantly below
500 nm and consisted of the relatively rigid lipid bilayers. Namely, the bilayers composed of saturated
phospholipids with longer fatty acid chains and higher ratio of cholesterol, contribute a higher degree
of membrane stability (reduced leakage) as a consequence of suppressing the gel to liquid-crystalline
transition. This increases the possibility of the liposomes to release encapsulated antimicrobials at
the target site (on the surface or inside the extracellular matrix of biofilms). Although the interaction
between liposomes and biofilms differed for each species of biofilm, generally, the smaller and
positively charged liposomes penetrated better into the biofilms (extracellular matrix) than anionic
liposomes of the same size range [53]. Another important parameter that could also determine the
efficacy in biofilm delivery is the concentration of liposome formulation applied including the lipid
concentration and the concentration of the encapsulated antimicrobial agent [54].

The modifications of the liposome surface by covalently attached antibodies (immunoliposomes) [55]
or lectins, such as Concanavalin A [56], allowed specific targeting to biofilms. The enhanced antibacterial
activity obtained by immunoliposomes was due to increased retention of the immunoliposomes in
Streptococcus oralis biofilm facilitating release of antibiotic in close proximity of the bacteria during extended
period of time [55]. The mechanism of liposome targeting by lectin functionalized liposome lies in selective
binding of Concavalin-A to a-mannopyranosyl and «-glucopyranosyl residues that can be found in the
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extracellular polysaccharide matrix of some biofilms [57]. The efficacy of functionalized liposomes was
found to be dependent on the liposome composition and surface density of Concavalin-A affecting biofilm
binding affinity. Thus increasing the ratio of negatively charged phosphatidylinositol (PI) reduced
the efficacy of dipalmitoyolphosphatidylcholine (DPPC)/PI/dipalmitoylphosphatidylethanolamine
(DPPE) liposomes to Streptococcus mutans biofilm [56].

Apart from the liposome characteristics, anti-biofilm activity is also determined by the
physicochemical properties of entrapped antimicrobial and its mechanism of action. Different drugs
encapsulated in the liposomes of the same physicochemical properties have demonstrated
dissimilarities in the extent of antibacterial action. While both liposomal ciprofloxacin and meropenem
displayed bactericidal activity at or below minimal inhibitory concentrations (MIC) for the free drugs,
liposomal gentamicin exhibited higher MIC values compared to the free antibiotic. Meropenem is
amphiphilic drug that can easily penetrate the bacterial outer membrane, while ionic interaction
between the liposome and bacterial surface ensures that a high concentration of meropenem is
delivered directly into the periplasm at concentration below the MIC for the free drug. On the
other hand, gentamicin is hydrosoluble and binds to 30S subunit of bacterial ribosomes, preventing
protein synthesis. Before gentamicin is transported to cytoplasm it must first bind ionically with
the bacterial cell surface, an interaction that is dependent on the composition and structure of the
lipopolysaccharide layer. The encapsulated drug is unable to interact in this way, and is instead reliant
on interaction of the liposomes in which it is entrapped [42,58].

Various liposomal formulations differing in the physicochemical features (Table 1) have been
explored to increase delivery of antimicrobials to biofilms and biofilm-associated microorganisms.
They are classified in several groups according to their design and physicochemical characteristics, as
thoroughly discussed in the following sections (Sections 2.3-2.10).

2.3. Conventional Liposomes

This term denotes classical (plain) liposomes, without surface modifications, composed of
phospholipids with or without addition of cholesterol. According to the surface charge achieved
by the addition of charged lipids into bilayers they are categorized as neutral, anionic or cationic
liposomes. Cationic (positively charged) liposomes have shown great potential for biofilm targeting
due to their interaction with the negatively charged biofilm surface. One of the first articles by Jones
group dealt with the adsorption of stearylamine containing liposomes to Staphyloccocus epidermidis
biofilms. The extent of adsorption was found to be dependent on the liposomal lipid concentration
and was described by Langmuir adsorption isotherm. The strong affinity of cationic liposomes for
S. epidermidis was found to be of an electrostatic nature and involved negative charges associated with
the bacterial biofilm [59]. This phenomenon was dependent on the ionic strength of the surrounding
medium, whereas by increasing the ionic strength the biofilm-vesicle dissociation decreased [60].
To overcome the toxicity related to stearylamine, dimethyldioctadecylammonium bromide (DDAB)
has been used as an alternative cationic lipid for the preparation of vancomycin liposomes. Compared
to neutral liposomes, which also displayed some inhibiting effect on the growth of S. epidermidis,
the inhibition was more pronounced for cationic liposomes due to their biofilm adsorption ability.
Namely, uncharged liposomes affected the bacteria by releasing hydrophilic vancomycin into the
surrounding medium, thus allowing the drug to come into the contact with the biofilm. Besides
the surface charge, antibacterial activity was also affected by entrapment efficiency of vancomycin
in liposomes. The smaller number of liposomes with higher encapsulation efficacy inhibited the
growth more than the larger number of liposomes with relatively low efficacy of the encapsulated
drug. In comparison to liposomal vancomycin, cationic liposomes with gentamycin were less effective
probably as a result of high molecular weight of gentamycin affecting the slow passage through the
membrane [61]. Further study performed on Staphylococcus aureus biofilms has also shown positive
results, whereas DDAB-based cationic liposomes with vancomycin inhibited bacterial growth from the
biofilms and were more effective than the equivalent amount of the free antibiotic for short (30 min)
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liposome-biofilm incubation times [62]. Both anionic and cationic liposomes were superior in delivery
of triclosan and chlorhexidine as compared with the free bactericides. Double labelling experiments
using [14C]-chlorhexidine and [3H]-DPPC suggested diffusion mechanism being responsible for
bactericide delivery [63]. Continued research on mixed bacterial biofilms (Streptococcus salivarius
DBD and Streptococcus sanguis C104) has demonstrated a linear relationship between the liposome
adsorption and biofilm composition for both cationic and anionic liposomes whereas the extent of
adsorption was smaller for anionic liposomes. Surprisingly, anionic liposomes with triclosan were
the most effective in inhibiting growth of S. sanguis C104 biofilms, whereas growth of S. salivarius
DBD could not be effectively diminished by liposomal triclosan [51]. An incorporation of 22 mol%
dimethylammonium ethane carbamoyl cholesterol (DC-Chol) as cationic lipid into the lipid bilayers
composed of dipalmitoylphosphatidylcholine (DPPC) and cholesterol (Chol) was shown to enhance
delivery of encapsulated benzyl penicillin G to S. aureus biofilms. The time to reach maximum
growth rate from biofilms was investigated as a function of overall drug concentration ranging from
2.9 x 1073 mM to 1.09 mM, and as a function of time of exposure to liposomal drug in a range of
1.5 s to 2 h. The effectiveness was greater at the lower overall drug concentrations tested and the
shorter time of exposure of the liposomes to the biofilm, as compared to the free antibiotic. It was
demonstrated that the time to reach maximum growth rate from S. aureus biofilms could be extended
by a factor 4 relative to the free drug [64].

Summarizing all of the above reported studies on conventional liposomes, it is evident that vesicles
with relatively rigid bilayers have been used and the size of all the vesicles examined was always less
than 200 nm. However, none of these early investigations involved in vitro toxicity assessments and/or
animal studies to approve biocompatibility and efficacy of developed formulations.

Several research groups have evaluated the potentials of conventional liposomes in eradication of
Pseudomonas aeruginosa (the major pathogen in the lungs of CF patients, which grows in small colonies
with biofilm-like characteristics) in in vivo studies (animals) and clinical trials. Thus, Meers et al. have
investigated biofilm penetration potential, mechanism of drug release and in vivo antimicrobial activity
of amikacin loaded neutral DPPC/Chol liposomes designed for nebulization and inhaled delivery.
To visualize the penetration into the biofilm, fluorescently labeled liposomes have been prepared and
monitored either by the filter assay and epifluorescence or the confocal scanning laser microscopy.
Vesicles with a mean diameter of approximately 300 nm penetrated readily into P. aeruginosa biofilm
and infected mucus, whereas vesicles larger than 1 um failed to do so. Biofilm penetration and targeted,
sustained release of amikacin, mediated by sputum or rhamnolipides in biofilm supernatants, resulted
in superior in vivo efficacy of inhaled liposomal amikacin in comparison to the free drug formulation.
Namely, rhamnolipids in the P. aeruginosa biofilms and CF sputum, due to surfactant-like characteristics,
trigger the release of the amikacin from DPPC/Chol liposomes. Because the rhamnolipid concentration
is higher in the close proximity of biofilm, liposomes release the antibiotic at the site of infection [65].
The superiority of the liposomal amikacin (Arikace™) for the therapy of bacterial biofilm infections
has been confirmed in the clinical studies. Arikace™ passed the Phases II and III of clinical trials in CF
patients with P. aeruginosa infections proving the tolerability, safety, biologic activity and efficacy [7,66-68].
Besides Arikace™, liposomal ciprofloxacin (Lipoquin™) has also been developed for the therapy of
P. aeruginosa infections in CF patients. Lipoquin™ contains ciprofloxacin loaded hydrogenated soy
phosphatidylcholine (HSPC)/Chol (7:3, weight ratio) liposomes, approximately 90 nm in diameter.
Safety and efficacy of the Lipoquin™ has been confirmed in a 14-day Phase II trial on 22 adult CF
patients, where statistically significant reduction of P. aeruginosa colonization and increase in the lung
function were achieved [69]. Deeper insights on the inhaled liposomal ciprofloxacin formulations are
provided in the very recent review by Cipolla and collaborators [70].

Alhajan et al. have examined the efficacy and safety aspects of liposomal clarithromycin
in the treatment of P. aeruginosa biofilm infection. The drug has been encapsulated in neutral
(DPPC/Chol), anionic (DPPC/Chol/dicethyphosphate) and cationic (DPPC/Chol/DDAB) liposomes
of approximately 200 nm in diameter. The results of microbiological evaluation confirmed complete
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eradication of P. aeruginosa biofilm with both positively and negatively charged liposomes whereas the
effect was more pronounced with cationic liposomes. All of the tested liposomal formulations were
less toxic than the free drug as shown on a pulmonary epithelial cell line (A549). Amongst various
liposome formulations explored, anionic liposomes were selected as optimal formulation due to the
highest encapsulation efficiency, biofilm effect and safety profile achieved [71].

Negatively charged and neutral liposomes with tobramycin have been examined for eradication
of Burkholderia cepacia complex biofilm. Unfortunately, the anti-biofilm effect of both types of liposomes
was not increased in comparison to the free drug. Electrostatic repulsive forces between the bacterial
surface and anionic liposomes as well as the low encapsulation of tobramycin in neutral liposomes
were suggested to be responsible for obtained results [54].

Recent study by Omri group reports on the activity of neutral (DPPC/Chol) liposomes with
azithromycin against biofilm-forming P. aeruginosa. MIC and minimal bactericide concentrations
(MBC) with the liposomal formulation were significantly lower than those obtained with the free drug.
Liposomal azithromycin significantly reduced the growth of bacteria in the biofilm and attenuated the
production of different virulence factors. Complete eradication of bacteria in biofilm was achieved
at concentration of 512 mg/L, while the fusion between bacterial membrane and liposomes was
responsible for the increased antimicrobial effect. The safety of liposomal azithromycin has been
proven through the toxicity evaluation on the A549 human lung cells and hemolytic test [72].

2.4. Fusogenic Liposomes

Fusogenic liposomes, also known as Fluidosomes™, have been designed to improve the delivery
of antimicrobials by facilitating fusion of liposomal and bacterial membranes. The bilayers of these
liposomes contain optimized portion of lipids causing the disturbances in the packing of phospholipid
bilayer. Namely, the presence of asymmetric lipid (phosphatidylethanolamine) or lipids with shorter
acyl chains and increased number of double bounds induce the lowering of the membrane transition
temperature or disorders in lipid packing [7,73]. In comparison to the conventional liposomes typically
composed of the rigid membranes, the fusogenic liposomes are characterized by relatively fluid
(soft) lipid bilayers. Pioneering research on fusogenic liposomes by Beaulac et al. has demonstrated
an increased in vivo bactericidal activity of tobramycin encapsulated in the negatively charged fluid
liposomes. The vesicles composed of DPPC and dimiristoylphosphatidylcholine (DMPG) (10:1 and 15:1,
molar ratios) with Tc of 29.5 and 33 °C were effective in the treatment of chronic pulmonary P. aeruginosa
infection in comparison to distearoylphosphatidylcholine (DSPC)/dimyristoylphosphatidylcholine
(DMPQG) liposomes (10:1 or 15:1 molar ratios) with Tc of 40 and 44 °C, respectively. More than 27 pg
tobramycin/mg of tissue has been determined in the lungs of rats 16 h after the last treatment with
DPPC/DMPG (15:1) liposomes. The superiority of the formulation has been confirmed by increased
localized effect, whereas significantly lower levels of the drug were detected in kidneys than with
the free drug [74]. It should be noted that Fluidosomes™ have been verified as non-immunogenic
and can be administered repeatedly without adverse immune responses to control chronic pulmonary
infections [75]. Except for P. aeruginosa, the antimicrobial activity of tobramycin Fluidosomes™ has
been confirmed against biofilms of Stenotrophomonas maltophilia, B. cepacia, S. aureus and Echerichia coli.
The sub-MICs of tobramycin liposomes reduced the growth of P. aeruginosa, B. Cepacia, S. maltophilia,
E. coli and S. aureus by factors 84, 129, 166, 105 and 104, respectively, as compared to the free drug [76].
The increased penetration of the antibiotic in the Gram-negative bacterial cells has been attained with
dry powder preparations of tobramycin Fluidosomes™ as well. Sixteen hours after the treatment
with the powdered liposomes the growth of P. aeruginosa, S. maltophilia, B. Cepacia and E. coli in the
presence of sub-MICs of tobramycin was significantly lowered by 17, 40, 47 and 50 times, respectively,
in comparison to the free drug. However, the overall efficiency was greater with liquid Fluidosomes™
due to the lower drug encapsulation in dehydrated Fluidosomes™ and the circumstance that the
powdered liposomes were rehydrated directly in the medium culture at 37 °C instead at 63 °C [77].
The fact that sub-MICs of encapsulated antibiotic reduced the bacterial growth by 35-105 times in



Pharmaceutics 2016, 8, 18 8 of 26

comparison to cultures treated with the same quantity of the free antibiotic suggests a direct interaction
of liposomes with bacteria [76].

Various techniques including negative staining, immunoelectron microscopy, fluorescence
activated cell sorting and lipid-mixing studies have confirmed fusion between Fluidosomes™ and
bacterial cells leading to a marked increase of tobramycin in a cytoplasm of resistant P. aeruginosa strains.
The time needed to reach the maximal fusion was approximately 5 h for resistant strain compared to a
much shorter time for the sensitive strain. These specific properties of fusogenic liposomes are valuable
for overcoming bacterial resistance related to permeability barrier of P. aeruginosa [50]. The superiority
of tobramycin fusogenic liposomes has been proven in vivo on a rat model of chronic lung infection
with B. cepacia where intratracheal administration markedly changed its pulmonary pharmacokinetic
profile, resulting in a slower distribution and a slower elimination [78]. To the best of our knowledge,
tobramycin Fluidosomes™ is currently ongoing Phase II clinical study in Europe [79].

Besides using phospholipids with shorter fatty acid chains and increased number of double
bounds, fusogenic liposome can be also prepared by incorporating asymmetric lipids like 1,
2-dioleoyl-sn-glycero-2-phosphoethanolamine (DOPE) in the phospholipid bilayer. The encapsulation
of vancomycin into DPPC:DOPE:cholesteryl hemisuccinate (CHEMS) liposomes extended the
spectrum of vancomycin action against the drug resistant E. coli, Klebsiella spp., P. aeruginosa and
Acinobacter baumannii. The enhanced penetration of the drug has been achieved through the fusion of
liposomal- with the outer- membranes of the Gram-negative bacteria. MICs ranging from 6 (E. coli and
A. baumannii) up to 83.7 mg/L (P. aeruginosa ATCC27853) were determined for fusogenic liposomes,
while neither the conventional liposomes nor free vancomycin showed any activity [80].

Drulis-Kawa ef al. have evaluated in vitro activity of meropenem encapsulated in various fluid
and rigid liposome formulations against P. aeruginosa strains that are meropenem-resistant due to low
permeability or production of carbapenemases. The highest bactericidal activities were achieved with
cationic fluid liposomes composed of phosphatidylcholine (PC), DOPE and stearylamine (4:4:2, molar
ratio), and rigid liposomes consisting of PC, 1,2-oleoyloxy-3-trimethylammonium-propane (DOTAP)
and Chol (5:2:3, molar ratio). Their MICs for the meropenem-sensitive strains were 2—4-fold lower
than MIC of the free drug. However, none of the studied liposomal formulations exhibited bactericidal
activity against drug-resistant isolates. Surprisingly, even Fluidosomes™ (DPPC/DMPG liposomes,
18:1), showed 4-16-fold higher MICs for resistant strains than did free meropenem. These results were
explained by the differences in the composition of the outer membranes of resistant and susceptible
strains [81], meaning that surface characteristics of each strain have to be taken into consideration
during the design of an effective liposome formulation.

In addition to fusogenic liposomes discussed above, another type of liposomes with flexible
(elastic) liposomal membranes has been proposed for biofilm targeting. Daptomycin containing
liposomes composed of lecithin and sodium cholate (17:1, mass ratio) have been proven to efficiently
diffuse into the skin showing rapid and efficient antibacterial activity against S. aureus. Effective
therapeutic concentrations were maintained for several hours and significantly inhibited bacterial
growth and injury-induced biofilms. Although the mechanism of action has not been evaluated,
the authors hypothesized that flexible liposomes may facilitate greater penetration of daptomycin into
the biofilm [82].
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Table 1. Summary of the different types of liposomes investigated for delivery of antimicrobials to bacterial biofilms.
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Liposome Type Lipid Composition (Molar Ratio) Drug Igi;ir?f;) Biofilm Findings Reference
Strong affinity for biofilm; lipid concentration and ionic
DPPC/Chol/SA (1:0.49:0.4) - 126 strength of medium influenced the liposome adsorption to [59,60]
. ... thebiofilm
S. epidermidis
DPPC/Chol (1:0.21) DPPC/Chol/DDAB Vancom.y.c mn, ~120 Pronounced biofilm-inhibition effect with cationic liposomes  [61]
(1:0.28:0.22) gentamicin
DPPC/Chol/SA (variable mol% SA) DPPC/DPPG S. epidermidis — Lo I .
. . . . Anionic and cationic liposomes superior in bactericide
(variable mol% DPPG) DPPC/PI (variable mol% PI)  Triclosan, ~100 P. vulgaris delivery as compared with the free bactericides: diffusion 63]
DPPC/Chol/DDAB (11 mol% DDAB) chlorhexidine S. mutans m harzli . P nsible for the bactericide d Iivl .
DPPC/DC-Chol (32.3 mol% DC-Chol) S. sanguis echarisim responsible for the bactericlde deflvery
DPPC/Chol/SA (1:0.49:0.20-1.01) DPPC/DC-Chol Strong adsorption to the biofilm related to concentration of
(1:0.49:0.11-0.65) DPPC/Chol/DDAB Vancomycin ~120 S. aureus cationic lipid; DDAB-based liposomes inhibited bacterial [62]
(1:0.49:0.17-0.52) growth more effectively than the free drug
DMPC,/Chol/DDAB (58.5:23:18.5) DMPC /Pl Triclosan o1y S salivarius ;‘“;i‘;rEIar:"“SEPrEe“I:’iei? hlli’os"“r‘rf ad;"rrp“(;;‘ atri‘d T}l‘xid 1]
(82.5:17.5) DPPC/Chol /SA (52.8:26:21.2) closa S. sanguis Ca‘t’iomcm position; anionic fiposomes more ettective tha
Conventional liposomes Effective deli into biofil low d -
DPPC/Chol /DC-Chol (1:0.49:0.43) Benzyl penicillin G~ ~140 S, aureus ective delivery into biofilm at low drug concentrations /)
and short exposure time
Penetration into the biofilm and infected sputum; superior
DPPC/Chol (2:1) Amikacin ~300 in vivo efficacy of inhaled liposomal amikacin in comparison  [65]
to the free drug
Tobramycin 8-32-fold increased MBECs (non-mucoid strains) and
DMPC/Chol (2:1) obramyem, 345-512 P. aeruginosa  64-256-fold increased MBECs (mucoid strains), as compared  [83]
gentamicin, amikacin .
to the corresponding MICs
DPPC/Chol (6:1) DPPC/Chol/DCP (2:1:4) Clarithromuc 0220 1C'omplete jb10f11m ei‘gdlcatlon with c.atuzmc and Trll.omc -
DPPC/Chol/DDAB (2:1:4) arithro-mycin iposomes; anionic liposomes superior (encapsulation
efficiency, safety profile)
DPPC/Chol (2:1) DOPC/DPPG (8:1) Tobramycin 230430 B. cepacia No increased anti-biofilm activity relative to the free drug [54]
DPPC/Chol (6:1) Azithromycin 406 P. aeruginosa Significant reduction of bacterial growth in the biofilm and ~ [72]

attenuation of virulence factors production




Pharmaceutics 2016, 8, 18 10 of 26
Table 1. Cont.
Liposome Type Lipid Composition (Molar Ratio) Drug g;:?i;) Biofilm Findings Reference
DPPC/DMPG (15:1; 10:1) ~400 P.aeruginosa  High bactericidal activity in vivo (rats) [74]
P. aeruginosa
S. maltophilia . . .
DPPC/DMPG (15:1; 18:1) 400 B. cepacia Stro'ng actlylty at sub-MICs doses; 1'ncreased penetration 176,77]
. attained with dry powder preparations
Tobramycin S. aureus
E. coli
DPPC/DMPG (18:1) ~400 P. aeruginosa  Confirmed liposome fusion with bacterial cells [50]
Lo DPPC/DMPG (10:1) 230-400 B. cepacia Superior activity in vivo (rats); sustained drug release [78]
Fusogenic liposomes ool
. coli . .
DOPE,/DPPC/CHEMS (4:2:4) Vancomycin ~100 P aeruginosa  Lnpanced penetration of the drug (adhesion and [80]
.. fusion mechanism)
A. baumannii
DPPC/DMPG liposomes (18:1) PC/DOPE/SA Meropenem 107-142 P aeruginosa Eu:da()sszn;eiii}imﬁdi;gﬁfr111\AICZIT an(g-liffflfi cllcfgvgf 11\5111;(25 [81]
(1:1:0.7) PC/DOTAP/Chol (2.2:1:2.6) eropene T creased activity of cationic liposomes ¢
than for the free drug)
Powerful antimicrobial action in vivo; permeation into the
SPC/SCh (9.3:1) Daptomycin 55 S. aureus skin; effective therapeutic concentrations maintained for [82]
several hours
DMPC/DDAB/DPPE-PEG-2000 (80:20-11:0-9)
DPPC/DDAB/DPPE-PEG-2000 (80:20-11:0-9) . . S -
DSPC/DDAB,/ DPPE-PEG-2000 (80:20-11:0-9) - ~120 S. aureus PEGylation reduced the liposomal anti-biofilm activity [84]
DSPC/PI/DPPE-PEG-2000 (80:20-11:0-9)
PEGylation did not reduce liposome anti-biofilm activity;
DPPC/SA/Chol/PEG (1:0.5:0.5:0.02) L . . S . . L o
DPPC,/DCP/Chol/PEG (1:0.5:0.5:0.02) Vancomycin, rifampin ~ 120-140 S. epidermidis increasing of incubation time enhanced the biofilm [85]
eradication effect
DPPC/PI/DPPEMBS- anti- oralis antibody
(82.8:2.6:14.6; 92.6:3.6:4.8) B ~100 Immunoliposomes showed greater antimicrobial affinity [86]
DPPC/Chol/SA/DPPEMBS- anti-oralis than the antibody-free liposomes
tibody (59:24.9:3.6:12.5
Surface-modified antibody ( )
liposomes S . . Immunoliposomes adsorbed to the surface of S. oralis;
DPPC/PI/DPPEMBS anti- oralis - ~80-120 Stomlzs. .. cationic liposomes had greater affinity for S. epidermidis [87]
antibody (1:0.03:0.14) S. epidermidis o U
biofilm than anionic liposomes
DPPC/Pl/DPPEMBS-anti- oralis antibody Triclosan Greater antlbacte'rlal.ast.lvﬁy. than with the free drug; the
‘1 ~100 extent of growth inhibition linearly related to the number of  [55]
(82.8:2.6:14.6; 92.6:3.6:4.8) chlorhexidine i e
iposomes targeted to biofilm surface
PC/Chol/SA (2:1:0.1) (PC/Chol/SA)/ConA (0.1):1 , ~3000 S. mutans Targeting the surface “glyco-calyx” of biofilm; inhibition of 5.,
Metronidazole bacterial growth
PC/Chol/SA (7:2:1) (PC/Chol/SA)/CHM (5):1 400-450 S. aureus Mannosylated liposomes showed increased ability to target  [88]

(PC/Chol/SA)/SM (7):1

biofilms; superior targeting ability with SM-based liposomes
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Table 1. Cont.
Liposome Type Lipid Composition (Molar Ratio) Drug gi;??r%r;) Biofilm Findings Reference
CO GO+HRP Inhibition increases with liposome-biofilm and
Reactive liposomes DPPC/PI (4.85:1) CPO+GO LPO+GO 97-224 S. gordonii substrate-biofilm incubation time and extent of [89,90]
enzyme encapsulation
DPPC/DMPG (1:1) Gentamicin-gallium ~300 P. aeruginosa  Eradication of the biofilm and interruption of QS signaling [91]
Eradication of the biofilm at significantly lower
Metal co-encapsulating concentrations than with the free BiEDT; less toxicity of the
. A . N . liposomal formulation; QS suppressing properties; deeper .
liposomes DSPC/Chol (2:1) Tobramycin- BIEDT 900 P. aeruginosa penetration into the biofilm; attenuation of the alginate [92-96]
production; reduction of bacterial counts in the lungs of
infected rats in vivo but without complete eradication
Activity affected by the amount of the lipid adsorbed onto
= 00 .
gggéiﬁg&é ;r;(::{s/o)r’b]zgl())i /Z?n?g?r{i ?ehoir ticles Triclosan, penicillin G~ ~100 S. oralis zinc citrate particles; no particular advancement in [97]
° P comparison to individual constituents
Significantly increased efficacy as compared to liposomal
S5Ls DPPC/Chol/SA (1:0.43:0.49), impregated in CS Gentamicin n.d. S. aureus gentamicin; complete sterilization of bone tissues; prolonged  [98]
drug release
DPPC/Chol (3:1), B-TCP Gentamicin ~110-5200 Superlor antibiofilm activity ac.h1eved with 800 nm-sized [99]
liposomes; controlled drug delivery
. Successful inhibition of the biofilm formation; sustained
LLSs SPC/SA/Chol (7:3:1), n-HA /CS/KGM Vancomycin ~200 S. aureus release from LLS [100]
SPC/SA/Chol (7:1:1), B-TCP Ceftazimide 160 Slgmflcgnt in vitro ant{-blofllm activity during the longer [101]
incubation time; sustained drug release
Significantly higher antibacterial effects than with
BBLs DSPC/Chol/ALN-TEG-Chol Oxacillin ~100 S. aureus DSPC/Chol liposomes; fast and strong binding [102]
to hydroxyapatite
SPC. chitosan hydrogel Mupirocin 920 S. aureus Prevention of biofilm formation; reduced cytotoxicity; in vivo [103]
’ ydrog P ’ efficacy comparable to the marketed product
Prevention of bacterial adhesion and biofilm formation on
Liposomes-in-hydrogel =~ DPPC/Chol/PEG-DSPE/rhodamine-DPPE Ciprofloxacin 100 P. aeruginosa urinary catheters; prolonged drug release; improved [104,105]

(1:1:0.05:0.001), PEG-gelatin hydrogel

biocompatibility of coated catheters; effective delay of the
bateriuria in vivo

ALN-TEG-Chol, alendronate-tri(ethyleneglycol)-cholesterol conjugate; BBLs, biomineral-binding liposomes; -TCP, p-tricalcium phosphate; BiEDT, bismuth-ethanedithiol;
CHEMS, cholesterol hemisuccinate; CHM, cholesteryl mannan; Chol, cholesterol; ConA, concanavalin A; CPO, chloroperoxidase; CS, calcium sulfate; DC-Chol, dimethylammonium
ethane carbamoyl cholesterol; DCP, dicetylphosphate; DDAB: dimethyldioctadecylammonium bromide; DMPC; dimyristoylphosphatidylcholine; DMPG, dimyristoylphosphatidylglycerol;
DOPC, dioleoylphophatidylcholine; DOPE, dioleoylphosphatidylethanolamine; DOTAP, 1,2-oleoyl-3-trimethylammonium-propan; DPPC, dipalmitoylphosphatidylcholine;
DPPE, diplalmitoylphosphatidylethanolamine; DPPEMBS, maleimidobenzoyl-N-hydroxysuccinimide(MBS) derivative of DPPE; DPPG, dipalmitoylphosphatidylglycerol;
DSPC, distearoylphosphatidylcholine; GO, glucose oxidase; GO-HRP, glucose oxidase-horse radish peroxidase; LLSs, liposome loaded scaffolds; LPO, lactoperoxidase;
MBEC, minimal biofilm eradication concentration; MIC, minimal inhibitory concentration; n.d., not determined; n-HA /CS/KGM, nano-hydroxyapatite/chitosan/konjac glucomannan;
PC, phosphatidylcholine; PEG, poly(ethylene) glycol; PI, phosphatidylinositol; QS, quorum sensing; SA, stearylamine; SCh, sodium cholate; SM, sialo-mannan; SSLs, solid supported
liposomes; SPC, soy phosphatidylcholine (lecithin).
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2.5. Surface-Modified Liposomes

One of the strategies proposed to combat biofilm related infections is the use of
surface-modified liposomes such as poly(ethylene) glycol (PEG)-derived liposomes (PEGylated liposomes),
immunoliposomes, lectin-coated liposomes and mannosylated liposomes.

Steric stabilization of liposomes via PEGylation is a common approach in designing
long-circulating liposomes for parenteral drug delivery. PEGylated liposomes containing antibiotics
have also been considered for the treatment of bacterial biofilms. Ahmed and collaborators have
tested the efficacy of different surface charged PEGylated liposomes (both anionic and cationic),
approximately 120 nm-sized, in combating S. aureus biofilms. Adsorption of liposomes to immobilized
biofilms of S. aureus was found to follow Langmuir isotherm, which assumes coverage of the biofilm
by a monolayer of liposomes, where each binding site is being identical and independent. However,
the affinity of liposomes for the biofilms was inhibited by PEGylation, suggesting that the steric
stabilization of liposomes would only prolong the circulation time of liposomes in the blood, without
improving the delivery into the biofilms [84]. Contrary to these findings, Moghadash-Sharif et al.
have demonstrated that PEGylation of rifampin-loaded cationic liposomes, having the same size
as the corresponding liposomes in the previous study, have not reduced the ability of liposomes
in eradication of S. epidermidis biofilm. The affinity of these liposomes to bacteria was not changed
and the formulation was as effective as non-PEGylated cationic liposomal formulation. In addition,
the incubation time was found to play an important role in the efficacy of liposomes, whereas the
increasing of incubation time has led to enhanced biofilm eradication [85].

Liposomes can be specifically targeted to oral bacteria by the use of monoclonal antibodies.
The potential of immunoliposomes in reducing dental plaque related to S. oralis biofilm has been
reported by Robinson and coworkers. The targeting affinity of the immunoliposomes to S. oralis
biofilm was found to be largely unaffected by the number of antibodies conjugated to the liposomal
surface or by the net charge of the liposomal lipid bilayer. In comparison to the liposomes of the
same lipid composition but without the antibody (“naked” liposomes, i.e., conventional anionic
liposomes), the biofilm affinity of anti-oralis immunoliposomes was significantly higher, but was
still lower than affinity of the free antibody. Interestingly, when their effect has been compared with
cationic liposomes incorporating stearylamine, adsorption of the immunoliposomes to S. oralis biofilm
was lower than with the conventional cationic vesicles [86]. Continuing the research with triclosan
and chlorhexidine loaded anti-oralis immunoliposomes the same group of investigators has proven
improved growth inhibition of S. oralis biofilms using the low bactericide concentrations. Several times
increased inhibition effect with anti-oralis immunoliposomes was found, for short exposure times to
the biofilms, compared to the free bactericides. The extent of the growth inhibition by the antibacterial
immunoliposomes was linearly related to the number of immunoliposomes targeted to the biofilm
surface [55].

Vyas et al. have shown that coating of metronidazole liposomes composed of PC and stearylamine
with lectin (Concanavalin-A) inhibited the growth of S. mutans, the Gram-negative bacteria that harbor
in the periodontal pocket (biofilm), during six hours of incubation. In comparison with the other
studies where nm-sized liposomes were examined, the average size of lectinized liposomes was
2.9 um. The lectinized vesicles exhibiting the zeta potential of —5 mV maintained the sugar affinity
and specificity of the associated ligand, and were able to target the surface glycocalyx of the bacterial
biofilm. Moreover, lectin-coated liposomes were found to be stable in the simulated salivary fluids
(pH 7.2) and under various pH conditions [56].

Effective targeting to the bacterial biofilm could also be achieved by mannosylated liposomes.
Unlike the PEGylation where the surface of the vesicles is hydrophilic, mannosylation is related
to anchoring of liposomes with hydrophobic mannan derivatives such as cholesteryl mannan and
sialo-mannan. Although both types of mannosylated PC/Chol liposomes with metronidazole exhibited
increased activity against S. aureus biofilm comparing to the non-mannosylated liposomes, the superior
targeting ability was achieved with sialo-mannan vesicles. The improved antimicrobial activity with
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mannosylated liposomes was probably a result of their ability to adsorb or fuse with the bacterial
biofilm due to ligand-mediated interactions and subsequent release of all or a part of the antimicrobial
agent in the proximity of the target [88].

2.6. Reactive Liposomes Encapsulating Enzyme(s)

Liposome encapsulation of singular or coupled enzyme system(s) represents a promising
approach for biofilm prevention/eradication. Namely, these enzymes, after exposure to the
certain substrate, produce the hydrogen peroxide and/or succeeding oxidizing agents that exhibit
broad-spectrum antimicrobial activities. Moreover, liposome usage ensures adsorption and retention
of the encapsulated enzymes in the close proximity to the biofilm surface.

Glucose oxidase (GO) and coupled enzyme system glucose oxidase-horse radish peroxidase
(GO-HRP) were encapsulated in DPPC/PI liposomes for targeting the oral Streptococcus gordonii
biofilms. Glucose was used as a primary substrate for GO, resulting in the production of hydrogen
peroxide, antibacterial agent itself, which in the presence of iodide and HRP enzyme yields oxyacids
(hypoiodus, iodic and periodic acid), displaying antibacterial activities as well. Comparison of the
activity between GO- and GO-HRP-reactive liposomes have demonstrated that the coupled enzyme
system is more effective in inhibiting growth for shorter times of exposure of the S. gordonii biofilms to
the liposomes [89]. This approach has been extended to enzymes chloroperoxidase and lactoperoxidase
in combination with GO, using the same phospholipids for the enzyme encapsulation and targeting
of S. gordonii biofilms. These reactive liposomes were shown to be effective in inhibiting the growth
of tested biofilms, even in the presence of saliva, which is important in the context of their potential
application in the oral cavity [90]. Both studies have proven that the antibacterial activity of reactive
liposomes encapsulating enzymes was proportionally dependent on the enzyme content in the vesicles,
liposomes-biofilm incubation time and exposure time of liposomes-biofilm system to the enzyme
substrates [89,90]. The growth inhibition for all of the tested formulations was significantly higher
when the incubation time was prolonged from 1 to 30 min, approaching almost 70% of inhibition.
However, from the practical standpoint considering the delivery systems applicable to the oral cavity,
it is highly advantageous to achieve activity after a brief exposure. One way to overcome this limitation
would be repetitive application [90].

Numerous parameters affect the production of bactericidal species by reactive liposomes such
as enzyme encapsulation efficiency, the permeability of the liposomal bilayer to substrate and the
bactericides produced, the temperature and the liposomal bilayer composition. Kaszuba and Jones
have investigated these factors with respect to the production of hydrogen peroxide from anionic
and cationic liposomes with incorporated GO and peroxidases in the presence of glucose substrate.
The production of hydrogen peroxide by the encapsulated enzymes was increased almost linearly
with the corresponding concentration of the encapsulated GO and with the substrate concentration.
Depending on the bilayer lipid composition, liposomal encapsulation of the enzymes had the opposite
effect on the bilayer permeability for the substrate analogue. Whereas for the anionic (DMPC/PI)
liposomes an increase in the permeability was detected, the permeability was reduced for the cationic
(DMPC/DDAB) liposomes, which could be related to the ionic and hydrophobic interactions of the
negatively charged enzymes with charged lipid constituents [106].

2.7. Antibiotic-Metal Co-Encapsulating Liposomes

Liposome co-encapsulation of antibiotics with particular metals has been proposed as the novel
nanoencapsulation strategy to improve their antimicrobial and anti-biofilm activities. For instance,
gallium is a transition metal known to inhibit bacterial growth and biofilm formation through
disruption of iron metabolism and iron-dependent cellular processes [107-110]. Following this
approach, DPPC/dipalmitoylphosphatidylglycerol (DPPG) liposomes encapsulating both gallium and
gentamicin (Lipo-Ga-GEN) were developed to combat clinical isolates of P. aeruginosa. The formulation
was shown to be more effective than liposome loaded gentamicin and the free antibiotic against both
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planktonic and biofilm growing P. aeruginosa. Moreover, full eradication of the bacterial biofilm as well
as the interruption of QS signaling was achieved with Lipo-Ga-GEN, while the toxicity of gallium was
significantly reduced [91]. The same group has also worked on the analogous therapeutic approach
for the treatment of infections associated with CF, based on the co-encapsulation of tobramycin and
bismuth-ethanedithiol (BiEDT) within DSPC/Chol liposomes (LipoBiEDT-TOB) [92,93]. Similarly as
gallium, bismuth and bismuth-thiol have demonstrated promising antimicrobial effects against a wide
range of bacteria, by affecting iron-uptake, alginate expression, lipopolysaccharides, and secretion
of virulence factors, bacterial adherence and biofilm formation [111-115]. The experiments with
LipoBiEDT-TOB have shown superior bactericidal activity against several non-mucoid and mucoid
strains of B. cepacia and P. aeruginosa. Significantly lower MIC and MBC values were achieved than with
the free drug and the drug free Lipo-BiEDT, respectively. In comparison to both the free BIEDT and
tobramycin, LipoBiEDT-TOB resulted in the significantly reduced cellular toxicity, as determined on
A549 human lung cancer cells [92]. LipoBiEDT-TOB has also been proven to possess QS suppressing
properties at concentrations below the MICc for the free drug and bismuth, respectively, and inhibited
biofilm forming P. aeruginosa growth at 0.064 mg/L. None of the LipoBiEDT-TOB system components
separately (BiEDT, tobramycin, BiIEDT-tobramycin, liposomal tobramycin, liposomal BiEDT) displayed
better activity. In addition, the formulation has been shown to penetrate sputum samples collected from
CF patients and was not affected by the presence of polyanions typical to CF lungs [93]. These findings
were further expanded in the works of Alipour and coworkers [94,95]. As measured by the changes
in QS, virulence factors, twitching and attachment of P. aeruginosa, synergistic effect of tobramycin
and bismuth was achieved with LipoBiEDT-TOB. The liposomal formulation exhibited comparable
effects to the free agents, but at 4-16-fold lower concentrations. Moreover, the results attained by
continuous culture flow cell analyses have demonstrated the potential of LipoBiEDT-TOB to penetrate
deeper into the biofilm than free BIEDT-TOB, enabling killing of bacteria not only on the surface
but also in the core of biofilm complex [95]. Continuing the research on activity of the liposomal
formulation in combating P. aeruginosa biofilm, Alipour et al. have found that LipoBiEDT-TOB in
synergy with alginate lyase increased the susceptibility of the mucoid biofilm, and attenuated the
alginate production, which is the major contributor to P. aeruginosa resistance [94]. Although the
described antibiotic-metal co-encapsulating liposomes have shown encouraging results in vitro, they
were to a certain extent supported in vivo. Intratracheal administration of LipoBiEDT-TOB to rats
chronically infected with P. aeruginosa showed a 4.3-log reduction in colony forming units (CFU) versus
a 2.7-log reduction in CFU with free BIEDT-TOB. However, despite the considerable reduction of
bacterial counts in the lungs, the complete eradication of bacteria was not accomplished after three
days of treatment. It was hypothesized that the reason could be the high stability of vesicles composed
of DSPC and cholesterol which limits the release of tobramycin at adequate concentration to ensure
complete eradication and the negative contribution of agar beads used to induce infection in the
experiments [96].

Recently, the anti-biofilm activity of liposome-entrapped combinations of BiEDT or
bismuth-propanedithiol with imipenem, ciprofloxacin and ceftazidime, have been evaluated.
The optimal concentrations of bismuth-thiols used with the antibiotics were found to have
predominantly synergistic inhibitory effects on P. aeruginosa biofilms, with the exception of combining
BiEDT with imipenem and ceftazimide [116].

2.8. Liposomes-in-Hydrogel

This approach comprises application of antibiotic loaded liposomes embedded in a suitable base
(e.g., hydrogel), wherein antimicrobial effect of liposomal drug could be further improved by the
right choice of gel base. Apart from increased viscosity of liposome formulations, incorporation of
liposomes into semisolid bases enhances the retention of liposomes at the site of application and
can contribute to improved physical stability of liposomes, drug release properties and potentially
penetration of liposomes and encapsulated drug [45,117-119]. Some vehicles such as chitosan hydrogel,
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even without incorporated drug, revealed certain antimicrobial effect and have been proven to disrupt
bacterial biofilms [120]. In addition, the bioadhesive properties of chitosan hydrogels [117], as well as
ability to promote drainage and prevent increase of exudates in wound therapy [121], make them very
promising for the topical treatment of burn wounds. Recently, Hurler and colleagues have explored the
potential of mupirocin liposomes-in-chitosan hydrogel for the healing of burn wounds in mice model.
The formulation was shown to be non-toxic against keratinocytes but able to prevent the formation of
S. aureus biofilm. However, the antimicrobial activity was more pronounced against planktonic bacteria
than against mature biofilms. In vivo investigation of liposomal mupirocin-in-chitosan hydrogel on
healing of burden wounds demonstrated the efficacy of formulation comparable to the marketed
product of mupirocin. Moreover, the healing time for the liposomal hydrogel was shorter in comparison
to the marketed cream [103].

DiTizio et al. have tested the ability of ciprofloxacin loaded liposomes incorporated into
cross-linked poly(ethylene glycol)-gelatin hydrogel to prevent bacterial adhesion and biofilm formation
on urinary catheters. Liposomal hydrogel-coated catheters contained 185 pg cm~2 of the antibiotic
that was gradually released over seven days permitting complete inhibition of bacterial adhesion.
The additional value of the developed formulation was in improved biocompatibility of coated
catheters since lubricious hydrogels tend to minimize the tissue inflammation associated with the other
types of catheters [104]. In vivo evaluation of catheters coated with ciprofloxacin liposomal hydrogel
proved effective delay of the development of catheter-associated bacteriuria in rabbits. The time to
bacteriuria detection in 50% of the specimens was double from ciprofloxacin liposomal hydrogel-coated
catheters in comparison to untreated and the drug free liposomal hydrogel [105].

2.9. Solid Supported Liposomes (SSLs) and Liposome Loaded Scaffolds (LLSs)

Solid supported liposomes (SSLs) are combined delivery systems based on drug loaded liposomes
adsorbed onto the surface of solid particles, such as zinc citrate or calcium sulfate.

Catuogno and Jones have designed SSLs encapsulating triclosan or penicillin G to target immobilized
biofilms of S. oralis and to exploit possible and desirable synergistic effect of the liposome-encapsulated
bactericides with zinc citrate [97], which itself is used in dental preparations to prevent bacterial
growth and plaque accumulation [122]. The adsorption of anionic (DPPC/PI) and cationic
(DPPC/DDAB/Chol) liposomes to S. oralis biofilms was found to be dependent on the lipid
concentration, whereas the optimum was achieved at 19 mol% of PI or DDAB. Similarly, the biofilm
targeting with the drug loaded SSLs was found to be dependent on the amount of the lipid adsorbed
onto zinc citrate particles. Free triclosan and penicillin G were shown to be effective against S. oralis
growth when used in concentration >125 pug/mL (each bactericide), while the zinc citrate particles
showed antibacterial properties only at the high concentration tested (5%). Interestingly, solid zinc
citrate particles in combination with the free drugs displayed regressive effects as compared to
the separate antibacterial activity of the each component. The tested SSLs showed no particular
advancement in the antibacterial activity in comparison to the activity of the individual constituents,
while addition of the drug or liposomes to the solid particle dispersions inhibited the bactericidal
activity of the particles [97].

In another research, gentamicin loaded DPPC/SA/Chol liposomes (1:0.49:0.43, molar ratio)
impregnated onto the calcium sulfate particles (CS) were examined for the treatment of chronic
staphylococcal osteomyelitis [98]. Contrary to the above discussed study [97], the impregnation of
gentamicin liposomes onto the CS particles proved to have no regressive effect on the anti-biofilm
activity of the liposomal gentamicin, since in vitro anti-biofilm activity of gentamicin SSL was found
to be the same as of the non-adsorbed liposomal gentamicin. In vivo study on rabbits revealed
that gentamicin SSLs were significantly more effective than both gentamicin-impregnated CS and
non-adsorbed liposomal gentamicin. The complete sterilization of bone tissues was achieved in the
animals treated with the SSLs. Moreover, implantation of the antibiotic loaded SSL was found to be
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more appropriate for the treatment of bacterial osteomyelitis than the conventional injection of the free
drug due to improved delivery to the infection site [98].

Apart from antibiotic loaded SSLs, biofilm targeting can be also achieved by liposome-loaded
scaffolds (LLSs), i.e., liposomally-entrapped antibiotics incorporated onto the artificial, porous and
biodegradable bone scaffolds. Several investigations have demonstrated the potentials of LLSs to
combat S. aureus biofilm occurrence in the osteomyelitis [99,100].

Zhu et al. have loaded various gentamicin-sulfate liposomes, differing in the size (0.1-5 pum), into
the pores and onto the surface of beta-tricalcium phosphate granules (0.5 mm). Release kinetic of the
antibiotic from the LLS has shown initial rapid release of liposomal gentamicin from the scaffold matrix
followed by the sustained release of the free drug from liposomes. The anti-biofilm properties of LLS
with gentamicin content ranging from 2.5-800 ng/mL were investigated in vitro on S. aureus biofilms.
When compared to the control (free antibiotic solution of equivalent concentrations), gentamicin
containing LLS demonstrated significantly elevated anti-biofilm activity. Bacterial re-growth in the
anti-biofilm experiments was shown to be influenced by the liposome particle size in addition to the
drug entrapment efficiency. Thus LLS with the smallest liposome size of approximately 100 nm, at the
lowest drug concentration (2.5 ug/mL), showed the highest inhibiting effect. However, at the higher
drug concentration range (400-800 png/mL) the maximum antibacterial activity was achieved with the
liposomes in size range of around 850 nm [99].

Ma and collaborators have investigated a suitability of a nano-hydroxyapatite/chitosan/konjac
glucomannan scaffold (n-HA/CS/KGM) for the incorporation of cationic vancomycin loaded
liposomes [100]. The n-HA /CS/KGM is biodegradable and biocompatible scaffold with the possibility
of regulating drug release through the adjustment of the chitosan/konjac glucomannan (CS/KGM)
ratio, while the content of hydroxyapatite (n-HA) can be optimized to imitate natural bone [123].
The tested n-HA /CS/KGM scaffold contained 60%-70% of n-HA, whereas the content of KGM and
impregnated cationic liposomes varied to investigate potential influence on release properties. When
the amount of KGM in the scaffold was increased, slower release of the drug has been confirmed,
probably as a result of the swelling tendency of the KGM, which could facilitate sustained release in
clinical application. Anti-biofilm effects were determined in vitro for blank, free vancomycin loaded
scaffold and vancomycin LLS. The drug LLS more successfully inhibited the formation of S. aureus
biofilms than the free drug loaded scaffold, especially at the lower drug concentrations and shorter
exposure time. Interestingly, blank scaffold itself also reduced slightly the biofilm formation [100],
probably due to the presence of chitosan, which is known to have antibacterial activity [124,125].

In the following study [101], nano-hydroxyapatite/beta-tricalcium phosphate scaffold loaded
with cationic liposomal ceftazimide has been evaluated by the same group of authors. In vitro release
profile of ceftazimide from ceftazimide LLS showed the initial burst release in the first several hours
and nearly 100% release within 72 h. Liposomal ceftazimide inhibited S. aureus biofilm formation
more efficaciously than the free drug and the drug LLS in the first 2 h of exposure. However, during
the longer incubation time (2-12 h), ceftazimide LLS exhibited the most prominent anti-biofilm
activity [101].

Summarizing in vitro and in vivo results from all of the above-discussed LLS-based investigations,
it is obvious that LLSs could offer a new platform in development of clinically applicable delivery
systems for the local anti-biofilm therapy of osteomyelitis.

2.10. Miscellaneous

An interesting approach for the treatment of device-associated osteomyelitis has been proposed
by Liu and coworkers. It relies on the use of biomineral-binding liposomes (BBLs) to enable rapid
delivery of encapsulated antimicrobials onto the orthopedic device surface. For this purpose an
alendronate-tri(ethyleneglycol)-cholesterol conjugate (ALN-TEG-Chol) was incorporated into the lipid
bilayers during the preparation of oxacillin containing liposomes. The presence of ALN-TEG-Chol in
the liposome bilayers induced the significant changes in the thermodynamic behavior of liposomes,
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but was also expected to yield anchoring of the BBLs to the surface of hydroxyapatite coated orthopedic
implants. The results of anti-biofilm testing against S. aureus biofilm have shown significantly higher
inhibitory effects of oxacillin BBLs than that of the non-binding liposomes, suggesting that the BBLs
could be utilized against S. aureus colonization and biofilm formation in the prevention of orthopedic
device-related osteomyelitis [102].

To improve prevention of dental infections (caries) associated with insoluble glucan-biofilm
synthesis, Yamakami and collaborators suggested liposomal encapsulation of peptide antibiotic nisin.
Liposomes consisting of hydrogenated lipids (Phospholipon 90) and phytosphingozine (2:0.4, molar
ratio) have been shown to effectively inhibit glucan-biofilm synthesis by S. mutans. The concentration
of nisin-liposome required for the successful inhibition of glucan-biofilm synthesis was four-fold
lower than that of naked nisin following 2 h cultivation. Namely, liposome formulation prolonged
the inhibitory activity of nisin against glucan-biofilm synthesis by S. mutans 10449 for up to 6 h,
while naked nisin gradually lost this inhibitory activity over the same period [126].

3. Toxicity Aspects

Majority of the aforementioned investigations have dealt with liposomal delivery to biofilm
in vitro, whilst keeping toxicity studies towards representative mammalian cell lines to a minimum.
However, these studies are crucial to prove the biocompatibility of formulations and usually precede
the in vivo animal and clinical investigations.

Liposomes are commonly recognized as biocompatible, biodegradable and relatively non-toxic as
they are composed of lipids from natural sources that reduce the toxicity of entrapped antimicrobial
agents. For instance, free bismuth-ethanedithiol (BiEDT) at concentration of 10-20 pM rendered A549
human lung cancer cells non-viable. On the other hand exposure of A549 human lung cancer cells
to the liposomal tobramycin co-encapsulating BiEDT reduced its toxicity. In all cases, liposomal
encapsulation preserved the cell viability in comparison to cells treated with free bismuth, tobramycin
or their combinations with empty liposomes [92].

Considering the influence of the physicochemical properties of liposomes on the cell viability, it has
been proven that both surface charge and lipid concentration affect biocompatibility of liposomes [36].
In general, positively charged liposomes composed of cationic lipids have shown cytotoxic effects
while negatively charged and neutral were less toxic or without toxicity effects to the treated cells [71].
Another important issue that should be kept in mind relates to the organic solvents used for the
liposome preparation, particularly for liposomes destined for parenteral delivery. Namely, residues
of toxic organic solvent might not be completely removed from the final liposome dispersion,
causing a high risk of cytotoxicity via different mechanisms including the enzyme inhibition, protein
denaturation, cell membrane modification and extraction of certain cellular components (lipids,
cholesterol, and protein) [36]. Such unfavorable effects can be controlled by ensuring complete
removal of residual solvents by applicable methods [127].

The long-term toxicity/safety issue of liposome-based drug delivery systems especially those
for parenteral administration and treatment of chronic infections has to be determined. The potential
long term toxicity of repeatedly administered cationic liposomes remains an issue that needs to be
addressed [128].

4. Limitations of Liposomal Formulations

Despite the numerous advantages, liposomal antibiotics exhibit some drawbacks such as the
limited stability of the vesicles and low entrapment of hydrophilic drugs. The stability of liposomes is
determined by their lipid compositions with pH and storage temperature as prevailing parameters [35].
The stability of liposomes can be improved by addition of antioxidants to prevent oxidation of
phospholipids, while hydrolysis can be hampered by preparing liposome dispersions at neutral
pH, storage at lower temperatures and by freeze-drying of liquid liposome formulations [127,129].
Another problem associated with physical instability is the drug leakage from the lipid vesicles
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during storage and in vivo administration. The highest membrane permeability and fastest leakage
of content is observed when bilayers are in the liquid-crystalline phase. Therefore, liposome stability
can be enhanced by increasing the ratio of phospholipids with saturated and longer fatty acids
chains, respectively, as well as addition of cholesterol, thus resulting in vesicles with rigid bilayers
having higher transition temperature [127,129]. Furthermore, surface charge (both positive and
negative) has also shown to affect liposome drug leakage in in vivo conditions [130]. This is a very
unfavorable circumstance as the best antibacterial activities were achieved with positively charged
or fluid (fusogenic) liposomes [58,81]. Moreover, the presence of anionic lipids in liposomal vesicles
also favors binding to serum proteins to the vesicle surface [131]. Another aspect of the physical
instability of liposomes is the aggregation and fusion upon storage leading to the increased vesicle
size, subsequently affecting the in vivo performance.

Since the therapeutic outcome of liposomal antibiotics is determined by the achieved concentration
of the drug at the site of action, high drug encapsulation efficiency is of great relevance. Encapsulation
efficiency is closely associated with the concentration of the lipids building liposomes, applied
preparation method and physicochemical properties of the encapsulated drug. It can be improved by
optimization of the preparation process and raising the lipid concentration [35]. In this context,
high doses of certain lipids can be potentially toxic, while some preparation method yielding
high-encapsulation efficiency for hydrophilic drugs (e.g., reverse-evaporation method) are not suitable
due to the possible presence of residual toxic organic solvents in the final liposomal formulations.
As an alternative, freeze-dried liposome rehydration methods offering higher encapsulation efficiency
compared to the conventional film hydration method, can be used.

Further important aspect of liposomal formulation is the ability for scaling up as the methods
used on the laboratory scale are often complex and expensive. Large scale capacities are required for
the preparation of marketed products providing sterile, well-characterized, and stable formulations.
Unfortunately, the availability of certain production methods as well as the quality aspects depends on
the characteristics of the lipids themselves. This limits the choice of liposome types from which one
can select when optimizing liposome-based drug therapy. However, some of the methods have been
used in industry, such as detergent removal method, the ethanol injection method and freeze-drying
of bilayer-forming lipids in the presence of drug [132,133].

Finally, liposomal antibiotics aimed for parenteral delivery have to satisfy sterility requirement.
Sterilization procedures for liposomal antibiotics generally cannot involve the use of heat, irradiation
or chemical agents since lipids are very sensitive to high temperatures and easily undergo oxidation
and hydrolysis reactions. Instead, the mechanical filtration is commonly used if the vesicles are
sufficiently smaller than the bacterial cells. However, it still does not guarantee the removal of
viral particles [41,132,133]. More innovative approaches in development of sterile liposome-based
formulations are expected.

5. Perspectives

Bacterial biofilms are an undoubtedly challenging environment for drug delivery due to their
physical composition, inter- and intra-species variations as well as the added complication of quorum
sensing. Deeper insights on the mechanisms of biofilm survivals open up the possibilities to design
novel agents able to combat the biofilms. All of the agents and drugs require a suitable carrier to
improve therapeutic efficacy. A variety of liposomes, differing in the physicochemical features have
been explored for improved delivery of antimicrobial agents to biofilm-forming microorganisms and
mature biofilms [42]. Functionalizing liposomes with targeting ligands could be beneficial to achieve
accumulation of the liposomes close to the bacterial cells and to promote close contact with bacteria.
Targeting can be beneficial in environments with higher shear forces, such as oral cavity, where only
short exposure times can be attained. The encapsulation of hydrophilic and lipophilic drugs in
liposomes reduces their toxicity while improving the drugs’ effectiveness and increasing its therapeutic
index [7]. It has been proven that liposomes increase intracellular drug concentrations through fusion
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with bacterial cell membrane [50]. In the case of CF, liposome encapsulation of antibiotics allows higher
drug concentrations to be specifically delivered to the lungs, thereby improving aminoglycoside action
against highly resistant pathogens [78].

Triggered drug release inside biofilms represents an attractive strategy to increase the local
concentration of antimicrobial agent in the biofilm. Such approach has been utilized in the development
of Arikace™, for triggered release of amikacin from DPPC/Chol liposomes at the site of infection
(in the biofilm) [7,65]. Particularly interesting approaches to combat biofilms and microbial resistance
involve the use of membrane building materials acting antimicrobially on their own, such as cationic
lipids, metals and polymers. For instance, co-encapsulation of bismuth has shown to enhance
antimicrobial activity of antibiotic loaded liposomes. Moreover, when bactericidal sub-inhibitory
bismuth is combined with the solubilizing agent ethanedithiol, the decrease in antibiotic resistance
through the inhibition of alginate production, bacterial respiratory enzymes and suppression of biofilm
formation can be achieved [113,114].

Amongst the different novel strategies proposed for biofilm targeting the use of chitosan, a
natural non-toxic biopolymer derived by deacetylation of chitin, has attracted considerable attention
due to its ability to interfere with microbial virulence factors highly associated with formation of
bacterial [120] and fungal [134] biofilms. In general, chitosan has shown stronger bactericidal effects
against Gram-positive bacteria than Gram-negative bacteria, while the activity is inversely affected
by pH [125]. Interestingly, even plain chitosan gel (medium Mw) was capable to disrupt bacterial
P. aeruginosa biofilms at concentrations as low as 0.13% at pH 4 [120]. Although chitosan alone might
be potentially toxic for the cells, this limitation could be overcome by development of nanosystems
additionally containing physiologically acceptable phospholipids. Therefore, nanosystems with
increased antimicrobial effect might be achieved by combining liposomes-encapsulating antibiotics
and chitosan, either as liposome coating material or gel-like vehicle for increasing viscosity of
liposome dispersions.

6. Conclusions

Different strategies have been utilized to develop liposomes exhibiting improved anti-biofilm
activity. The design of an optimal liposome formulation with desired anti-biofilm properties requires an
optimal interplay of several factors including the biofilm characteristics, physicochemical properties of
liposomes and the features of the encapsulated antimicrobial agent. Liposomes have shown promising
results in the delivery of antibiotics in the therapy of chronic, biofilm-related infections due to their
ability to lower the MICs and minimum biofilm inhibitory concentrations, and decrease the virulence
factors in comparison to the conventional therapy. The clinical investigations on the formulations such
as liposomal amikacin, ciprofloxacin and tobramycin have confirmed a reputable position of liposomal
formulations among various innovative antimicrobial delivery systems. More work is required to
assure optimal delivery of novel anti-biofilm agents designed and developed as a response to increased
understanding of biofilm features.

Author Contributions: Both authors contributed to the content of this article.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

The following abbreviations are used in this manuscript:

ALN-TEG-Chol alendronate-tri(ethyleneglycol)-cholesterol conjugate
BBLs biomineral-binding liposomes

BTCP (-tricalcium phosphate

BiEDT bismuth-ethanedithiol

CF cystic fibrosis

CHM cholesteryl mannan

Chol cholesterol

CHEMS cholesteryl hemisuccinate
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ConA concanavalin A

CPO chloroperoxidase

CS calcium sulfate

CS/KGM chitosan/konjac glucomannan

DC-Chol dimethylammonium ethane carbamoyl cholesterol
DCP dicetylphosphate

DDAB dimethyldioctadecylammonium bromide

DMPC dimyristoylphosphatidylcholine

DMPG dimyristoylphosphatidylglycerol

DOPC dioleoylphophatidylcholine

DOPE dioleoylphosphatidylethanolamine

DOTAP 1,2-oleoyloxy-3-trimethylammonium-propan

DPPC dipalmitoylphosphatidylcholine

DPPE diplalmitoylphosphatidylethanolamine

DPPEMBS maleimidobenzoyl-N-hydroxysuccinimide (MBS) derivative of DPPE
DPPG dipalmitoylphosphatidylglycerol

DSPC distearoylphosphatidylcholine

GO glucose oxidase

GO-HRP glucose oxidase-horse radish peroxidase

HSPC hydrogenated soy phosphatidylcholine
LipoBiEDT-TOB liposomal BiEDT-loaded tobramycin

Lipo-Ga-GEN liposomal formulation with gentamicin and gallium
LLS liposome loaded scaffold

LPO lactoperoxidase

MBC minimal bactericidal concentration

MBEC minimal biofilm eradication concentration

MIC minimal inhibitory concentration

n-HA/CS/KGM nano-hydroxyapatite/chitosan/konjac glucomannan
PC phosphatidylcholine

PEG poly(ethylene) glycol

PI phosphatidylinositol

QS quorum sensing

SA stearylamine

SCh sodium cholate

SM sialo-mannan

SPC soy phosphatidylcholine (lecithin)

SSLs solid supported liposomes
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