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Abstract Antimicrobial agents are toxic to bacteria by a
variety of mechanisms. One mechanism that is very depen-
dent on the lipid composition of the bacterial membrane is
the clustering of anionic lipid by cationic antimicrobial
agents. Certain species of oligo-acyl-lysine (OAK) antimi-
crobial agents are particularly effective in clustering anionic
lipids in mixtures mimicking the composition of bacterial
membranes. The clustering of anionic lipids by certain cat-
ionic antimicrobial agents contributes to the anti-bacterial
action of these agents. Bacterial membrane lipids are a
determining factor, resulting in some species of bacteria
being more susceptible than others. In addition, lipids can be
used to increase the effectiveness of antimicrobial agents
when administered in vivo. Therefore, we review some of the
structures in which lipid mixtures can assemble, to more
effectively be utilized as antimicrobial delivery systems. We
describe in more detail the complexes formed between
mixtures of lipids mimicking bacterial membranes and an
OAK and their usefulness in synergizing with antibiotics to
overcome bacterial multidrug resistance.
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Introduction

There is considerable interest in developing new strategies
to combat bacterial infections because of the increasing
occurrence of clinical cases caused by drug-resistant bac-
teria for which traditional antibiotic therapy becomes
ineffective [1]. An important aspect of the effort to develop
novel antimicrobial strategies is the involvement of lipids in
several different contexts. It has long been recognized that
lipids play a role in the selectivity of cationic antimicrobial
agents for bacteria over eukaryotic cells as the result of the
attraction to the exposed anionic lipids present on the
surface of bacteria, but not in eukaryotic membranes. In
addition, the lipid composition of bacterial membranes
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varies widely, allowing for the development of agents with
selectivity against certain species of bacteria and not others
[2, 3]. Many of the mechanisms of action of antimicrobial
agents occur at the membrane and involve membrane lipids.
Membranes are also important for agents that act intracel-
lularly since they have to first enter the cell across the
membrane. Finally, various forms of complexes of antimi-
crobial agents with lipids or with these drugs entrapped in
lipid structures may be used for drug delivery. The present
review will consider the role of microbial membrane lipids
in the action of antimicrobial agents as well as discuss the
potential of using systems composed of antimicrobial
agents with lipid mixtures for drug delivery. We will place
particular emphasis on the newly discovered role of
cochleates in causing a synergistic action between a class of
cationic antimicrobial agents, the OAKs (see Fig. 1 for
OAK structures), and certain antibiotics in overcoming
bacterial multidrug resistance.

Antimicrobial agents

There is considerable interest in developing therapeutic
agents that can be used clinically against bacterial infec-
tions, particularly in cases in which traditional antibiotics
have lost their efficacy. There have been many approaches
to this problem but one of the most actively studied is the
use of antimicrobial peptides [1, 4]. Peptides used for this
purpose range from host defense peptides that are found in
most organisms, to designed peptides with various degrees
of variation from known structures. Peptides have certain
advantages for use as therapeutic agents. They offer a large
range of structures, generally have a low toxicity, and are
relatively inexpensive to produce. Of course, part of the
reason for the low toxicity is that they tend to be rapidly
degraded by proteolysis after administration, which also
results in lowering their efficacy and increasing the diffi-
culty of successfully regulating the oral/systemic delivery
of peptides.

It is not surprising that such a large and diverse group of
peptides also has several mechanisms by which they exert
their antimicrobial action. With few exceptions, these
peptides are not as potent as classical antibiotics and
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Fig. 1 General structure of oligo-acyl-lysines (OAK). The value of
n varies. Most of the studies discussed here were done with OAKs
having n = 4-12
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exhibit their antimicrobial effects at micromolar concen-
trations. In addition, the action of these agents is not lost by
small changes in their structure. Thus, antimicrobial pep-
tides generally have a relatively low potency and
specificity and likely function by more than one mecha-
nism. Despite this lack of specific targeting, antimicrobial
peptides generally have in common that they interact with
the membranes of bacteria.

There are two different ways in which the membranes
of bacteria are involved in the action of antimicrobial
agents. The one mechanism that has received the most
attention is one where the antimicrobial agent breaks the
permeability barrier provided by the membrane and
allows leakage of polar materials across the membrane.
Several molecular mechanisms have been proposed for
this process that has been extensively discussed. These
mechanisms include the formation of pores [5] lined by
both lipids and peptides [6] or by a more general “carpet
mechanism” [7], but other specific mechanisms have also
been suggested [8—12]. This breaching of the membrane
barrier may involve small perturbations that simply result
in the loss of the large electrochemical gradient that exists
across the bacterial membrane or it may result in the
uncontrolled movement of larger molecules with more
extensive membrane damage.

Antimicrobial agents can also pass through the bacterial
membrane and interact with an intracellular target. Several
antimicrobial peptides are known to interact with DNA,
leading to a cytotoxic action [13—15]. This is not surprising
since these peptides carry multiple positive charges and the
nucleic acid is polyanionic.

Interaction of antimicrobial agents with lipids
Importance of charge

It has long been recognized that most, although not all,
antimicrobial peptides are cationic. This property has
been suggested to contribute to the specificity of these
agents for targeting to bacteria since their membranes are
enriched in exposed negatively charged lipids. In com-
parison, most of the anionic lipids in the plasma
membranes of eukaryotic cells are sequestered to the
cytoplasmic surface. This would provide cationic antimi-
crobial peptides with a degree of therapeutic efficacy
because when administered to humans they would be
selectively toxic to bacteria. It has been recently pointed
out that this apparent selectivity for bacteria is also a
consequence of the larger amount of mammalian mem-
branes used for the assays, resulting in a greater dilution
of the antimicrobial agent in the mammalian compared
with the bacterial membrane [16].
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Anionic lipid clustering: relationship to cochleate
formation

The preferential interaction of cationic antimicrobial pep-
tides with anionic lipids can result in the segregation of
anionic lipids into a membrane domain from bilayers
containing both anionic and zwitterionic lipid (Fig. 2). This
phenomenon can be clearly shown in membranes mim-
icking the lipid composition of typical Gram-negative
bacteria, as has been demonstrated with homologous anti-
microbial cationic arginine-rich nonapeptides [17], with
some antimicrobial amphipathic cationic peptides [18], as
well as with oligo-acyl-lysines [19], and has been recently
reviewed [2, 3]. Although there is evidence that cationic
antimicrobial peptides can segregate two different anionic
lipids, when this clustering occurs in bacterial membranes
that contain both anionic and zwitterionic lipid, the clus-
tering of anionic lipids appears to be an important factor in
determining the toxicity of selective antimicrobial agents to
certain species of bacteria. In addition, in an attempt to
visualize the reordering of the membrane by freeze-fracture
electron microscopy, it was observed that some antimi-
crobial agents with a strong capacity to cluster anionic
lipids in mixtures with zwitterionic lipids, can also form
cochleate structures (see below), which can be exploited
for drug delivery. However, not all antimicrobial peptides
that cluster anionic lipids can form cochleates, as many
factors enter into the requirement for cochleate formation
[20]. The relationship between anionic lipid clustering by
one specific OAK, the C;,K-7ag, in lipid mixtures mim-
icking the composition of bacterial membranes, and the
formation of cochleates that have in vivo biological
activity, has been recently studied (Sarig et al., manuscript
in preparation).

Relationship to bacterial species specificity of toxicity

The clustering of anionic lipids in the membranes of bac-
teria that contain both zwitterionic as well as anionic lipids
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Fig. 2 Clustering of anionic lipid in a bilayer composed of anionic
(red headgroups) and zwitterionic lipids (green headgroups) in the
presence of a cationic agent, causes defects in the surrounding area of
the bilayer, increasing permeability

will be more sensitive to agents that act by this clustering
mechanism than for bacterial membranes that are com-
prised predominantly of anionic lipids. For many bacteria,
this difference in lipid composition also correlates with the
bacteria being either Gram-positive or Gram-negative.
Many Gram-positive bacteria contain mostly anionic lipids
and are more resistant to the action of agents that can
cluster anionic lipids away from zwitterionic ones. In
contrast, almost all Gram-negative bacteria have a high
content of the zwitterionic lipid, phosphatidylethanolamine
(PE). There are, however, exceptions to this generalization.
Gram-positive bacteria from the genus Bacillus and from
some members of the genus Clostridium have a higher
content of zwitterionic PE, while the Gram-negative bac-
terial species Caulobacter crescentus has little if any PE.
PE is not the only bacterial lipid present that is not anionic.
Several bacterial species have a significant content of other
zwitterionic or uncharged lipids. Gram-positive bacteria
have a thick outer peptidoglycans layer with lipoteichoic
acid as the main constituent. The membrane anchor of the
lipoteichoic acid is glucosyl diacylglycerol but by being
incorporated into the lipoteichoic acid results in glucosyl
diacylglycerol not behaving as an uncharged lipid com-
ponent of the bacterial membrane. However, the species S.
pyogenes has a high content in its membrane of glucosyl
diacylglycerols, a fraction of which is not incorporated into
lipoteichoic acid and acts as an uncharged lipid, making
this species susceptible to agents that cluster anionic lipids
in the presence of zwitterionic or uncharged lipids [17].

In addition to lipids common to most bacterial species,
some bacteria have other lipids including cationic lysyl-
phosphatidylglycerol, zwitterionic aminoacyl-phosphati-
dylglycerol, as well as zwitterionic lysyl-cardiolipin. The
most common of these lipid species is lysyl-phosphati-
dylglycerol, which is a cationic lipid. At higher
concentrations, such cationic lipids will prevent the binding
of cationic antimicrobial agents to the membrane because
of electrostatic repulsion and hence this will make the
bacteria more resistant. This is a known mechanism of
acquired resistance of S. aureus [21, 22]. However, in non-
resistant strains of S. aureus, most of the lysyl-phosphati-
dylglycerol is found on the cytoplasmic surface of the
bacterial membrane. Resistance to antimicrobial agents
occurs only in those strains of S. aureus in which a protein
facilitates the translocation of this lipid to the cell exterior
[23, 24]. Although the membrane sidedness of lysyl-
phosphatidylglycerol in S. aureus has been determined, in
general, there is little information about the sidedness of
membrane lipids in bacteria.

In the case of Gram-negative bacteria, antimicrobial
agents have to pass through the outer membrane in order to
access the cytoplasmic bacterial membrane. Outer mem-
brane permeability can be directly tested using E. coli
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ML-35p, a strain that was engineered specifically to
simultaneously probe penetration across the inner and outer
membranes of Gram-negative bacteria [25]. Some antimi-
crobial peptides that can cluster anionic lipids are less toxic
than expected against certain strains of Gram-negative
bacteria [17] even though these peptides are capable of
clustering anionic lipids. One reason for this appears to be
the inability of less hydrophobic agents to penetrate the
outer membrane of Gram-negative bacteria.

Anionic lipid clustering is a feature of some cationic
antimicrobial agents [2, 3]. Among Gram-positive bacteria,
such agents will be most toxic to species that contain sig-
nificant quantities of neutral or zwitterionic lipids in the
membrane. Generally, these agents are expected to be more
toxic to Gram-negative than Gram-positive bacteria, since
most species of Gram-negative bacteria have high con-
centrations of the zwitterionic lipid PE, provided that these
agents are capable of penetrating the outer membrane.
Since infections with Gram-negative bacteria are becoming
an increasingly important clinical problem [26, 27], focus
on lipid clustering can specifically contribute to developing
new strategies to counter this serious clinical problem.

Use in drug delivery

Several systems have been explored for the purpose of
entrapping drugs in nanoparticles to delay their degradation
after administration as well as to increase their delivery to
target cells or organs [28]. One of the most active efforts is
in the use of lipids in forming drug-containing nanoparti-
cles for drug delivery. There are several forms that these
particles can take.

Liposomes

The most extensively studied lipid nanoparticle for drug
delivery is the liposome. Liposomes have the advantage that
they entrap drugs using phospholipids that have a low
toxicity and are eventually degraded in the body. For drug
delivery, liposomes are made as unilamellar vesicles,
spherical particles composed of a shell of phospholipid and
an aqueous interior. The drug is generally entrapped in the
aqueous compartment inside the liposomes and is therefore
protected from external degradation mechanisms. There are
also methods to concentrate the drug within liposomes, for
example with the use of pH gradients [29]. However, some
more hydrophobic drugs likely also partition into the sur-
rounding phospholipid membrane. This membrane can also
contain a targeting ligand such as growth factors, hormones,
toxins, antibodies, or cytokines. In addition, polyethylene-
glycol linked to PE (PEG-PE) can be incorporated into the
bilayer. PEG-PE is a lipid anchored hydrophilic flexible
polymer that has been shown to reduce the clearance of
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liposomes by the reticuloendothelial system. Liposomes
with PEG-PE have been called “stealth liposomes™ because
of their ability to avoid clearance from circulation [30, 31].
They have recently been discussed as potential vehicles for
delivering anti-cancer drugs [32]. However, the effective
increase in circulation time of these stealth liposomes does
not always result in more drug delivery to target tumors
[33]. Liposome drug delivery is also being investigated as a
mechanism to pass the blood-brain barrier [34].

Cochleates

Cochleates are cylinders made of continuous solid bilayer
sheets rolled up in multilayered spiral structures, consisting
of anionic lipid molecules bridged by divalent or polyva-
lent cations (Fig. 3). Most of the cochleates studied up to
the present time were structures formed mainly from
phosphatidylserine (PS) and Ca®". These Ca—PS cochleates
revert back to liposomes upon addition of EDTA.

The cylindrical spiral lipid structures of cochleates were
observed by freeze-etch electron microscopy by Verkleij
et al. in 1974 [35] using dilauryl phosphatidylglycerol,
when Ca®" was added. They were also observed in the
presence of Mg?* [36, 37]. Fusion of unilamellar PS ves-
icles with Ca** was observed in 1974 by negative staining
electron microscopy [38] and in 1975, the fusion of soni-
cated PS vesicles with Ca®* to form rolled-up cylindrical
structures was observed by freeze-fracture -electron
microscopy [39] and were called cochleate cylinders, from
the Greek meaning “snail with spiral shell”. Subsequently,
lipid suspensions of PS or other anionic lipids and divalent
cations were studied by several techniques in numerous
laboratories. The ability of these structures to entrap solutes
represented a new platform for studies regarding their
capacity to deliver therapeutic agents.

Vesosomes
Vesosomes are unique structures comprised of unilamellar

liposomes entrapped within an outer membrane, much like
a eukaryotic cell containing multiple organelles [40, 41].

Fig. 3 Some cationic antimicrobial agents can bridge anionic lipids,
thereby functioning effectively to promote the formation of rolled-up
lipidic sheets or cochleates, as divalent cations do. Cationic OAKs
can bridge multiple liposomes, in this case MLVs, leading to the
formation of cochleates, much like when Ca®* is added to PS
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This morphology results in two membrane bilayers sepa-
rating any drug entrapped within a liposome and the
outside solution. As a consequence of this double mem-
brane barrier, the interior membranes are protected from
degradation by lipases and drug release is reduced by two
orders of magnitude, resulting in increased drug retention
from minutes to hours [42] (Fig. 4). Vesosomes have been
produced by forming tightly packed cochleates upon
addition of Ca*" to a high concentration of unilamellar
liposomes of dioleoyl phosphatidylserine (DOPS), causing
a number of liposomes, often aggregated, to coexist with
the newly formed cochleates; addition of excess EDTA
causes cochleates to unravel, and unfavorable excess edge
energy is eliminated by closure of the sheets back into
spheres trapping some of the unilamellar liposomes inside
[40, 41]. They have also been produced by use of the
ethanol-induced interdigitation of saturated phos-
pahtidylcholine (PC) bilayers below the main phase
transition, i.e., membranes in the Lf’ phase, which
increases membrane rigidity, with the formation of bilayer
sheets; by raising the temperature above the phase transi-
tion the acyl chains melt and the membrane reverts to a
disordered bilayer phase (La), with reduced bending
rigidity, allowing the bilayers to close, trapping small
vesicles and/or nanoparticles [42]. Vesosomes themselves
have not been extensively studied, but they may have a role
as an intermediate in cochleate drug delivery, since these
structures can arise spontaneously during the breakdown of
cochleates or the fusion of liposomes with cochleates.

Cochleate formation

Methods of cochleate preparation, particularly those
formed with PS and Ca2+, have already been discussed in

Fig. 4 Structure of a vesosome. One of the ways in which vesosomes
can form is when cochleates bind to liposomal aggregates, resulting in
the opening up of the rolled-up sheets and the formation of an outer
membrane, which entraps the aggregated liposomes

published reviews [43, 44]. Up to the present time, focus
has been on the preparation of small or nanocochleates for
drug delivery by the trapping method, the solvent-drip
method, the dialysis method, or the hydrogel-isolation
method, containing PS and Ca®". Recently, rapid formation
of cochleates from multilamellar vesicles (MLVs) com-
posed of zwitterionic and anionic lipids mixed with
antimicrobial OAKs by simply adding a solution of peptide
to a suspension of lipid mixtures in the form of MLVs, has
been reported [45]. The biophysical characteristics of these
systems were subsequently studied in detail [20].

Charge neutralization of anionic lipids by divalent or
multivalent cationic hydrophobic compounds to form
multilayered systems, with dehydration at the membrane
surface to allow close approach of bilayers, followed by
membrane fusion leading to formation of rolled-up sheets,
are the dominant processes that have been identified in
cochleate assembly. Cochleates made with PS and Ca®"
are examples of tightly rolled-up structures with little or no
aqueous interior space. Other cations, like Mg®" for
example, or cationic antimicrobial OAKs, cause water
entrapment into the structure leading to the formation of
larger-size cochleates in some systems [20, 45, 46].
Cochleate structures made with PS and Ca*" revert back to
liposomes upon addition of EDTA. Addition of high con-
centrations of EDTA produces an osmotic effect,
disrupting cochleate structures. Cations can also be
replaced by multicationic substances as bridging agents.
The combined ability to revert back to liposomes when the
bridging agent is removed that can entrap aqueous solutes
and their capacity to form highly curved membrane fusion
intermediates leading to rolled-up cylindrical structures,
are the foundations for their ability to function as drug
delivery agents (Fig. 5).

Methods to identify and characterize cochleates

Freeze-fracture electron microscopy remains the method of
choice for visualizing cochleates, as well as identifying the
presence of other structures in the sample, particularly non-
bilayer structures [39, 47, 48]. Cryo-EM is also a powerful
technique for visualizing these assemblies, but although it
is of higher resolution than freeze-fracture-EM and allows
for the monitoring of the inner volume, it is restricted to
smaller structures. In addition, the required concentration
of dispersions and sample deterioration from the electron
beam are intrinsic complications of the method [49]. Other
techniques have also been employed successfully in the
identification and characterization of cochleates. Dynamic
light scattering was used [50], mostly to determine
cochleate particle size distribution [51]. Scanning electron
microscopy has also been employed to visualize these
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Fig. 5 Cationic antimicrobial s02tlructures like OAKs bind to the
anionic lipids in MLVs. Binding to negatively charged lipids leads to
the bridging of bilayers, eliminating electrostatic repulsion. Fusion of
the bridged layers leads to formation of progressively bent bilayer
sheets as fusion intermediates, finally achieving a rolled-up

structures [51]. Confocal fluorescence microscopy has been
used to visualize binding and transfer of fluorescent lipids
from cochleates to membranes and fusion with cell mem-
branes [43, 51]. Light microscopy shows different patterns
depending on the molecule bridging liposomes [20]. FT-IR
spectroscopy was used to identify an absorption band
characteristic for cochleate phases made with PS and Ca2+,
which undergoes an 8 cm™' increase upon cochleate for-
mation, from 1,386 cm™' to 1,344 cm™' [46]. Laurdan
fluorescence has also been developed to successfully
characterize cochleates [45, 52].

Pharmacological applications of cochleates

One of the main applications of cochleate formation has
been their use as adjuvants to enhance the immune
response. Cochleate-based vaccine research involved
studying circulating antibody responses to PS—Ca’"
cochleates as well as their effectiveness in mucosal and
systemic immunization [53]. PS—Ca?* cochleates loaded
with amphotericin B were successfully tested against
Leishmania [41]; they also showed antifungal activity
against Candida albicans in a mouse model [54, 55].
Development of vaccine adjuvants using cochleates was
carried out with proteoliposomes obtained from N. men-
ingitis B by extraction with Na deoxycholate [56, 57]. The
proteoliposomes contained lipopolysaccharide (LPS) and
all the bacterial outer membrane proteins inserted into the
phospholipid structure. They were then transformed into
cochleates by detergent elimination in the presence of
Ca®". These cochleates were potent adjuvants for paren-
teral and mucosal administration of vaccines, particularly
nasal [58, 59]. The same system was also used to encap-
sulate recombinant glycoprotein D from herpes simplex
virus type 2, for induction of protective immunity against
genital herpes simplex infections in mice [60]. Proteo-
liposomes from Vibrio colerae O1 were also prepared with
the same procedure to produce cochleates for oral admin-
istration against cholera, resulting in mucosal and systemic
immune responses in mice [61].
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cylindrical state. OAK cochleates are not as tightly rolled up as
Ca*" bridged cochleates of PS and they allow for efficient entrapment
of molecules like the antibiotic erythromycin, which can be effec-
tively delivered in systemic therapy in vivo

Other applications were in the area of drug delivery.
Amphotericin B is an amphipathic molecule insoluble
in water, but mixes well with lipids. Fungizone, a
commercial micellar antifungal (amphotericin B in
deoxycholate), is very toxic and highly hemolytic. Lipo-
some-based formulations (like Ambisone) were developed
to reduce toxicity, but required much higher doses than
micellar ones, and were unstable and expensive. PS—Ca®"
cochleates on the other hand were found to be nonhe-
molytic, stable, and were almost equally effective in
inhibiting the growth of C. albicans cells in vivo as lip-
osomally entrapped amphotericin B [55]. Delivery of
genes to mammalian cells using cochleates [62] was
attempted in 2004 by encapsulating GFP expression
plasmids in rhodamine labeled PS—Ca®" cochleates and
visualizing cellular uptake in 4T1 adenocarcinoma cells
and H36.12 macrophage hybridoma; cochleates were
found to be an effective, non-toxic and non-immunogenic
method to introduce transgenes in vivo and in vitro.
Cochleates made of brain PS and Ca’" encapsulating
recombinant Factor VIII (deficiency in Factor VIII causes
hemophilia) were effective in protecting mice from
bleeding upon systemic exposure [63]. The antimicrobial
activity of DOPS nanocochleates prepared by the hydro-
gel-isolation method (HIC) from dextran/PEG emulsions,
in the presence of tobramycin, a pentacationic antibiotic
which targets ribosomes, was tested in E. coli to assess
their antimicrobial effectiveness compared to the antibi-
otic in solution and found this to be concentration
dependent, with nanocochleates requiring higher concen-
trations [51].

Recently, we showed that antimicrobial polycationic
OAKSs in multilamellar mixtures of zwitterionic and anio-
nic lipids formed cochleates. These could overcome drug
resistance in bacteria when OAKs were coencapsulated
with erythromycin and administered to neutropenic mice
infected with a Multidrug Resistant (MDR) strain of E. coli
[45]. This will be discussed below.

In 1997 the binding and transfer of fluorescent lipids
from PS—Ca®" cochleates to plasma and intracellular
membranes of white blood cells was demonstrated [59].
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Uptake of cochleates by macrophages was demonstrated
with empty rhodamine labeled PS—Ca** cochleates and
rhodamine labeled amphotericin B loaded cochleates,
incubated with J774 macrophages by fluorescence
microscopy and confocal laser scanning microscopy [43].
More recently, fusion with human fibroblast cells was
demonstrated by incubation with nanocochleates based on
the fluorescent lipid oleoyl(NBD)-hexanoyl PC added in
small amounts to DOPS [51]. Cells treated with these
nanocochleates exhibited a brighter contour under the
fluorescent microscope than similarly treated liposomes.
The line tension at the bilayer edges of the rolled-up sheets
in cochleates, as opposed to the edge free spherical lipo-
somes, was suggested to be the driving force for cochleate-
membrane fusion.

Although the mechanism of drug release in cells by
cochleates is not exactly known, it has been hypothesized
that either entrapped molecules are released more slowly in
oral delivery or, alternatively, that fusion with the mem-
brane of cells delivers entrapped material to the cytoplasm
[44]. On the other hand, liposomes, with aqueous space
inside, showed poor drug encapsulating capability, poor
drug retention, low stability, lack of cross-membrane dif-
fusion in the gut. To improve stability and retention of
entrapped material during circulation, derivatized lipo-
somes were developed in recent years, which show greater
promise in drug delivery and have superseded the use of
cochleation.

In the example given above, with amphotericin B drug
delivery as liposomes or cochleates in the mouse model of
systemic candidiasis, entrapped cochleates required a
slightly lower dose than entrapped liposomes, and both
were more efficacious than micellar entrapment in pro-
ducing a systemic effect [55].

OAK:-lipid based cochleates with lipid mixtures:
new strategies for drug delivery

A member of the family of oligo-acyl-lysyl (OAK), C;,K-
Tag, is particularly potent in clustering anionic lipids in
mixtures of anionic-zwitterionic lipids and their toxicity
against different species of bacteria correlates well with the
lipid composition of these bacteria, independent of the
presence of an outer membrane in Gram-negative bacteria
[19]. This is likely to be the consequence of a combined
high density of cationic charges together with a high degree
of hydrophobicity. This same OAK, C;;K-7ag, is also
effective in forming cochleates [20, 45] and therefore it is
pertinent to discuss here cochleate formation by OAKS and
the relative importance of those factors which lead to
cochleate formation.

Unique properties of cochleates formed with OAKs

There is particular interest in the study of cochleates made
from OAKs and phospholipid mixtures since these com-
plexes can be assembled rapidly and in the absence of
divalent cations, thus also allowing replacement of PS by
other lipids including mixtures containing zwitterionic—
anionic or anionic—anionic lipids, by simply mixing mul-
tilamellar liposomes with OAKs at physiological pH and
temperatures. In the type of cochleate we describe, addition
of polyethylene glycol, dextran, or polymers to form
hydrogels or emulsions, as well as reconstitution from
detergents, are not required for their assembly.

Cochleates formed from C;,K-7ag and the lipid mixture
1-palmitoyl-2-oleoyl phosphatidylethanolamine (POPE):
tetraoleoyl cardiolipin (TOCL) 75:25, which mimics the
composition of Gram-negative bacteria, showed an
increase in therapeutic efficacy when coadministered as
cochleates together with erythromycin [45]. Systemic
treatment of neutropenic mice infected with lethal inocu-
lums of multidrug resistant E. coli and treated by a single
intravenous dose of the OAK-phospholipid cochleate with
entrapped erythromycin increased mice survival in a dose-
dependent manner [45]. Unlike individual treatments with
free erythromycin or cochleated OAK, the co-encapsula-
tion of erythromycin in OAK-based cochleates can
decrease drug toxicity and increase systemic therapeutic
efficacy by orders of magnitude. We have followed up this
initial observation with further studies comparing the pro-
tective effect of a combination of erythromycin and the
OAK, C,K-7a0g in the presence and absence of various
lipids using the model of neutropenic mice infected with
lethal inoculums of multidrug resistant E. coli (Sarig, Oh-
ana, Epand, Mor and Epand, manuscript in preparation).
We demonstrated that several cochleate preparations that
were shown to entrap erythromycin in the presence of this
OAK, allowed for a much greater survival rate compared
with erythromycin and the OAK free in solution (see Sec.
“Lipid requirements for drug delivery”).

Dependence of efficiency of formation on OAK
structure

The structure of the OAK is important for the formation of
cochleates since it is necessary to achieve a balance
between charge and hydrophobicity. Lengthening the chain
from C,K-704 to C{,K-70g improved cochleate formation,
but further lengthening to C;,K-7a, results in the opposite
effect (Table 1). This biphasic behavior is a consequence
of increased hydrophobicity favoring cochleate assembly,
but extending the distance between cationic groups disfa-
vors it. A chain length of 8-9 carbon atoms is most
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Table 1 Comparison of cochleate assembly ability for OAKs with
the same number of acyl-lysyl residues separated by different chain
lengths

Lipid mixtures (L/P = 10) C2K-To, C,K-7ag C2K-7015
POPE:TOCL 75:25 G G N
DMPE:TOCL 75:25 G E P

Letters indicate the relative number of cochleates observed by
microscopy

N none, P poor, G good, E excellent

favorable to increase the probability of assembly into rolled
cylindrical structures.

Lipid requirements for the formation of OAK
cochleates

Cochleates are not formed by all lipid mixtures and OAKs.
However, they do form with many different lipid mixtures,
which should allow optimization of their biological and
pharmacological characteristics. One feature to consider is
intrinsic monolayer curvature, since the morphology of the
lipids changes from a flat structure to a curved one in the
process of cochleate formation. We have observed [20] that
the dimyristoyl phosphatidylcholine (DMPC):TOCL mix-
ture, that has less negative curvature tendency than
dimyristoyl phosphatidylethanolamine (DMPE): TOCL (PC
headgroup larger than PE), is a poorer cochleate former.
However, dioleoyl phosphatidylethanolamine (DOPE):-
TOCL has more negative curvature tendency (higher acyl
chain unsaturation) than DMPE:TOCL but is a poorer
cochleate former. There are also other such comparisons
that can be made to indicate that curvature tendency is not
the prime driving force in cochleate formation.

Another feature to consider is charge on the lipid.
Increased charge would inhibit cochleate formation
because of electrostatic repulsion, however, increased
negative charge on the lipid would facilitate the extent and
strength of binding of the OAKSs. In several cases increased
negative charge on the lipid leads to diminished cochleate
formation, as for example when the mole percent of TOCL
is increased in the bilayer. Although, C;,K-50g does
assemble into cochleates with the negatively charged lipid
mixture, dimyristoyl phosphatidylglycerol (DMPG):TOCL
75:25, even though the OAK itself is less positively
charged compared with C;,K-7ag or C;,K-90g, that do not
form cochleates with these lipids. Although charge
undoubtedly plays an important role in the formation of
cochleates, there is no simple relationship to the overall
charge on either the OAK or the lipid mixture. Clustering
of anionic lipids in the presence of zwitterionic ones, as has
been found for several antimicrobial agents [2], may play a
role. As far as anionic—anionic mixtures forming cochleates
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with certain OAKs, it should be noted that this does not
negate the possibility that there is segregation of the two
anionic lipids that could facilitate cochleate formation, as
this phenomenon has been observed with certain antimi-
crobial peptides [18].

Dehydration of the membrane interface appears to play a
role in facilitating the coiling up of the bilayer when
bridged by cationic molecules. Thus, PC is more hydrated
than PE and has fewer tendencies to form cochleates in
these lipid mixtures. Similarly, CL is internally hydrogen
bonded [64] with an H-bonded ring structure formed
between the two phosphates and the central OH group of
CL making for a tighter packing of the four hydrophobic
acyl chains on each molecule. Thus, CL as well as PE and
PG have hydrogen bonding among the lipid headgroups but
not to water. PE and CL have particularly small head-
groups relative to their acyl chains and are poorly hydrated.
We therefore suggest that a factor contributing to the
ability to form cochleates with OAK-lipid mixtures is a
consequence of a less hydrated membrane interface
resulting from a stable hydrogen bonded network among
the headgroups of these lipids. This feature also explains
the very slow formation of cochleates upon incubation of
DMPG at low temperature [65], since low temperature
storage is known to slowly cause dehydration of this lipid
as a consequence of forming more stable inter-lipid
bonding.

Inter-related with dehydration is the melting tempera-
ture. Lipids with a more dehydrated interface tend to have a
higher melting temperature. The PE headgroup also forms
a compact rigid network of hydrogen bonds at the bilayer
surface, giving it higher T}, values than PC [66-70]. In the
case of cochleates previously found to form with PS and
Ca*", the divalent cation also markedly raises the melting
temperature of the lipid [71]. With regard to the lipid
mixtures we have studied, there is a correlation between
melting temperature and the tendency to form cochleates.
Thus, the presence of DPPE or DMPE with an anionic lipid
results in more cochleate formation than does POPE, which
is better than DOPE, the lowest melting of the PE lipids
used. It appears that the presence of a higher melting lipid
contributes to a tendency to form these assemblies. With
tetramyristoyl cardiolipin (TMCL), lipid mixtures also melt
at higher T,,; but the required exposure of the samples
during preparation to higher temperatures has a somewhat
disrupting effect in cochleate formation.

In summary, we suggest that the formation of OAK-
based cochleates requires the use of an OAK with an
appropriate number and spacing of positively charged
amino groups and is also favoured by the use of a lipid
mixture of both anionic and zwitterionic lipids that have a
hydrogen-bonded network at the membrane surface. These
lipid mixtures will also have a high melting temperature,
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which will also support cochleate formation as long as the
temperature is not too high to disrupt the cochleates.
Finally, the role of anionic lipid clustering in cochleate
assembly with an OAK has been recently studied and is
being reported (Sarig, et al., manuscript in preparation).

Lipid requirements for drug delivery

We have shown that drug encapsulation with the OAK,
C2K-7ag, is several fold more efficient when the mixture
forms cochleates compared with entrapment in liposomes
[45]. The in vivo activity against an MDR strain of E. coli
can also be enhanced when the drugs are entrapped in
cochleates compared with the drugs in free solution (Sarig
et al., manuscript in preparation). Cochleates formed with
other lipid mixtures are even more effective than POPE/
TOCL used in the first demonstration of cochleate efficacy
[45]. Interestingly, drugs entrapped in the lipid mixture
DMPE/DOPG are no more effective than free drugs in the
absence of lipids, even though the lipid mixture DMPE/
DOPG forms large cochleates [20]. The difference in
properties between cochleates that are effective delivery
vehicles while other cochleates are not, is discussed in a
manuscript in preparation.

Efflux pumps and bacterial multidrug resistance

Bacteria have several mechanisms to develop resistance to
bactericidal drugs. These mechanisms include both
acquired resistance to individual drugs as well as multidrug
resistance. A principle mechanism of multidrug resistance
is the expression of energy-dependent drug efflux trans-
porters [72, 73]. Toxic compounds in the environment,
such as bile salts in the intestine of hosts as well as toxins
released by other bacteria are thought to be the original
substrates for these pumps, prior to the use of antibiotics.
However, these transport systems are now an important
factor in microbial drug resistance [74]. There have been
significant advances in our understanding of the structures
and mechanisms of the proteins involved in this resistance
mechanism [75]. The largest group of multidrug efflux
pumps is the Major Facilitator Superfamily (MFS). These
are proton symporters or antiporters. The proteins QacA
and QacB were the first examples of this class. These
proteins have 14 transmembrane segments and actively
extrude cationic, hydrophobic compounds [76, 77]. There
are also some MFS pumps with 12 transmembrane seg-
ments, such as the NorA transporter that is found in about
half of the S. aureus present in the blood stream of patients
[78]. In addition, there is a family of small multidrug
resistance pumps [79]. A member of this family, the EmrE
of E. coli, has only four transmembrane helices [80].

Drug efflux pumps have a particular requirement in
Gram-negative bacteria since these bacteria have two
membranes through which the drug must efflux. This is
accomplished by a family of proteins, the Resistance-
Nodulation-Division (RND) drug efflux pumps that have a
predominant role in the multidrug resistance of Gram-
negative bacteria. Many of these systems are proton anti-
porters with broad substrate specificity. These pumps
become associated with two other proteins, one being an
outer membrane channel such as the TolC protein of E.
coli, and the other being a periplasmic adapter protein that
can link the RND efflux pump with the outer membrane
channel. This protein complex thus allows export of drug
directly into the external media, rather than the periplasmic
space. Some RND proteins are also capable of transporting
drugs from the periplasmic space to the cell exterior. They
can thus be effective in protecting resistant bacteria against
the action of f-lactams that have targets in the periplasm
[81] and there are also RND transport systems that remove
toxic heavy metal ions from both the cytoplasm and peri-
plasmic space [82].

In addition to the transporters discussed above that
obtain the energy for drug transport from the dissipation of
a proton gradient, there are also bacterial multidrug efflux
pumps that utilize the influx of Na™* [83, 84]. There are also
ATP-Binding Cassette (ABC) transporters. ABC trans-
porters play a major role in multidrug resistance in cancer
cells in humans, but they have a more limited role in
bacteria [85].

OAK cochleates to overcome bacterial efflux pumps

A major mechanism of drug resistance in bacteria is
through the expression of multidrug efflux pumps. A direct
approach to overcome the action of these efflux pumps is to
develop specific inhibitors to their actions [§6—88]. Alter-
natively, if the rate of drug influx could be accelerated, this
would eventually overcome the capacity of the efflux
pumps and thereby reverse multidrug resistance. We sug-
gest that this mechanism can explain the synergistic action
of OAK cochleates in combination with erythromycin in
killing multidrug resistant strains of E. coli [45]. As indi-
cated above, cochleates have been shown to have potential
to be developed into agents for drug delivery. Traditional
antibiotics have been shown in some cases to sensitize
resistant bacteria [89] although, in most cases, the molec-
ular basis for these phenomena has not been addressed
experimentally. It has been demonstrated that there is a
synergistic action as a cochleate, between the OAK, C;,K-
7ag, and several antibiotics, thus lowering their MICs by
several orders of magnitude [45]. The results suggest that
bacterial sensitization to antibiotics was derived mainly
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from the OAK’s capacity to overcome the efflux-enhanced
resistance mechanism. The delivery of erythromycin
entrapped in cochleates to overcome infection with lethal
inoculums of MDR E. coli was successfully demonstrated
in vivo using neutropenic mice [45].

Conclusions and future perspectives

Most antimicrobial agents interact with lipids. This inter-
action is an important aspect of their mechanism of action
as antimicrobial agents. In addition, certain antimicrobial
agents can cluster anionic lipids and this forms the basis for
their species selectivity. Because this mechanism is more
important in Gram-negative bacteria, it provides a platform
for investigating the specific targeting of such a species of
bacteria. Some antimicrobial agents that cluster anionic
lipids can also form cochleate structures when complexed
with lipid mixtures. Cochleates can both entrap other drugs
and can facilitate drug delivery by protecting these drugs
from enzymes in the serum and they can also effectively
deliver drugs to tissues. The efficacy of OAK—erythromy-
cin-lipid cochleates against multidrug resistant E. coli has
been demonstrated [45]. These exciting findings provide
stimulus for optimizing cochleate assemblies and further
investigating the generality and efficacy of this phenome-
non, as many other polycationic antimicrobial agents with
a certain degree of hydrophobicity may share properties
such as those which have recently been demonstrated for
the antimicrobial OAKSs.
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