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Introduction

Biological membranes are complex structures consisting of many di erent lipids and protein
that performs vital processes for the cell. To study these membranes, a reduction of
parameters must be made. This drive to arti cially mimic the cell has paved the way to
many potential applications such as micromachine engineered to sense the environmental
change. [1]. Due to phospholipids amphipathic, nature synthesised micelle and vesicle
can be produced and these systems have been the leading candidate for drug delivery [2].
Phospholipid vesicles can also be used to mimic the cell bilayer. This has given rise to the
study of antimicrobial peptides and how they interact with cell membranes. To characterize
the pore formation of antimicrobial peptides as well as the ion ow, electrochemistry can
be utilized. The ion ow created from the pore formation can be measured. It was rst
discovered in 1962 by Mueller et.al. when painting lipids that were suspended in organic
solvents over a small hole in the microscale or nanoscale, the formation of black lipid
membranes (BLM) occurs [3, 4]. However, there is a weakness in this approach. When
painting the lipids, some of the organic solvents remain in the BLM which can denature
proteins and destabilize the bilayer when the solvent evaporates. A solvent-free approach
has been proposed, which is to deposit the bilayer directly on to the surface [3]. This can
be accomplished by using liposomes.

Antimicrobial peptides (AMP) are a broad and unique class of biomolecules found in nearly
all multicellular organisms. These peptides are part of the innate immunity of a wide
range of species ranging from insects and amphibians to mammals [5]. The peptides can
defend against pathogens ranging from bacterial infections, fungi, parasites and it has been
reported that some AMPs are e ective against tumour cells [5]. The eld of investigating
AMPs are growing rapidly as it has been reported that over 800 sequences for natural
antimicrobial peptides and proteins [5] has been found and in 2014, 100 new peptides were
found [5, 6]. The increasing prevalence of antibiotic resistance microorganisms means that
new ways to combat these microorganisms are necessary [5, 6]. The main target of AMPs
is the cell membrane of these pathogens [6]. Interactions between the AMPs and the cell
membrane results in the formation of a pore membrane within the target cell membrane
resulting in cell death. Due to this interaction, it is believed that pathogens may not easily
develop resistance [5].

In this project the use of phospholipids, harvested fromE.coli lipid membrane as well as
lecithin from soyabean, to create nanopore-spanning lipid bilayer. These liposomes will
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fuse on the surface 05iN x nanopores and will be characterized with electrical conductivity
by using Black lipid membrane (BLM) model. The coverage, as well as the morphology
of the liposomes, will also be characterized The use of Antimicrobial peptides will be
characterized on these model membranes if a successful layer has been established.

1.1 Membranes

In this section background information for the di erent membranes used in this project
will be given.

The lipid membrane is a complex dynamic system of lipids called the uid mosaic
model. Lipids are composed of a hydrophilic head and a hydrophobic tail. Due to
the hydrophobic tail, they will point inwards away from the aqueous medium and the
hydrophilic head points outwards towards the aqueous medium. Membrane formation
is due to the amphipathic nature of the molecules and it protects the cell from the
extracellular environment and prevents molecules that are generated inside the cell from
leaking out. The amphipathic nature of membrane lipids is the biggest distinction between
the membrane lipids from other fatty lipids [7]. The formation of lipid bilayer is a
self-assembly system meaning that the formation of lipid bilayers happens rapidly and
spontaneously in water. [8] The uidity of membranes depends on the acyl chains region
comprising the hydrophobic domain of most membrane lipids [9]. Most lipid species in
isolation can undergo a transition from very viscous gel (frozen) state to uid (melted)
liquid-crystal state as the temperature rises [7, 9].

The membrane is semi-permeable which means that only some molecules can diuse
through, like oxygen and carbon dioxide. Big molecules like water, ions and sugars cannot
penetrate the membrane. [8] Di erent proteins can also be found on the membrane, called
membrane proteins and these proteins are involved in the transport of solutes, signal
transduction and anchoring of the cytoskeleton [8, 10]. These membrane proteins can
span the membrane or are anchored on to the membrane from the outside to the inside.
These membrane proteins have di erent functions, such as transport proteins which can
transport ions e.g. H*, K* and Na* which is vital for establishing the electrochemical
gradients, which in turns drive other membrane transport processes on the cell [9]. A
schematic of the mosaic model can be seen in gure 1.1.

2
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Figure 1.1: A schematic of the uid mosaic model. Adopted from [11]

1.1.1 Phopsolipids

There are three classes of membrane lipids where the phospholipids are a major class.
Phospholipids contain four components - two fatty acids attached to the glycerol backbone,
and a phosphorylated group. The fatty acids constituent makes up the hydrophobic
tail while the phosphate group is the hydrophilic head [8]. Depending on the hydrated
phosphate headgroup, dierent phospholipids can be classied. In most eukaryotic
membrane the most dominant phospholipids are observed to be phosphocholine (PC),
phosphatidylethanolamine (PE), phosphatidylserine, phosphatidylinositol and cardiolipin
[9]. For most prokaryotic membranes the major observed are phosphatidylethanolamine,
phosphatidylglycerol (PG) and cardiolipin [9]. In gure 1.2 the major phospholipid classes
can be seen [9].
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Figure 1.2: Composition of the phospholipids distearoylphosphatidylcholine. Headgroup for
other major classes of phospholipids is also shown. Adopted from [9]

The composition of a cell membrane all have a di erent ratio of phospholipids and can
vary drastically among di erent cell species. Di erent side of the membrane can contain
di erent lipid species, as well as the symmetry of the bilayer. It is especially prevalent
in terms of cholesterol content, which is another major class of the composition of a
membrane [9]. It has been shown irErythrocyte it contains mostly of cholesterol, PE
and PC while cardiolipin was not observed. Cardiolipin is almost exclusively localized in
the inner membrane of mitochondria suggesting that cardiolipin is required for the activity
of cytochromec oxidase [9, 12]. Mitochondria membrane also contains the highest amount
of PE and PC compared toErythrocyte [9].

1.1.2 Bacterial membrane

All bacterial organism has a cell membrane, which consists of lipids and a polymer
called peptidoglycans. This polymer de nes the shape of the organisms and is unique
to prokaryotes. These polymers consist of a glycan backbone of muramic acids and
glucosamine with cross-linked bridges for gram-positive organisms and partially cross-
linked for gram-negative organisms. With gram-positive bacteria, the peptidoglycan is

located on the outside of the organism and the lipid membrane is cross-linked under it

4
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while gram-negative bacteria have two lipid membranes referred to as an outer membrane
(OM) and an inner membrane (IM) [8]. These two layers of lipid membrane are separated
by the peptidoglycan. In gure 1.3 a visual representation of the two types of bacteria
membrane is shown.

Figure 1.3: Schematic of the two types of bacteria. (a) Gram-negative bacteria. (b) Gram-
positive bacteria. Adapted from Brown et.al. [13].

1.1.3 Saccharomyces Cerevisiae membrane

The Saccharomyces Cerevisigealso called bakers yeast, is a eukaryote, single-celled
organism and member of the fungus family. The outermost layer of the yeast cell is
enveloped by a cell wall but is permeable by for solutes smaller than 600 kDa while also
maintaining the structure and rigidity of the cell [10]. The plasma membrane forms a
semipermeable barrier for hydrophilic molecules [10]. In contrast to bacteria in which the
cytoplasmic membrane accommodates all membrane-associated processes yeast contains
many specialized membranes [10]. There is also the plasma membrane which separates
the other membranes and cell components from the external medium, the mitochondrial
membrane, the endoplasmatic reticulum and Golgi apparatus, the nuclear membrane, the
vacuolar and peroxisomal membranes [10].
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Figure 1.4: Schamatic of Saccaromyces Cerevisiae cell wall. Adapted from Marquina et.al. [14].

1.2 Amphapilic structures - lipids in water

The term surfactant comes from the words surface active agent. Due to their amphiphilic
structure, they can be adsorbed at the air-water interface where the polar hydrophobic
part point towards air while the non-polar hydrophilic part points towards water [15]. An
interface is an area where two phases separate the boundary between them. Dierent
interfaces exist as long as the two phases are of di erent forms e.g. gas/liquid, solid/liquid
and gas/solid interfaces [15]. On an air/water interface the orientation of the surfactant
would have hydrophobic tail point towards the air while the hydrophilic head will be in
water [15]. Due to this adsorption, the surfactants change the surface properties. An
example of a surfactant is soap, detergent, and lipids. Surfactants can be categorized
according to the charge of their non-polar head, i.e. if the non-polar head is negatively
charged is an anionic surfactant.

Surfactants and amphiphilic block copolymers assemble at low solvent concentration,
forming the simplest amphiphilic structure called micelles [15, 16]. The reason for this
assembly is because the surfactant wants to separate the contact between the non-polar
solvent with the polar-solution. For example, when mixing water, oil and surfactant,
the surfactant rests at the water-oil interface and this system is called emulsion and
microemulsion [15]. The principle applies to both of them as the surfactant try to form
an interface to separate the polar surface from making contact with the non-polar surface.
Microemulsion system refers to the formation of micelles [15]. The form they make is either
a spherical structure or a cylindrical structure. There are two types of micelles depending
on the interface of the solvent called micelle and reverse micelle. Micelle structure is when
the hydrophobic tail point in outwards and the hydrophilic heads are in the direction of the
water. Reverse micelle as the name suggests is when the hydrophobic tails point towards
itself and the hydrophilic head is outwards towards the water [15]. One can imagine that
micelles are a droplet of oil in water, while a reverse micelle is a droplet of water in oil [15].

6
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The formation of micelles only happens when it is above a speci c concentration, called
critical micelle concentration (CMC). In essence, the CMC is obtained when the interface
has been saturated with surfactant and micelles are spontaneously formed [17]. The CMC
can be seen as the surface tension as the function of concentration and is plotted on a
logarithm scale. The formation of micelle as the CMC changes can be seen in gure 1.5.

Figure 1.5: Schematic of the formation of micelles as the surface tension decreases and the
concentration of surfactants increase. Adapted from McGi en et.al. [18].

1.2.1 \Vesicles

As mentioned previously surfactants and amphiphilic structures can form into micelles
structures when the CMC has been reached. On the other hand, lipids usually form
lamellar bilayer structures over the majority of their phase diagram, and in a dilute form,
they form vesicles [16, 19]. Due to the lipid having two alkyl chains as the hydrophobic
tail micelle formation are unfavourable relative to a bilayer structure. In solution, these
lipids can either span out and make a planar lipid bilayer or a liposome. Liposomes and
vesicles are the same thing and are used interchangeably [16].

When producing vesicles from lipids, one would have to evaporate the organic solvent from
the lipids, either by rotary evaporation or air dry the lipid solution or by freeze-drying.
This leaves a thin lipid Im (if evaporated) which is then rehydrated by a polar solvent
and vortexed. This produces a multilamellar vesicle (MLV) which as the name suggests
is a vesicle/liposome with multiple layers surrounding each other as seen in gure 1.6(a).
To get a unilamellar vesicle (ULV) the MLV have to be extruded with an appropriate
membrane size, a ULV is then obtained. See gure 1.6(b) for the schematic of a ULV.

Due to the amphipathic nature of micelles as well as vesicles, they are used in the study of
drug delivery systems for several years [9, 21, 22]. One of the obstacles in drug delivery is

7
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(&) A multilammelar Vesicle. (b) An unilammelar vesicle.

Figure 1.6: Schematic of a vesicle. (a) Is an multilammelar vesicle, and (b) is a single unilammelar
vesicle after extrusion. Adapted from Stuart and Boekema [20].

the stability of these systems. The micelles and vesicles have to be stable and intact before
reaching the target cell [23, 24]. It has been shown that gastric acid and bile salts have a
detrimental e ect on non-modifed vesicles [24]. Bile salts disrupt the bilayer composed of

lipids with lower phase temperature such as PC [24].

1.2.2 Packing parameter

Several parameters determine the shape and formation of vesicles, as vesicles can come in
a variety of shapes. The formation of vesicles can be viewed as a two-step self-assembly
process, in which the amphiphilic structures form the bilayer, which then closes to form

a vesicle [16]. The factor that determines the shape of the vesicle is the size of the
hydrophobic moiety relative to the hydrophilic part [16]. It determines the curvature of

the hydrophobic-hydrophilic interface described by the mean curvature H and its Gaussian
curvature K, which are given by the two radii R; and R5.

The mean curvature H is given by

1 1 1
H= - —+ — (11)
2 R1 2
and the Gaussian curvature K
1
K = 1.2
RiR, (1.2)

Thus the curvature is related to the surfactant packing parameter by this equation [16]

2
%=1+ HI+% (1.3)
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where v is the hydrophobic volume of the amphiphile, a is the interfacial area and | is the
chain length normal to the interface. A schematic with the parameter is shown in gure
1.7.

(@) Packing parameter (b) Curvature

Figure 1.7: Schematic of the packing parameter (a) and the curvature (b). The relation between
the packing order and the curvature is given in the text. Adapted from Antonietti and Forster
[16].

For phospholipid, with their double alkyl tail, they have a packing order of 1/2 - 1 and
thus makes a spherical vesicle, and if the packing order is 1 then they make planar bilayers
[20]. A list of di erent shapes at di erent packing orders can be seen in gure 1.8.
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Figure 1.8: Dierent shapes at di erent packing orders. Adapted from Goyal and Aswal [25].

1.3 Model membrane systems

Due to the physical properties and functional role of individual lipid spices, it is di cult to
ascertain in an intact biological membrane [9, 26].To study the biological membrane it is
necessary to construct a model membrane. Thus, when making a model membrane three
steps are required

Isolation or chemical synthesis of a given lipid.
Construction of an appropriate model system that contains the lipid.

Incorporation of protein if desired.

The advantages of using a model membrane to study the membrane, the studies of
biological membranes can be achieved in which the properties of individual lipid can be
well-characterized [9, 26]. For liposomes speci cally, the simplest form is the multi-lamellar
vesicles (MLV) and is also the system that has been used for many years, but their use is
only restricted to physical studies on bilayer organization [9, 26]. This restriction is due
to the fact that only 10% of the total lipids of MLV is contained on the outermost bilayer.
Thus unilamellar, which is a single bilayer, is produced either directly or from MLVs [9].
An MLV and a unilamellar vesicle can be seen in gure 1.6. Small unilamellar vesicles

10
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(SUVs) can be produced from MLV by extruding the MLV through a french press, or by
ultrasonic sound. The size of an SUV is in the range of 25-40 nm. Due to the size, it is not
a favourable model for physical properties measurement on membrane lipids [9], as well,
as the amount of aqueous bu er within the SUV membrane is often small which limits the
studies that can be done. Studies such as permeability or ion distribution between internal
and external compartments [9]. A better system would be the large unilamellar vesicles
which are the same as an SUV, but with a larger diameter. The diameter of a LUV is
shown to be in the range of 50-500 nm, and can also be produced by the same procedure
as SUV [9].

Other systems include planar mono- and bilayers, as well as supported lipid bilayer [26].

1.3.1 Black lipid membrane

Black lipid membrane (BLM) referrers to a planar bilayer and are formed by dissolving
phospholipid in an organic solvent and painting them across a small aperture [9, 27].
The reason that it is called black lipid bilayer is because of the lipids starting to form

a thin Im over the interface of the aqueous surface, and the lipids optical properties
give it a black colour[9, 28]. The reason for this black colour is due to the re ected
light on the water/lipid interface and a 180 phase shift at the lipid/water interface. This
creates a destructive interference which gives this black colour [27, 28]. Using BLM model
membrane one can measure the electrical properties of the barrier by using electrode in a
two bu ered chamber [9]. This technique allows ion channels and voltage-dependent ion
uxes to be measured. The lipids can span on an aperture that is on the microscopic
level to millimetres [27]. As these lipids can span over these large diameters they are very
fragile. The tension on these lipid spanning membrane is di cult to control - too little
tension can cause uctuation during measurements while a larger tension e.g. from the
hydrodynamic pressure can cause the lipid membrane to break [27].

Preparation of BLM can be done in two ways. The originally, called solvent containing
membrane and solvent-free membrane [27, 29]. In the case of solvent containing membrane,
it is a simple method where the phospholipids self-assemble into a bilayer. The organic
solvent, still trapped in between the bilayer, gets pushed to the edge of the aperture [9].
The bilayer formation is driven by mainly two forces - Laplace pressure and van der Waals
force [28]. The hydrophobicity of the substrate induces a curvature within the lipid solution
which in turns induces a pressure dierence P - that is the di erence between Pg,; and

Pin (gure 1.9(a)). This pressure di erence is related to the radius of the curvature, R,
and the interfacial tension [28].

P=2=R (1.4)

This pressure drives the monomeric layers closer to each other - which in turns drives the

11
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organic solvent to the edge of the aperture. This phenomenon is referred to as membrane
thining as the overall thickness of the bilayer reduces. Due to the van der Waal forces the
"zipping" e ect occurs ( gure 1.9(b)), which results in the hydrophobic tails interact with
each other and forms the overall bilayer structure ( gure 1.9(c)) [28].

Figure 1.9: Formation of black lipid bilayer. (a) As the lipid as painted on the apparatus the
pressure di erence drives the two monomeric layers closer together, pushing the organic solvent to
the edge. (b) van der Waals interactions between the two layers induce a "zipping" e ect. (c) The
nal stage where the BLM is stable. Adopted from Bello et.al. [28].

1.3.2 Supported model membrane

Supported model membrane refers to the deposition of lipid bilayer of solid surfaces. These
supported model membranes include supported lipid bilayer (SLB), polymere cushioned
bilayer, hybrid bilayers and tethered bilayers [26, 30].

Di erent preparation approaches have been developed and the foremost methods are
Langmuir-blodget(L-B)/Langmuir-Schae er (L-S) deposition, vesicle spreading and spin
coating [31]. By spreading a monolayer of phospholipid on a subphase in a Langmuir
trough the monolayer can be deposited on a substrate by pulling it through the air/water
interface from the aqueous bu er. A second layer can be made by dipping the substrate,
coated with monolayer, through the air/water interface again, from air to water [31, 32].
A schematic representation of the L-B/L-S deposition can be seen in gure 1.10.

The advantages with Langmuir-blodget/Langmuir Schae er deposition is the fact that
you can control both sides of the bilayer, in terms of lipid composition resulting in greater
control of assymetrical lipid composition [31, 32].

Using the method, vesicle spreading, to prepare supported lipid bilayer is by adding a
droplet to the substrate [32]. After adsorption of the vesicles on the substrate, they
spontaneously form a bilayer. Then excess bu er is washed away leaving symmetric bilayer
[32].

After preparations, there are 3 main supported lipid bilayer, namely solid-supported lipid
bilayers, tethered supported lipid bilayer and polymer cushioned lipid bilayer.

12



1.3. Model membrane systems Aalborg University

Figure 1.10: A schematic representation of a Langmuir-blodget/Langmuir-Schae er deposition.
Left gure: The trough is getting pulled from the air/water interface, from bu er to air. Lipid
monolayers will be deposited on the substrate. Right gure: The substrate is then dipped from
air to bu er resulting in lipid bilayer. Adopted from Prudovsky et.al. [33]

Solid supported lipid bilayers consist of a lipid bilayer deposited directly on the substrate,
and in the most simple form the lipids are in contact with the solid substrate - the only
separation between the substrate and the lipid bilayer is a thin Im of water [31]. Thus
when making supported lipid bilayers an important factor to consider is the surface of
the substrate. A clean hydrophilic surface is preferred and this is why mica, oxidized
silicon and borosilicate glass is among the favoured substrate to use [26, 31]. A schematic
representation of a solid-supported lipid bilayer can be seen in gure 1.11(a).

An alternative approach to solid-supported lipid bilayer is the so-called tethered lipid
bilayer [31]. These tethered supported bilayers have a high electrical resistance and high
long term stability [31]. Tethered supported bilayer works as an anchor and spacer to the
bilayer where the inner lea et is separated by this anchor [31]. For gold substrate, the use
of thiol as an anchor has been used but for silicon surfaces the use of silane chemistry [31].
A schematic representation of a tethered supported bilayer can be seen in gure 1.11(b).

The third model supported model membrane is the so-called polymer cushioned bilayer.
This was done to minimize contact from the substrate to the lipid bilayer. These
hydrophilic polymers are usually bound to the substrate, and by chemi- or physisorbtion,
and if designed appropriately mimic a cytoskeleton [31]. A schematic representation of a
polymer cushioned bilayer can be seen in gure 1.11(c).

1.3.3 Using electroanalytical method to analyse the formation of lipid
bilayer

Electrochemical methods have been used in many elds, one of these elds is the
investigation of the formation of lipid bilayers [30]. It is known that biological membrane

has electrical properties - they have a high electrical resistance for their thickness and a
high capacitance [30]. With electrochemical impedance spectroscopy, the tiniest change on

13



BLM, NB2 1. Introduction

(a) (b)

(©)

Figure 1.11: (a) Solid suported bilayer. (b) Tethered lipid bilayer. (c) Polymer cushioned bilayer.
Adopted from Andersson and Koper [31].

the bilayer membrane can be measured. The electrochemical impedance measurement can
be set up as an RC-circuit where the capacitance of the bilayerQg, v can be calculated
as well as the resistance [30].

The contribution from the chip capacitance C is often ignored because the value is small.

The instantaneous currenti can be calculated as

.V dv
i= =+ C— 15
R dt (1.5)
From equation 1.5 it can be seen that if no formation of bilayer then the capacitance will
not in uence the instantaneous current. As soon as the formation occurs then the current

will drop signi cantly.

The capacitance value is perhaps the most important value during this experiment as it
directly related to the thickness of the membrane and the composition of the lipid.

The speci ¢ capacitance decreases linearly with an increasing amount of carbon atom in
the fatty acid chain [30]. The thickness of the membrane can be calculated shown in

14
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Figure 1.12: Schematic shows the RC-circuit with the capacitance from the lipid bilayer. Adopted
from Studer [30]

equation 1.6.
or A

d
Where g is the permativity of free space, ; is the dielectric constant, A is the area of the
aparatus andd is the distance between the two monolayers [30].

1.4 Anti microbial peptides

Antimicrobial peptides (AMPs) are an important component for animals as well as plant
cell to defence against pathogenic microorganisms[34]. AMPs are always getting discovered
and since 2014 more than 100 new AMPs have been registered in the antimicrobial peptide
database increasing the total number of entries to 2493 [6].

These peptides are usually composed of 12-45 amino acids residues and AMPs have four

features to defend against pathogenic microorganisms [34].

1. Selective toxicity - The peptide can distinguish between host cell and microbial cells.

2. Fast Killing - The bacterial kill should be shorter than the targeted cell doubling
time.

3. Broad antimicrobial spectra - One peptide should be able to target many species of
microorganisms.
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4. No resistance development - The peptide should have a mechanism such as the target
microorganism cannot develop resistance against it.

1.4.1 Interaction between AMP and membrane

To ful | these requirements must AMPs act on the cytoplasmic membrane of microorgan-
ism. The peptide utilizes a peptide-lipid interaction to permeabilize the target membrane
[34] though there are AMPs that exhibit other forms of mechanisms other than membrane
permeabilization [34, 35]. The peptide that acts on the membranes is mostly cationic due
to the presence of Lys and Arg residues and forms amphipathic secondary structures-(
helices or -barrels)[34], while anionic peptides are known most of the natural occurring
AMPs are cationic with a net charge of +3.2 [6]. How these peptides damage the membrane
are still debatable but three mechanisms have been proposed called barrel-stave-, carpet-
and toroidal-model [34, 36]. Before the AMPs attach to the membrane they need to be
attracted to the membrane surface rst. The attraction mechanism between the peptide
and membrane is electrostatic bonding between anionic and cationic peptides with the
structures of the bacteria membrane [36]. For model membrane, studies have shown that
AMPs penetrate monolayers, large unilamellar vesicles and liposomes containing acidic
phospholipids [36]. However gram-negative and gram-positive bacteria are much more
complex by nature than model membranes and cationic peptides are likely to attract to
the negatively charges that exist on the outer envelope of gram-negative bacteria. Specif-
ically, the peptides are attracted to the anionic phospholipids and phosphate groups on
lipopolysaccharide (LPS) on gram-negative cells, and the teichoic acids on gram-positive
cells. [36]. Figure 1.3(a) shows the schematic of the two types of cells. Once the pep-
tide is close they have to transverse the capsular polysaccharide, which contains LPS for
gram-negative cells and teichoic acids and lipoteichoic acids for gram-positive cells [36].
At low peptide/lipid ratio the AMPs are embedded parallel on the surface of the mem-
brane and remains inactive. As concentration rises the orientation changes from parallel to
perpendicular and the AMPs starts to insert into the membrane forming transmembrane
pores.

1.4.2 Barrel-stave model

In this model, the peptides form barrel-like pores with the staves being individual peptides
protruding the membrane perpendicularly. The hydrophobic region of the peptides faces
the hydrophobic membrane core, while the hydrophilic regions form the pore lining ( gure

1.13(a)). [36]

1.4.3 Carpet model

The carpet models describe AMPs that accumulate on the surface of the membrane,
covering it due to electrostatic interactions with the polar head groups, as all AMPs due.
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