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Highlights 

● Model biomembranes at surfaces are useful to study biomolecular interactions

● The model membrane complexity can be adapted from one to multiple components

● Implementations range from lipid monolayers to a range of supported bilayers

● Complementary surface-sensitive techniques allow studying model membranes

● Information accessible is reviewed via the use of the peptide Melittin
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Abstract

Cellular membranes are complex structures and simplified analogues, or “model 

membranes” or “biomembranes”, are used as platforms to understand fundamental 

properties of the membrane itself as well as interactions with various biomolecules such 

as drugs, peptides and proteins. Model membranes at the air-liquid and solid-liquid 

interfaces can be studied using a range of complementary surface-sensitive techniques 

to give a detailed picture of both the structure and physicochemical properties of the 

membrane and its resulting interactions. In this review, we will present the main planar 

model membranes used in the field to date with a focus on monolayers at the air-liquid 

interface, supported lipid bilayers at the solid-liquid interface and advanced membrane 

models such as tethered and floating membranes. We will then briefly present the 

principles as well as the main type of information on molecular interactions at model 

membranes accessible using a Langmuir trough, quartz crystal microbalance with 

dissipation monitoring, ellipsometry, atomic force microscopy, Brewster angle 

microscopy, Infrared spectroscopy, neutron and X-ray reflectometry. A consistent 

example for following biomolecular interactions at model membranes is used across 

many of the techniques in terms of the well-studied antimicrobial peptide Melittin. The 

overall objective is to establish an understanding of the information accessible from each 

technique, their respective advantages and limitations, and their complementarity.
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1. Scope

In this review, we present an overview of the main types of model cellular  membranes 

(biomembranes) that can be used in combination with various surface-sensitive 

techniques to gain an understanding of intermolecular interactions. Relevant interactions 

include drug effects on membrane architecture, protein-membrane binding and the action 

of antimicrobial compounds such a natural or synthetic peptides, to name a few.  While 

there are several earlier reviews on this general topic (to name a few recent examples 

see refs [1–4]), this review provides uniquely both an overview of considerations to take 

into account in the design of the platform and composition of a model cellular membrane 

system, and a critical discussion of the advantages and limitations of different surface-

sensitive techniques to obtain information about resulting interactions with biomolecules 

of interest.

We will start by reviewing the main cellular architectures and the lipid compositions 

typically mimicked in biomembrane models. Then we will discuss the main models that 

are used including monolayers at the air-liquid interface, supported lipid bilayers and 

advanced planar membrane models such as tethered or floating lipid bilayers at the solid-

liquid interface. Lastly, we will detail the use of a number of analytical techniques used to 

study planar model cellular membranes and, through the use of a consistent example, 

give a brief overview of each technique and the information accessible.

The aim of this approach is for the reader to gain an understanding of the value of each 

technique in its application to biomembrane studies and, ultimately, how to combine 

techniques to gain a detailed understanding of membrane related phenomena through 

complementary comparison on the molecular level. The importance of the choice of 

model membrane composition and experimental conditions when assessing 

intermolecular interactions will be considered throughout the discussion.

The biomolecular interaction used as an example is of the cationic antimicrobial peptide 

Melittin with model lipid membranes that bear a net negative charge. This example was 

chosen due to the prevalence in the literature of studies on this peptide combined with its 

strong disruptive effect on membrane mimetics. Nevertheless, experimental conditions in 

such publications across different model membrane platforms vary widely, which 

https://paperpile.com/c/KRbiTS/41ys+OTra+qMof+yxUU
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motivated the collection of data recorded under similar experimental conditions using 

multiple experimental techniques to aid a coherent comparison. An overview of the 

advantages and limitations of each technique in relation to biomembrane studies, as well 

as a perspective on the complementarity of their combined application, is delivered. 

2. Introduction

Cellular membranes are key cellular components that define biology in many senses. On 

the one hand, this complex material designates what is and is not inside of the cell. On 

the other hand, it constitutes the many organelles inside the cell that carry out cellular 

function. Composed of a bilayer of lipids with embedded and associated proteins, cellular 

membranes are involved in almost every biochemical process (Figure 1). It is therefore 

not surprising that cellular membranes are the target for ~60% of drugs [5,6]. 

Cellular membranes are highly complex in terms of composition while having a small 

transverse size of barely 6 nanometers. Therefore, it is challenging to gain precision 

molecular level information on membranes and their constituents in living organisms (i.e. 

in vivo). In this respect, the development of planar membrane models (or planar 

biomembranes) was an asset to the study of membrane biophysics. Initially consisting of 

lipid monolayers at the air-liquid interface or lipid bilayers deposited at the solid-liquid 

interface, a series of increasingly complex and biologically accurate model architectures 

have now been developed. 

Analytical techniques which operate at bulk interfaces are commonly employed in the 

research environment. Whether it is atomic force microscopy (which uses the interaction 

of a probe directly with a solid support) or reflectometry measurements (which measure 

interference patterns in surface reflected waves to examine structure), many techniques 

rely on some beneficiary facet(s) of the interface between two phases of matter to 

operate. Planar model membrane systems by their very nature sit at or close to a bulk 

interface, and therefore are applicable to study by surface-sensitive techniques. The 

study of model membranes using bench-top surface analysis techniques such as quartz 

crystal microbalance with dissipation monitoring (QCM-D), ellipsometry, atomic force 

microscopy (AFM), Brewster angle microscopy (BAM) and different forms of Infrared 

https://paperpile.com/c/KRbiTS/mk3M+bAsP
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spectroscopy, as well as large scale facility techniques such as neutron reflectometry 

(NR) and X-ray reflectometry (XRR), can provide a precision understanding of 

membrane-relevant events using mimetic sample systems with ever increasing biological 

accuracy. A combination of multiple complementary measurements with biologically 

accurate samples is key in these studies if a realistic understanding of membrane related 

phenomena is to be revealed in these studies. This review act as a guide to this approach 

in order to provide the reader with information to aid the design of future biomembranes 

studies. 

Figure 1. The Fluid Mosaic Model of a Biological Membrane, with focus on plasma membranes. 

3. Membrane Architecture and Lipid Composition for Bacterial and Red Blood 
Cells

3.1 The Fluid Mosaic Model

In 1972, Singer and Nicolson proposed the “fluid mosaic” membrane model [7]: the cell 

membrane is represented by a viscous, though fluid, lipid bilayer in which membrane 

proteins are embedded and free to diffuse within the lipid bilayer plane. The fluidity of 

cellular membranes is ensured by the presence of mono- and poly- unsaturated fatty acid 

chains in lipids [8] as well as the presence of cyclic propyl groups in bacterial cells [9,10]. 

However, most cells present a range of saturated, long chain fatty acids that give rise to 

non-fluid membranes besides high melting temperature lipids such as sphingolipids and 

sterols [8]. The presence of fluid and non-fluid lipids gives rise to lipid-lipid interactions 

https://paperpile.com/c/KRbiTS/8DVPg
https://paperpile.com/c/KRbiTS/gWpHk
https://paperpile.com/c/KRbiTS/sbMku+Fv3kf
https://paperpile.com/c/KRbiTS/gWpHk
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that were not considered in the fluid mosaic model from 1972. Israelachvili modified the 

fluid mosaic model in 1977 to include thermodynamic and molecular packing factors to 

describe the highly coupled organization of lipids and proteins [11] due to lipid-protein 

and lipid-lipid interactions. But it wasn’t until 2014 that Nicholson incorporated the effects 

of non-random intermolecular interactions between the membrane component into the 

fluid mosaic model [12]. One of the properties arising from specific lipid-lipid and lipid-

protein associations is the formation of ordered and specialized ”raft-like”membrane 

domains, which are proposed to be highly dynamic and fluctuating nano-scaled 

assemblies [9]. 

3.2 The Membrane Architecture of Prokaryotes and Eukaryotes.

Within the scope of the general structure of biomembranes presented by the fluid mosaic 

model, there are major differences in membrane architectures between cell types. The 

architecture of the plasma membrane differs between eukaryotic and prokaryotic cells as 

shown in Figure 2 for bacteria and red blood cells (erythrocytes). Model bacterial 

membranes are commonly used to examine the interaction of antimicrobial compounds 

[13–16], while model erythrocyte membranes are used to examine cytotoxicity and drug 

interactions [17,18].

Bacterial species are classed as either Gram negative or Gram positive based on 

differences in their surface architectures (which give rise to differential absorption of the 

Gram stain). Gram negative bacteria possess two membranes: the inner membrane is 

situated between the cytoplasm and periplasm, while the outer membrane is located 

between the periplasm and the extracellular environment. The inner membrane is 

predominantly composed of membrane bound or associated proteins and the 

phospholipids phosphatidylglycerol (PG), phosphaphatidylethanolamine (PE) and 

cardiolipin (CL) [10]; see Figure 2. The Gram negative bacterial outer membrane is 

asymmetric in terms of its lipid components: the inner leaflet of the outer membrane is 

composed of similar phospholipids to the inner membrane while the outer leaflet is 

composed entirely of liposaccharide (LPS) molecules [19,20]. These complex glycolipids 

face the extracellular environment via long polysaccharide chains which protect the 

https://paperpile.com/c/KRbiTS/9FGyN
https://paperpile.com/c/KRbiTS/bv3sd
https://paperpile.com/c/KRbiTS/sbMku
https://paperpile.com/c/KRbiTS/DAt6+ZE2Fi+w8CP3+ZBLi
https://paperpile.com/c/KRbiTS/TbSP+3cPN
https://paperpile.com/c/KRbiTS/Fv3kf
https://paperpile.com/c/KRbiTS/Uiouq+HVB4W
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bacteria from harmful agents such as hydrophobic antibiotics. They are negatively 

charged predominantly due to phosphate groups located in the core oligosaccharide 

region and are stabilized by divalent cations which bridge these groups between 

neighbouring LPS molecules.

Conversely, Gram positive bacteria possess a single membrane. It is predominantly 

composed of the anionic phospholipids PG and CL. Adjacent to the membrane, and 

facing the extracellular environment, are multilayers of peptidoglycan with a total 

thickness up to 80 nm. Peptidoglycan is composed of chains of alternating amino sugars, 

with individual polysaccharide chain linked via short polypeptides. Each layer of 

peptidoglycan forms a net around the bacterium. This layer acts to protect the microbe 

from osmotic stress and additionally prevents molecules less than ~2 nm in size from 

entering the cell [21].  

Mammalian cell membranes are supported by the cytoskeleton, which gives the cell 

mechanical stability. Red blood cells are unusual mammalian cells, as they lack an actin-

based cytoskeleton and instead have a spectrin-based support that is flexible and allows 

red blood cells to adapt different conformations to be able to move through the narrow 

blood capillaries [22]. The lipid composition of eukaryotic membranes is dramatically 

different from that of bacterial cells and varies significantly within cell types [23]. In 

general, mammalian cell membranes are mainly composed of the zwitterionic 

phosphatidylcholine (PC) and contain minor quantities of the zwitterionic PE, the 

negatively charged phosphatidylserine (PS), the negative phosphatidylinositols (PI), 

sphingolipids (SM) and cholesterol. The cholesterol content can vary from a few % in 

endothelial cells [24] and red blood cells [25] to up to 40% in brain cells [26]. With regards 

to the fatty acid species, mammalian cells are particularly enriched with polyunsaturated 

(2 or more double bonds) and longer acyl chains (> C16) [8]. Lastly, lipid asymmetry is 

very important in animal cells due to a combination of lipid-lipid interactions [27–29] and 

the function of specific, energy consuming transmembrane proteins called flipases [30]. 

Indeed, the loss of lipid asymmetry typically signals cell death among other biological 

processes [31]. Figure 2 gives the lipid composition for red blood cells. As already 

mentioned, besides the plasma membrane, mammalian cells contain various internal 

https://paperpile.com/c/KRbiTS/AwOzo
https://paperpile.com/c/KRbiTS/GAqcR
https://paperpile.com/c/KRbiTS/9x9BI
https://paperpile.com/c/KRbiTS/yKUv3
https://paperpile.com/c/KRbiTS/PwLbA
https://paperpile.com/c/KRbiTS/8ZYyE
https://paperpile.com/c/KRbiTS/gWpHk
https://paperpile.com/c/KRbiTS/xRFzC+k4H4u+JxtOd
https://paperpile.com/c/KRbiTS/nIk9G
https://paperpile.com/c/KRbiTS/ASbsl
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organelles that present highly specialized cellular membranes to keep the organelles 

isolated from the cytosol. 

Figure 2. Schematic representations of cross sections of Gram negative (A), Gram positive (B) and 
erythrocyte (C) cell surfaces. Charts show the relative lipid composition of each membrane type. It 
should be noted that the values stated for Gram negative membranes are those reported for E. coli 
[32] and Gram positive are those reported for B.subtilis [33]. There is variation in the phospholipid 
composition across species but the values given are broadly representative. Further information 
on bacterial lipids can be found a review by Sohlenkamp and Geiger [34]. Red blood cell membrane 
lipid composition values are obtained from Vitanen et al. [35].

4. Models of Cellular Membranes

https://paperpile.com/c/KRbiTS/BOrJJ
https://paperpile.com/c/KRbiTS/U44c7
https://paperpile.com/c/KRbiTS/Odfec
https://paperpile.com/c/KRbiTS/6yrWQ
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In this section we detail the current state of the art for planar membrane systems used as 

models of cellular membranes in biophysical interaction studies both at the air-liquid and 

solid-liquid interfaces. The relative advantages and limitations of all the models presented 

are described as well as details specific to a given sample type. All the models described 

are interfacial as surfaces are useful and convenient platforms both in the formation and 

study model cellular membranes.

4.1 Lipid Monolayers at the Air-Liquid Interface

Lipid monolayers at the air-liquid interface are typically considered to be the simplest 

model biomembrane systems as they contain just a single lipid leaflet of the bilayer. Lipids 

and sterols are poorly soluble in water, and readily form Langmuir monolayers (or films) 

at the air-liquid interface when deposited from solutions involving organic solvents [36,37]. 

The physicochemical behavior of a Langmuir monolayer can be studied via a surface 

pressure-area isotherm, which correlates the decrease in surface tension from the 

monolayer with its mean area per molecule (Figure 3). Practically, an isotherm is obtained 

by spreading on a Langmuir trough a given amount of lipid molecules so that the resulting 

monolayer is in the gas phase (0 mN/m), and then horizontal barriers slide to compress 

the monolayer by reducing the trough area while the surface pressure is monitored. The 

surface tension used to calculate the surface pressure is measured using a contact probe 

called a Wilhelmy plate [38], Figure 3A, while the trough is a shallow container made 

usually from PTFE (although the use of a hydrophilic material can reduce the volume) 

with barriers made either from PTFE or a hydrophilic material [39]. One or more linear or 

periodic cycles of the surface area can be performed and these are then known as 

compression/expansion isotherms [40].

Figure 3B gives the surface pressure-area isotherm for dipalmitoylphosphatidylcholine 

(DPPC). DPPC is probably the most studied phospholipid and constitutes the textbook 

example for the lipid monolayer phase behavior of a lipid monolayer at the air-liquid 

interface, passing from the gas phase through different phases such as liquid expanded 

(LE) and liquid condensed (LC), or a co-existence between the two, until a collapse 

pressure is reached. Measurements of the surface pressure of a phospholipid monolayer 

https://paperpile.com/c/KRbiTS/AP0vv+gNtt1
https://paperpile.com/c/KRbiTS/zAJQe
https://paperpile.com/c/KRbiTS/bbgsb
https://paperpile.com/c/KRbiTS/csgEt
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as a function of time can be performed with respect to its exposure to species introduced 

into the gaseous [41,42] or liquid phase. In the latter case, a range of molecular 

interactions have been studied including those of peptides [43], proteins [44], DNA [45], 

drugs [46] and nanoparticles [47]. Practically, injections of soluble species can be 

performed using a needle under the barriers [48], although this has the disadvantage that 

the concentration of species injected is not uniform and local high concentration gradients 

persist over long diffusion times. A flow trough was developed for efficient subphase 

exchange and to improve issues relating to inhomogeneity [49], but it relies on complete 

lack of dissolution of the monolayer. A further alternative is to spread the lipid directly on 

a subphase containing the soluble species [50].

There are several strengths of using lipid monolayers at the air-liquid interface as cellular 

membrane mimics such as the samples can be formed with complete and fully 

controllable  lipid coverage, i.e. without defects, due to the lateral pressure and fluid 

nature of the membrane [51], and the monolayers are not subjected to unwanted charge 

interactions that a solid substrate can exert on a supported bilayer [52]. The primary 

limitation of work with monolayers is that there is only one membrane leaflet, so processes 

such as translocation cannot be studied [53]. Even so, the general approach has provided 

a wealth of useful information in a broad range of fields of study over the years, and as 

will be described below monolayers can be used practically in the preparation of 

supported bilayers. The approach remains a strong complement to others both at 

interfaces and in the bulk solution to the present day.

https://paperpile.com/c/KRbiTS/6ZWHr+PC19l
https://paperpile.com/c/KRbiTS/oLqyo
https://paperpile.com/c/KRbiTS/UzLH7
https://paperpile.com/c/KRbiTS/20R7Y
https://paperpile.com/c/KRbiTS/iKt00
https://paperpile.com/c/KRbiTS/RdXBJ
https://paperpile.com/c/KRbiTS/TGKEu
https://paperpile.com/c/KRbiTS/cjxsM
https://paperpile.com/c/KRbiTS/h1z1k
https://paperpile.com/c/KRbiTS/j65oc
https://paperpile.com/c/KRbiTS/g5raK
https://paperpile.com/c/KRbiTS/CpboL
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Figure 3. Langmuir trough (not to scale), sketch (A) and surface pressure-area isotherm for DPPC 
as a representative example (B). At 0 mN/m in surface pressure, lipids are arranged on lipid islands 
that do not cover completely the interface (gas phase). As the area is decreased, the lipids’ acyl 
chains  and head groups begin to orient and interact with each other, and the surface pressure ‘lifts 
off’ from its zero value (liquid expanded phase). Upon further compression, for lipids below their 
melting temperature, a plateau in the surface pressure could occur where the chains of lipid 
molecules condense in discrete domains (the liquid expanded-liquid condensed co-existence 
region). With further compression still, the surface pressure increases steeply as the monolayer 
becomes uniform yet again and the lipid chains are fully oriented and organized (liquid condensed 
phase). Lastly, at a maximal value of surface pressure, the film collapses into the aqueous subphase 
or forms multilayers. In the case of DPPC, the collapse does not occur until a surface pressure > 72 
mN/m is reached, and the position of the surface pressure plateau in the isotherm is strongly 
dependent on temperature [54], ionic strength, pH, and isotopic composition [55]. Biomolecules can 
be injected below the monolayer via the liquid phase using a syringe (A).

4.2 Supported Lipid bilayers at the Solid-Liquid Interface

Supported lipid bilayers (SLBs) represent the next stage of more realistic model 

biomembrane system at interfaces, as they contain two lipid leaflets. These samples are 

composed of a single lipid bilayer deposited onto a solid surface, which are often used to 

probe the interactions with molecules from solution [56]. The solid substrates used include 

https://paperpile.com/c/KRbiTS/Ezc7P
https://paperpile.com/c/KRbiTS/rcSmB
https://paperpile.com/c/KRbiTS/t7Ec1
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glass, mica, silicon, sapphire, titanium oxide and gold (for recent reviews see articles by 

Lind and Cárdenas and Cho et al [56,57]). Even though their preparation and 

characterization are more involved than for monolayers, SLBs are widely used as models 

of cell membranes. 

SLBs have been used to produce mimics of both eukaryotic and prokaryotic membranes 

[56,57]. For eukaryotes, PC is typically used alone or in combination with other lipid types 

[58–60] such as PS [61–63], PG [14,15] and PI [64]. The lipid type and lipid species are 

tuned to ensure the fluidity and biological accuracy of the membranes [56]. Like Langmuir 

monolayers, the length and unsaturation level of the fatty acids in lipids have a role on 

the structure and properties of the resulting biomembranes [58,60]. The head group type 

in the lipids also influence the structure and properties of SLBs, when, for example, those 

with strong hydrogen bonding capacity (e.g. PE [65] and glycolipids [66]) are used since 

they increase the chain melting temperature (Tm) of the lipids. A common lipid used in 

biomembranes is dimyristoylphosphatidylcholine (DMPC) with a Tm close to 24 oC and 

saturated acyl chains. Thus, fluid membranes are only obtained above 24 oC [67]. If 1-

palmitoyl, 2-oleoyl-sn-phosphatidylcholine (POPC), the most representative PC for 

mammalian cells, is used instead then fluid membranes exist even below room 

temperature. The use of cholesterol changes the fluidity of membranes due to the 

formation of liquid ordered phases. Cholesterol is typically used in combination of high 

and low Tm lipids to mimic lipid rafts [68–71]. 

Fluid membranes of the main bacterial zwitterionic lipid type PE cannot be obtained with 

dimyristoylphosphatidylethanolamine (DMPE)  at physiological temperatures (~37 oC), as 

it has a Tm close to 50 oC [67]. Instead, 1-palmitoyl, 2-oleoyl-sn-phosphatidylethanolamine 

(POPE) should be used at 37 oC. As zwitterionic lipids, both PC and PE carry no net 

charge at neutral pH. However, all natural cellular membranes have a certain content of 

anionic lipids (such as PI, PS, CL and PG). Bacterial membranes in particular contain 

high contents of the negative PG lipids (Figure 2), which are often used in simpler 

prokaryotic membrane models. More advanced and accurate bacterial models can be 

fabricated from bacterial polar lipid [72] or LPS [73,74] extracts.  

https://paperpile.com/c/KRbiTS/t7Ec1+6zrOz
https://paperpile.com/c/KRbiTS/t7Ec1+6zrOz
https://paperpile.com/c/KRbiTS/uDNgC+VIKah+eM75u
https://paperpile.com/c/KRbiTS/5Uqeu+OwhD+Uh2Bp
https://paperpile.com/c/KRbiTS/ZE2Fi+w8CP3
https://paperpile.com/c/KRbiTS/tE7XG
https://paperpile.com/c/KRbiTS/t7Ec1
https://paperpile.com/c/KRbiTS/uDNgC+eM75u
https://paperpile.com/c/KRbiTS/0eL6s
https://paperpile.com/c/KRbiTS/iHAyL
https://paperpile.com/c/KRbiTS/NSu8h
https://paperpile.com/c/KRbiTS/FZda8+RNGyR+Hji7O+UmAYP
https://paperpile.com/c/KRbiTS/NSu8h
https://paperpile.com/c/KRbiTS/c4Zmg
https://paperpile.com/c/KRbiTS/BN5Ci+WJYgW
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There are several methods to produce SLBs but the main two methods used are vesicle 

fusion or Langmuir-Blodgett deposition. The success of the vesicle fusion approach 

(Figure 4A-B) relies on several practical aspects that include the size of the vesicles, the 

underlying surface properties, the temperature and the ionic conditions [57]. Small 

unilamellar vesicles (SUVs) tend to fuse upon reaching the surface [56,58,72]. Glass, 

silicon, titanium oxide or mica are negatively charged and have favourable interactions 

with PC lipids, which lead to the adsorption of vesicles on the surface, their flattening and 

eventual collapse [75]. The experimental temperature is typically set above the Tm of the 

lipids [58], although PC vesicles in the gel phase can also fuse and form SLBs of high 

coverage [76]. The ionic conditions of the bulk solution are extremely important to favor 

the deposition of vesicles containing charged lipids [57,64,72]. Two approaches have 

been applied that include the use of solutions with elevated ionic strength (typically 100-

200 mM NaCl) [64] or the use of divalent ions to bridge the vesicles to the surface 

(typically 2-5 mM CaCl2) [72]. The use of salt solutions favors the formation of 

multilamellar vesicles, which can lead to excessive vesicle adsorption. CaCl2 has the 

disadvantage that vesicle aggregation due to Ca+2 bridging will occur over time, but this 

type of aggregation is reversible. Deposition on multilamellar stacks on the surface can 

be avoided by maintaining a constant flow of liquid through the measurement cell and 

diluting the solution as soon as good SLB surface coverage is obtained [77]. For example, 

SLB via vesicle fusion of polar bacterial extracts [72] and of POPE- 1-palmotoyl-2-oleoyl-

sn-phosphatidylglycerol (POPG) lipids [78] can be achieved by using temperature above 

the Tm of the lipids and 2-3 mM CaCl2 under continuous flow.

https://paperpile.com/c/KRbiTS/6zrOz
https://paperpile.com/c/KRbiTS/c4Zmg+t7Ec1+uDNgC
https://paperpile.com/c/KRbiTS/Kfhg4
https://paperpile.com/c/KRbiTS/uDNgC
https://paperpile.com/c/KRbiTS/ywwIX
https://paperpile.com/c/KRbiTS/6zrOz+c4Zmg+tE7XG
https://paperpile.com/c/KRbiTS/tE7XG
https://paperpile.com/c/KRbiTS/c4Zmg
https://paperpile.com/c/KRbiTS/CyoF3
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Figure 4. SLB formation via vesicle fusion includes vesicle adsorption, deformation and collapse 
(A). Small unilamellar vesicles (B) give good results, which due to spontaneous asymmetry in the 
smallest vesicles (C, D) can form SLBs displaying lipid asymmetry (E) when the mixture is close to 
the phase boundary between gel and fluid phases. Figure is adapted from ref. [58] permission from 
the Royal Society of Chemistry.

As previously mentioned, lipid asymmetry is an important characteristic of cellular 

membranes. Langmuir-Blodgett (LB) and Langmuir Schaefer (LS) deposition provides a 

https://paperpile.com/c/KRbiTS/uDNgC


19

controlled method for depositing both symmetric and asymmetric SLBs (Figure 5). This 

method uses the sequential deposition of lipid monolayers at the air-liquid interface (see 

section 3.1) onto a solid support material and therefore allows the content of each leaflet 

to be controlled at the point of deposition [79].  

The advantage of SLBs is their robustness and reproducibility. Fabrication by vesicle 

fusion is a fast method and does not require specialised skills or apparatus. However, 

when using vesicles composed of two or more lipid components, symmetric composition 

between the two bilayer leaflets is often achieved. Some exceptions occur where 

spontaneous asymmetry and deviation from the nominal composition of the vesicles used 

to form the SLB occur [58,60,63,68]. For example, spontaneous asymmetry is found in 

lipid mixtures having components with high and low Tm when working close to the phase 

boundary between fluid and gel phases [58,60,68]. In this case the asymmetry results 

from selective adsorption of the smallest vesicles within the total vesicle population [58] 

which tend to have an asymmetric lipid composition due to their high curvature [80,81] 

(Figure 4C-E). 

Membrane leaflet asymmetry that truly mimics that found in native cellular membranes 

[20,82] can only be achieved by LB-LS method since each leaflet is deposited separately. 

This method has been used to deposit asymmetric models of the Gram negative bacterial 

outer membrane [73,83] where phospholipids are deposited as the proximal (inner) leaflet 

and bacterial LPS are deposited as the distal (outer) leaflet as well as model fungal 

membranes where a different phospholipid composition is deposited in each leaflet [82]. 

Deuterium isotope labelling of individual leaflets within membrane deposited by LB-LS 

allows for studies on the relative changes in membrane organisation under differing 

conditions using isotope sensitive techniques such as NR [74,84] and ATR-FTIR [80], as 

will be introduced in section 5.2. 
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Figure 5. Langmuir-Blodgett/Langmuir-Schaefer  deposition of sequential air-liquid interfacial 
monolayers to produce an asymmetric SLB. The initial step in the membrane fabrication is to 
deposit the proximal (inner) leaflet of the bilayer by Langmuir-Blodgett deposition. The surface 
pressure is taken to < 35 mN m-1, and the lipids are deposited onto the solid interface from the 
monolayer “head group first”: the surface becomes hydrophobic due to the acyl chains facing the 
external environment. Next, Langmuir-Schaefer deposition is used to deposit the distal (outer) 
leaflet of the bilayer. A second lipid monolayer is spread onto the water surface and compressed to 
a high surface pressure. The LB coated substrate surface is then held parallel above a lipid 
monolayer coated air-liquid interface. The substrate is lowered through the interface. As the 
substrate meets the air-liquid interface, the acyl chains of the LB deposited monolayer and the acyl 
chains of the monolayer at the air-liquid interface come into contact to form a complete SLB. This 
SLB is instantly immersed in solution as the substrate is lowered through the water interface and, 
usually, assembled into a solid-liquid flow cell under water for further use.

The disadvantage of SLBs is that they are in close contact with the solid surface and 

therefore do not have significant reservoirs of solution on both sides of the membrane as 

would be found in vivo. The close proximity of the substrate to SLBs affects the diffusion 

of lipids and proteins as compared to free-standing bilayers [85]. This limitation is due to 

the fact that the substrate exerts greater influence on the behavior of the proximal leaflet 

than the distal leaflet of the SLB, due to its closer proximity to the surface [86,87]. The 

roughness of the substrate and the complementarity between the surface and lipid charge 

will determine the magnitude of the surface influence (for a review see ref. [88]). 

Substrates such as quartz, mica and silicon (with its thin SiO2 coating) are anionic which 

can make the deposition of model membranes with high amounts of negatively charged 

https://paperpile.com/c/KRbiTS/Kmbwi
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https://paperpile.com/c/KRbiTS/jpNUG
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lipids in the proximal leaflet challenging due to electrostatic repulsion [72]. Additionally, 

these charged surfaces may exert attractive or repulsive forces against molecules in 

solution through defects present within the SLB. Lastly, membranes naturally fluctuate 

[89] and these fluctuations are suppressed in SLBs due to the close proximity of the 

bilayer to the substrate surface [90]. Defects, however, can actually be advantageous to 

pick up more easily small morphological changes occurring on an otherwise 

homogeneous surfaces using atomic force microscopy [91] (see section 5.2). 

4.3 Advanced Planar Membrane Systems

For the reasons stated above, more advanced planar model membranes have been 

developed where the substrate interactions are minimized with an aim to produce more 

accurate bio-mimetic systems with significant solution reservoirs on both sides of the 

bilayer. These planar membrane models can be broadly categorised into three types: 

cushioned, tethered and floating membranes.

In cushioned bilayers, a polymer layer between the planar bilayer and the solid-liquid 

interface acts as a lubricating spacer to prevent bilayer surface interactions [92] (Figure 

6A). Requirements of the polymer support are that it must be hydrophilic and have no 

interactions with the membrane constituents [93]. Reconstituted cellulose is commonly 

cushion material [92] although polyacrylamide, polylactic acid, agarose, PEGylated lipids 

and polyelectrolytes are also used [94,95]. The thickness of the support cushions can 

range from a few nanometers to hundreds of microns. The cushions are hydrophilic and 

act as a solution reservoir. Compared to SLBs, polymer supported bilayers show better 

lateral mobility of the membrane components [95,96].

Tethered lipid bilayers are a class of membrane model where a single bilayer is held close 

to solid support interface through surface attached molecules in the proximal leaflet of the 

bilayer (Figure 6B). In its simplest form these can be hybrid bilayers with a surface grafted 

inner leaflets [97,98]. More advanced models use a substrate grafted hydrophilic polymer 

which is terminated by a lipophilic anchor molecule [97–99]. The lipid anchor molecules 

can either form a complete inner leaflet [97] or, preferentially, form a minor component of 

it [100]. To achieve a lower coverage of anchor molecules across the solid support, the 

https://paperpile.com/c/KRbiTS/c4Zmg
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tether molecules are interspaced with another covalently grafted self-assembled 

monolayer species. A low tether coverage allows for bulk solution between the surface 

and bilayer [98]. Tethered SLBs have found applications in membrane interaction studies 

[97,98]. The ease of self-assembling the membranes onto technologically relevant 

surfaces such as gold [97,101] have made these a popular membrane mimetic system 

that is amenable to characterisation by a wide variety of analytical techniques.

Floating SLBs offer, perhaps, the most realistic planar mimetics of a biological membrane 

(Figure 6C). In this sample type a membrane is deposited above an SLB [102,103] or a 

grafted lipid self-assembled monolayer [104,105]. A combination of repulsive entropic 

hydration, electrostatic and fluctuational (Helfrich) forces and attractive Van der Waals 

forces [103] cause the bilayers to float 2-3 nm away from the surface deposited material. 

As these bilayers have solution reservoirs on both sides and no anchoring or support 

materials they freely fluctuate [106] in the same way as is observed with native 

membranes. Due to short range repulsive forces, samples can only be prepared by 

sequential LB and LS depositions. These methods preclude the inclusion of integral 

membrane proteins in the model and can present difficulties with the deposition of air-

sensitive lipid species. However, recently a methodology was developed which allows for 

floating bilayers to be self-assembled onto surfaces by vesicle rupture, which opens up 

new possibilities for studies with this sample type [107].  

Cushioned, tethered and floating bilayers have a distinct advantage SLBs due to the 

reduction of surface induced effects. Additionally all three advanced membrane types 

allow the deposition of anionic lipid in both leaflets, which is difficult with most common 

surfaces for SLB deposition (mica, quartz and silicon). Tethered and cushioned bilayers 

offer the ability to increase the accuracy of the membrane mimetics through the inclusion 

of transmembrane proteins, which gives rise to a myriad of new opportunities in the study 

of membrane biochemistry.

https://paperpile.com/c/KRbiTS/bXdmG
https://paperpile.com/c/KRbiTS/bXdmG+sJCrE
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Figure 6. Schematic representations of cushioned (A), tethered (B) and floating (C) bilayers.  
Tethered and floating bilayers are, in general, deposited from vesicle suspensions while floating 
bilayers are deposited by LB-LS.

The disadvantage of these advanced biomembrane models is the relative complexity of 

producing the samples. SLBs of very high quality can be fabricated with ease by vesicle 

rupture onto glass, mica or silicon. While cushioned, tethered and floating bilayers each 

have several extra steps in the deposition making the sample fabrication difficult for the 

novice. Another alternative for a close-to-native condition in SLBs is the use of ordered 

porous solid surfaces as substrates for membranes of lateral dimensions higher than 

those of the pore periodicity [108]. Thus, regions of the membranes covering the holes 

will be non-supported. 

https://paperpile.com/c/KRbiTS/4nPns
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5. Surface-sensitive Techniques to study Molecular Interactions at Model 
Biomembranes

In this section, we will detail the use of a range of various modern experimental methods 

in the study of molecular interactions with biomembranes. The use of each technique is 

demonstrated through the consistent example of the interactions of antimicrobial peptide 

(AMP) Melittin (MLT), a membrane-disrupting peptide produced in the venom of 

European honey bees (Apis mellifera), with planar models of Gram positive bacterial 

membranes (composed of DMPC and DMPG).

MLT is a 26 amino acid long peptide that carries +6 charge at physiological pH. This 

peptide is very potent against Gram positive bacteria (the minimum inhibitory 

concentration, MIC, is 2-4 μg/mL [109]), but it has a high hemolytic activity at 128 μg/mL 

and lower activity against Gram negative bacteria (MIC = 16-64 μg/mL [109]). MLT adopts 

an alpha-helical structure in solution and is proposed to create channels in the membrane 

leading to its solubilisation: Its interaction with model biomembranes (both monolayers 

and bilayers) is well documented in the literature [110–118]. While the peptide is well-

studied in the literature, studies vary widely in the experimental conditions employed. A 

comparison of the data from each technique recorded under similar experimental 

conditions is described and a precision understanding of the MLT/membrane interaction 

is resolved as a result, providing the reader with an example of how to combine 

techniques to elucidate complex interaction phenomena.

All of the measurements were performed in 50 mM Tris buffer (pH 7.4) at room 

temperature. The charged PG to zwitterionic PC lipid ratio was kept at a molar ratio 

relevant for Gram negative membranes (Figure 2) but the specific lipid varied among the 

techniques: POPC and POPG were used to better resemble natural lipid chains for all 

techniques except those requiring deuterated lipids, and a three component lipid mixture 

containing DPPC was used in AFM to allow the formation of lipid domains and defects for 

easier visualisation of the bilayer and the initial moments of MLT interaction with the SLB. 

We must stress that the methods hereby discussed complement the information 

accessible through computer simulations that give detailed information on the 

https://paperpile.com/c/KRbiTS/VjzmG
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oligomerization state of AMPs at the membrane, the degree of penetration on the lipid 

membrane as well as the specific groups interacting with each other, see for example refs 

[45,59,119,120] .  

5.1 Changes in Interfacial Mass from Quartz Crystal Microbalance with 
Dissipation Monitoring and Ellipsometry

Quartz crystal microbalance with dissipation monitoring (QCM-D) is a sensitive 

method for mass determination of materials adsorbed on a piezoelectric single crystal 

quartz sensor [121]. Resonance is achieved when the standing wave produced by the 

alternating expansion and contraction of the piezoelectric crystal is an odd integer of the 

thickness of the quartz sensor, which means that different harmonics (i.e. overtones, n) 

can be measured. The resonance frequency, f, gives information on the adsorbed mass 

on the quartz sensor. For rigid and homogeneously distributed adsorbed films, the mass 

of the film is inversely proportional to the resonance frequency of the quartz crystal via 

the so-called Sauerbrey equation [122]. There are several reviews on QCM-D, e.g. the 

recent one Alassi et al [123].

The technique can also be used to measure the dissipation, D, of an interfacial film, which 

is related to the energy lost (dissipated) in relation to the stored energy. This parameter 

can be quantified by measuring the decay time of the oscillation of the quartz sensor when 

the alternating potential is turned off, which is related to the energy dissipation of the 

quartz resonator and greatly depends on the viscoelastic properties of the film on the 

sensor surface [124]. The technique has thus the additional capacity to provide 

information on the viscoelastic properties of the adsorbed material [124].  The 

combination of experimental data on f and D from several overtones allows the extraction 

of useful parameters through data modeling, such as the adsorbed mass, film thickness, 

or viscoelastic properties. For viscous interfacial films, the Sauerbrey equation [122] does 

not apply, and it is necessary to use more sophisticated modeling approaches such as 

the Voigt model [125]. 

QCM-D measurements indicate three characteristic features associated with completion 

of  SLBs via vesicle fusion: (1) the initial regime where large increases in mass (f 

https://paperpile.com/c/KRbiTS/BmdU+VfIK+VIKah+20R7Y
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decrease) and in D due to adsorption of intact, water filled vesicles are observed, followed 

by (2) a decrease of both mass (f increase) and dissipation due to rupture of vesicles and 

associated release of trapped water, and lastly (3) fusion into a rigid lipid bilayer where 

the frequency and dissipation data reach stable values (Figure 7C).  The effects on f and 

D over time upon addition of 5 μM MLT to an SLB made of POPC-POPG is shown in 

Figure 7D; initially, the presence of MLT leads to a small increase in f, followed by an 

abrupt decrease-increase change, which finally stabilises at f values slightly lower than 

those corresponding to the intact SLB.  A mirroring effect is seen for D. However, in the 

final stable region, a significant spreading of the dissipation data from the different 

overtones is observed. Taken together, the f and D data in Figure 7C and D suggest that 

MLT initially adsorbs to the SLB, which leads to a re-arrangement of the surface structure 

of the SLB and potentially desorption of lipids. Ultimately, the MLT interacts with the SLB 

leaving an adsorbed lipid layer that is probably more heterogeneous and softer than the 

original SLB. 

 

Figure 7. Schematics showing that signals of the frequency (A) and dissipation (B) from QCM-D 
depend on the nature of the interfacial film including the adsorbed amount and viscoelastic 
properties. In the example, data are shown during formation of an SLB made from 8:2 POPC:POPG 
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vesicles by molar ratio in 2 mM CaCl2 by passing the solution through the measurement cell from t 
= 200 s (C), which was followed by rinsing through the measurement cell with 50 mM Tris buffer (pH 
7.4), and lastly the SLB was exposed to 5 μM MLT in 50 mM Tris buffer (pH 7.4) from t = 200 s (D). 

Ellipsometry is an optical technique based on the measurement of changes in the 

polarization of light reflected at a planar interface where it is possible to obtain the 

adsorbed mass of an interfacial film and in cases its thickness [126]. The polarization of 

the reflected light is modulated by the optical properties of the bulk media and the optical 

properties of any film at the interface as well as instrumental parameters such as the 

wavelength and angle of incidence. The typical PCSA (Polarizer-Compensator-Surface-

Analyzer) setting for a null ellipsometer is depicted in Figure 8A [126,127]. Here, the 

polarizer produces linearly polarized light for which the plane of polarization can be 

adjusted. The linearly polarized light goes through a compensator that induces a phase 

shift between the two component light waves of π/2 radians (or one quarter of the 

wavelength) so that elliptically polarized light is obtained. The ellipticity of the incoming 

light is regulated by the polarizer in such a way that the light after reflection at the surface 

is linearly polarized. The analyzer is then adjusted so that the light intensity to the detector 

is minimized. The polarizer and analyzer positions at minimal light intensity to the detector 

gives the ellipsometric angles, Δ and Ψ. Here Δ gives the relative phase shift of the 

perpendicular components of elliptically polarized light while Ψ gives the corresponding 

amplitude differences. A null ellipsometer typically has a laser source, but there are also 

those with a bulb source and spectroscopic instruments. In addition to null ellipsometers, 

there are phase modulated ellipsometers where the light polarization is oscillated on the 

MHz time scale through the use of a birefringence modulator, and with no rotating optics 

this method can lead to faster data acquisition.

For interfacial films at the solid-liquid interface where the solid medium absorbs light (e.g. 

silicon wafers), modeling of Δ and Ψ data can result in resolution of both the refractive 

index and thickness of the film. From these quantities, the surface excess can be 

calculated through knowledge of the mean refractive index increment (dn/dc) of the film 

[128] or the molar refractivity and partial specific volume of the adsorbed molecules [129]. 

For very thin films there is a co-variation of the refractive index and thickness, which is 

https://paperpile.com/c/KRbiTS/0ItI1
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compensated in the mass calculation. This means that the mass can be determined with 

higher accuracy than the refractive index and the thickness individually [129]. With time, 

the concept of thorough characterisation of the substrate surface, i.e. the thickness of the 

oxide layer for a silicon substrate, was introduced based on measurements in different 

ambient media [130]. This method results in a reliable determination of thickness, 

refractive index and adsorbed mass [130,131]. Sensitivity of both parameters to the 

presence of an interfacial film can be enhanced if the silicon wafer has a thermally grown 

oxide layer since a larger change in both ellipsometric angles are obtained in this way. 

Ellipsometry, however, does not readily distinguish different components of a mixed 

system. The most commonly applied model for a thin layer on a flat solid surface is shown 

in Figure 8B. Here all interfaces are assumed to be planar (effects of substrate roughness 

are incorporated into the bare surface characterization [132]), and the film is uniform with 

a refractive index of n1 and thickness of d1 in between two media with different refractive 

index n0 and n2.

https://paperpile.com/c/KRbiTS/UenV
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Figure 8. Schematic of the PSCA setup of a null-ellipsometer (A), and a typical single-layer model 
used for interpreting ellipsometry data (B). In the first example, data of the adsorbed amount (blue) 
and layer thickness (orange) are shown during formation of an SLB made from 8:2 POPC:POPG 
vesicles by molar ratio in 2 mM CaCl2 followed by rinsing through the measurement cell with 50 mM 
Tris buffer (pH 7.4) from t = 1800 s (C), and upon its exposure to 5 μM MLT in 50 mM Tris buffer (pH 
7.4) passed through the measurement cell from t = 200 s (D). In the second example, an 8:2 
POPC:POPG by molar ratio monolayer on 50 mM Tris buffer exhibits a steady increase in the 
ellipsometry signal (orange) over the whole recorded surface pressure-area isotherm (blue) 
indicating that the monolayer remains in the LE phase (E), and data of the surface pressure and 
change in Δ from ellipsometry upon exposure of a final concentration of 5 μM MLT injected in 
aliquots into the solution under the monolayer with a starting surface pressure of 30 mN/m while 
keeping the trough area constant (F).
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Ellipsometry has been extensively applied to follow SLB formation both via vesicle fusion 

[133] and the so-called mixed micelle method [134]. Figure 8C shows the change in mass 

and thickness over time upon addition of POPC:POPG vesicles to a 8:2 molar ratio in 2 

mM CaCl2. In contrast to QCM-D, the adsorbed amount increases steadily upon reaching 

4.8 mg/m2 and the thickness remains rather constant at 5 nm. This indicates that fusion 

occurs readily upon addition of the vesicles and that ellipsometry is only sensitive to the 

dry adsorbed mass (i.e. the lipids in the adsorbed layer). Ellipsometry has also been 

applied to study the effect of antimicrobial compounds to SLBs [135–137] as a function 

of the properties of the lipid membrane. In Figure 8D we show the effect of adding 5 μM 

MLT to a preformed SLB. Immediately upon injection, there is a small increase in 

adsorbed amount followed by a decrease to slightly lower values than for the bare SLB. 

Additionally, the layer thickness seems to increase to twice the value of the SLB. This 

would imply that MLT initially adsorbs and readily leads to a layer rearrangement that is 

less dense than the original SLB (lower adsorbed mass and thicker layer).

For interfacial films at the air-liquid interface (where both bulk media are transparent), the 

parameter Ψ is rather insensitive to the presence of the film. Thus, data treatment at the 

thin film limit is often carried out only on the change in Δ [138,139], i.e. the value of Δ for 

the sample minus that of pure solvent (with some notable exceptions, e.g. ref. [140]). This 

limits the type of information that can be extracted from ellipsometric measurements at 

the air-water interface to the adsorbed amount (through knowledge of the optical 

properties of an interfacial film). The film thickness can though be estimated by making 

assumptions about the film refractive index and density [141]. A further caveat of the 

approach is that the technique is highly sensitive to film anisotropy, hence simple model 

assumptions (involving an isotropic film) tend to break down for lipid systems according 

to their phase [142,143]. Indeed, the same is true at the solid-liquid interface but the 

problem is usually not considered in the data analysis. Nevertheless, with careful 

interpretation, the technique can provide important information about the extent and rate 

of interactions of molecules from solution with lipid monolayers. Furthermore, as the 

reflected beam is local (~ 1 mm2) and data acquisition rapid (second time scale for a null 

ellipsometer; millisecond time scale for a phase modulated ellipsometer), fluctuations in 
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the signal can reveal lateral inhomogeneity in the interfacial film [144,145], where other 

techniques such as specular neutron reflectometry are space-averaged over the 

centimeter length scale.

Figure 8E shows the surface pressure isotherm and the corresponding ellipsometric 

change in Δ for a monolayer of POPC:POPG 8:2 molar ratio in 50 mM Tris buffer at room 

temperature. As the monolayer is compressed, the surface pressure isotherm presents 

no kinks, which indicates that there is no abrupt phase transition of the lipid molecules 

into the condensed phase (in contrast to the case of DPPC [146]; see Figure 3B). This 

observation is consistent with both of the lipids existing in the fluid phase at room 

temperature The ellipsometry data show a steady increase in ?? as the monolayer is 

compressed without any sharp change in gradient that could indicate the emergence of 

anisotropy in the monolayer.

Upon injection of 5 μM MLT into the solution underneath the lipid monolayer prepared at 

a starting surface pressure of 30 mN/m, while keeping the corresponding Langmuir trough 

area constant, there is a rapid and sharp increase in surface pressure accompanied by a 

steady increase in Δ over time. Thus, there is a clear interaction between the peptide and 

the lipid monolayer which increases the surface packing density. However, after 5 min 

there is a turnpoint where the surface pressure starts to fall while the ellipsometric Δ keeps 

on increasing over time. While these two techniques are not sensitive to the relative 

amounts of individual components at the interface, these observations hint that there is 

an interfacial rearrangement with a loss of lipid from the monolayer accompanying the 

peptide interaction. After 1 h of equilibration, there is a sharp increase in Δ. This feature 

indicates that the film has become anisotropic due to the formation of lateral domains that 

have different compositions or ordering. The application of other techniques such as BAM 

or NR may allow elaboration of these possibilities, although this has not been carried out 

in the present work. 

5.2 Imaging Interfacial Morphologies using Atomic Force Microscopy and 
Brewster Angle Microscopy

https://paperpile.com/c/KRbiTS/o2sm+927X
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32

Atomic Force Microscopy (AFM) is an essential tool for the study of cellular and model 

biological membranes. Some unique properties are its ability to visualize these systems 

in native environments, without the need for fixation, staining, or labeling, and with a 

superior signal-to-noise ratio than any optical or electron microscopes. AFM imaging is 

performed by raster scanning the surface of a sample with a sharp tip attached at the free 

end of a soft micrometer-sized cantilever (Figure 9A). Imaging with < 1 nm vertical 

resolution is the AFM standard (lateral resolution, which is commonly limited by the size 

of the tip, lies within a range of ca. 2-50 nm). There are several AFM operation modes 

that allow 3D images of the surfaces to be obtained: in Contact Mode AFM [147] scanning 

is performed while keeping the deflection of the cantilever and, therefore, the applied load 

constant. This mode is associated with high shear forces, which can be minimized by 

operating the AFM in the so-called dynamic operation modes [148], which include the 

popular Amplitude Modulation AFM. In this mode, the cantilever is mechanically excited 

at a frequency close to its free vibrational resonance. Upon the presence of an interaction 

between tip and sample, the resonance of the cantilever shifts and, subsequently, so does 

the oscillation amplitude, which is the feedback signal that is kept constant during sample 

visualization. For a recent overview on AFM operation modes see ref. [149]. AFM is not 

only an imaging technique but can be used to probe and even map tip-sample interactions 

via, for example, force-distance curves [150]; for excellent reviews see refs [151–154]. If 

the cantilever is considered as a spring with an experimentally measured spring constant 

[155,156], its deflection is directly related to the force exerted by the sample on the tip. 

Force-distance curves provide a measurement of both chemical and mechanical 

properties of SLBs: the membrane stiffness can be determined by monitoring how the 

cantilever is deflected when pushing it against the membrane [157]. Moreover, the tip will 

break into the bilayer at enough applied load [158] and the breakthrough force for this 

event has been extensively used to characterize supported model membranes as it 

represents a direct measurement of their mechanical stability at the nanoscale [159–161]. 

Force-distance curves and images can be combined by, e.g. the acquisition of a force 

curve at every point of the 2D scan, providing maps of properties of the samples, e.g. 

stiffness [162], breakthrough force [163] and adhesiveness [164].
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Dynamic operation modes are often used to image biomembranes due to mechanical 

deformation that occurs when lipid membranes are scanned in the contact mode [165], 

which results in an underestimation of the membrane thickness [159]. AFM has sufficient 

resolution to resolve even individual head groups in SLBs [166] as well as lateral 

inhomogeneities within the membranes: these include surface defects (holes) [167], 

typically used for quantifying bilayer thickness, and phase separation (domain formation), 

e.g. in the LC-LE co-existence region for stearic acid [168] or mixtures of 

disterylphosphatidylethanolamine (DSPE) and dioleoylphosphatidylethanolamine 

(DOPE) [158]. The first AFM studies of model lipid membranes investigated samples 

prepared by LB deposition. However, the vesicle fusion technique soon became more 

popular [169,170] boosting the use of AFM to study the phase behavior of phospholipid 

mixtures. Since then, the imaging capabilities of AFM have expanded its use allowing, for 

example, the visualization of modulated phases of transmembrane peptides incorporated 

in lipid bilayers [171,172] and upon continuous flow [91] (Figure 9B). Moreover, time-

lapse AFM, has seen some development thanks to High Speed implementations.
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Figure 9. The principle of AFM (A) and the set up that allows continuous flow measurements (B) 
[91]. In the example, images are shown for an SLD composed of 5:3:2 by molar ratio 
DPPC:POPC:POPG both before (C) and after its interaction with 1 μM MLT in 50 mM Tris buffer (pH 
7.4). The interaction leads to an initial expansion of defects and disappearance of the fluid domains 
(lower part of D) combined with re-adsorption of MLT/lipid aggregates at the edge of the defects 
(upper part of D), followed by further removal and re-adsorption (E and F).  

https://paperpile.com/c/KRbiTS/lWBUd
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Figure 9C-F shows the time evolution for the exposure of 1 μM MLT under continuous 

flow to a DPPC:POPC:POPG SLB (5:3:2 by molar ratio) in 50 mM Tris buffer. As a 

reminder, DPPC was included in this mixture in order to induce gel-fluid domains as well 

as defects for easier visualisation of the SLB. Shortly after exposure to MLT, the 

biomembrane was still essentially unaltered with some visible defects (dark spots) as well 

as smaller regions of fluid membranes (Figure 9C). After some minutes (Figure 9D), the 

action of MLT can be observed as a decrease in the number of defects, which convert 

into thin channels in regions of the fluid membrane. Shortly afterwards (Figure 9E), 

aggregates (bright spots) start to be observed at the edges of the defects. Their number 

increases continually over time until almost half an hour has elapsed (Figure 9F), by which 

time practically the whole SLB has been re-structured. It can be inferred that the 

continuous exposure of 1 μM MLT to the SLB results in lipid removal and therefore 

fluidization (thinning) of the membrane, and the lipid molecules lost from the membrane 

can interact with peptide in solution leading to the adsorption of MLT-lipid aggregates. A 

strength of AFM, therefore, is to provide information on the lateral organisation of the 

interface, and in this case the highly heterogeneous nature of the interfacial processes 

taking place as a result of the MLT interaction is revealed. Such information is not 

accessible using other techniques where a macroscopic property is probed or lateral 

homogeneity is assumed in the data interpretation.

Brewster angle microscopy (BAM) is an alternative imaging technique used to reveal 

lateral inhomogeneities of biomembrane systems and their interactions at the air-water 

interface. When p-polarized light is directed at the air-liquid interface at the Brewster angle 

(~ 53° for water), the reflected light is negligible. Any change in the interfacial refractive 

index, e.g. due to the presence of a surface film, will induce light reflection which can be 

detected by a camera that provides real-time images of the interface [173]. BAM has the 

ability to image anisotropy, besides total differences in refractive index, and thus can 

provide quantitative structural analysis in addition to the qualitative optical information 

[174]. BAM imaging has been extensively used in studying monolayers or films at the air-

liquid interface of amphiphilic molecules, proteins, DNA, drugs or nanoparticles [175] and 

specifically in the morphological features of lipid monolayers [176], as well as in binding 

processes involving peptides or proteins [48,177–180]. In these latter studies, BAM has 
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been able to provide or corroborate results of peptides interactions with lipid monolayers 

regarding either the monolayer composition [177], charge [48] or phase state [180], as 

well as peptide charge or hydrophobicity [179]. Specifically, Ciumac, et. al [48] used 

DPPC and dipalmitoylphosphatidylglycerol (DPPG monolayers) to mimic the charge 

difference between mammalian and bacterial cell surfaces to study the binding of a 

synthetic AMP with the general sequence G(IIKK)4I-NH2. Here, BAM images 

demonstrated the ability of the peptide to interact and influence the lipid lateral 

organization through a fluidizing effect that was more pronounced from DPPG than 

DPPC. BAM has also been shown to have the ability to distinguish the interaction 

processes of peptides with similar structure and charge but different degrees of 

hydrophobicity [179]. Results revealed that both a1- and a2- purothionin were able to 

disrupt the interfacial domain structure of the condensed phase DPPG monolayers 

removing lipid during this process and both penetrated the lipid monolayer in addition to 

adsorbing as a single layer to the lipid head group. In this case, BAM was able to help 

distinguish or corroborate the increase of surface pressure process for each peptide but 

also showed the preference of one of the peptides for the more hydrophobic edges 

between lipid domains.

5.3 Determination of Interfacial Interactions with Specific Chemical Groups 
Using Infrared Spectroscopy

Infrared (IR) spectra describe the chemical groups present within a sample based on 

wavelength specific absorption bands. Vibrational modes which cause a dipole change 

within chemical groups are IR active, with the absorbed radiation matching the groups 

vibrational frequency. A single chemical group can have multiple vibrational modes as 

long as these vibrations are associated with a dipole change (3N-5 for linear groups and 

3N-6 for non-linear, where N is the number of atoms).

Attenuated-total reflectance Infrared spectroscopy (ATR-FTIR) allows for 

spectroscopic examination of the changes in chemical composition at solid interfaces. In 

this experimental setup an IR beam is internally reflected, often multiple times, through 
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an IR transparent solid substrate (zinc selenide, KRS-5, Diamond, silicon and germanium 

are commonly used). An evanescent wave is formed at the interface during each 

reflection. The IR beam penetrates up to several microns from the solid surface with 

exponential decay intensity from the interface (a schematic of this process is shown in 

Figure 10A). Changes in the chemical composition at or close to the interface can be 

monitored by the changes in absorption spectra.

ATR-FTIR has been used to examine SLBs deposited predominantly at germanium 

interfaces [181]. The technique is versatile and the resolved experimental data can 

provide information not only on the chemical composition but also on lipid phase states 

[80], time dependent changes in composition, the secondary structure of proteins and 

peptides [182], and (if coupled with a polarizer) molecular orientations relative to the 

interface [114]. Thus, ATR-FTIR can be a powerful technique in examining biophysical 

interactions with SLBs. Measurements are usually conducted with D2O instead of H2O in 

the bulk solution. This is because the H2O bending mode occurs at 1645 cm-1, which is 

the same region as the amide I (carbonyl) stretch of polypeptides and near to many other 

useful IR modes for protein lipid interactions such as carboxylic acids [183]. Such a 

coincidence can make resolution of these peaks difficult in the very low signal spectra 

measured for single SLB samples. Conveniently the D2O bending mode occurs away 

from this region at 1215 cm-1 [183]. 
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Figure 10. A schematic (not to scale) showing the total internal reflection of an IR beam through an 
IR-transparent prism (A); note the evanescent waves produced at points of total internal reflection. 
In the example (B), spectra are shown for a partially chain-deuterated SLB composed of 8:2 d-
DMPC:h-DMPG in molar ratio both before (black) and after (grey and red) its interaction with 1 μM 
MLT in 50 mM Tris buffer (pH 7.4), which is passed through the measurement cell. Note the 
differential C-H and C-D stretches from DMPG and DMPC, respectively, and the appearance of the 
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Amide I band to the spectra upon MLT binding to the biomembrane. The changes in the Amide band 
from MLT and the CD2 asymmetric band from the DMPC vs. time after the introduction of the peptide 
into the flow cell are given (C).

The IR signal from the surface components is typically very low in intensity when 

examining the interactions of species from solution with SLBs. The analysis is mainly 

conducted using the strong IR bands in the functional group region (~1550 to 4000 cm-1). 

The principle IR bands of interest for phospholipids are the aliphatic chain stretches (both 

symmetric and asymmetric see Figure 10B) and the carbonyl stretch from the ester 

groups which attach the acyl chains to the head group. Changes in the position and width 

of the aliphatic chain stretches can inform on changes to the local lipid environment [80]. 

Changes in the intensity of the adsorption bands informs on a relative changes in the 

material at or close to the bulk interface [115]. 

Selective deuterium labelling can be used to differentiate membrane components in FTIR 

measurements. Figure 10B shows ATR-FTIR spectra for an SLB composed of 8:2 d-

DMPC:h-DMPG in molar ratio on a silicon support immersed in D2O buffer solution (black 

line), where the prefix ‘d-’ refers to chain-deuterated lipid and prefix ‘h-’ refers to normal 

hydrogenous lipid. The labelling of the sample yields spectra where the IR absorption 

bands for the acyl chains of each lipid type are separated into C-D and C-H stretching 

modes. This enables the individual examination of each lipid species in the mixed bilayer. 

The exposure of 1 μM MLT passed through the ATR flow cell causes the Amide I band of 

the peptide to appear in the region between 1600 and 1700 cm-1 (Figure 10B). This is the 

strongest adsorption band from polypeptides and is primarily composed of carbonyl 

stretches from the amide backbone. The amide I band is often broad as it has 

contributions from amide carbonyls from differing secondary structural motifs 

[115,182,183]. If the experimental spectra are of high quality the relative secondary 

structural components within polypeptide may be identified using curve fitting procedures 

[182]. Therefore, changes in polypeptide secondary structure before and after membrane 

binding maybe resolved.

https://paperpile.com/c/KRbiTS/MHEDR
https://paperpile.com/c/KRbiTS/lQNON
https://paperpile.com/c/KRbiTS/lQNON+reKSc+0m04p
https://paperpile.com/c/KRbiTS/reKSc


40

As the concentration of MLT used in the example is too low for the peptide dissolved in 

solution to contribute to the recorded spectra, the appearance of this band can therefore 

be attributed to the accumulation of peptide at or near the solid-liquid interface, in this 

case due to the interaction of the peptide with the SLB. The increase in the Amide I band 

was concurrent with a decrease in the CD2 asymmetric stretching peak intensity from d-

DMPC (Figure 10C). This reveals that peptide accumulation in the interfacial layer was 

associated with a decrease in lipid content of the biomembrane, in this case the DMPC 

component. The contribution of aliphatic stretches from the peptide itself make the C-H 

stretching region difficult to interpret and therefore the potential loss of DMPG form the 

membrane was not resolved. 

Infrared reflection-absorption spectroscopy (IRRAS), which is also known as external 

reflection Fourier transform Infrared (ER-FTIR) spectroscopy, is a surface-sensitive 

technique similar to ATR-FTIR which can be employed to examine systems and 

interactions involving monolayers at the air-liquid interface. In this technique, a mirror 

assembly reflects an IR beam onto the air-liquid interface at a set angle of incidence and 

the beam reflected from this interface is examined as a function of wavenumber. Any IR 

active functional group present at or close to the interface will be identified in the spectra 

due to its distinct absorption bands, allowing for chemical identification of the interfacial 

constituents [184]. Like ATR-FTIR, information on the orientation of molecular species at 

the interface can be derived through the comparison of the absorption bands obtained 

from different polarizations of the incident IR beam (S and P). Examples of the use of this 

technique in membrane interaction studies include comparing of the membrane disruptive 

activity of a range of natural antimicrobial peptides [115], the interaction of host-defence 

proteins with model bacterial surfaces [185] and the cation mediated interactions of 

ribonucleic acids with membrane surfaces [186].

5.4 Resolution of the Interfacial Structure and Composition by Neutron 
Reflectometry and X-ray Reflectometry

Neutron reflectometry (NR) is a large scale facility technique used in the structural 

analysis of thin films at or close to bulk interfaces. Neutrons, as their name suggests, are 

neutral in charge and therefore only interact with the atomic nucleus. Neutron beams can, 
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therefore, penetrate deeply into samples as the nucleus occupies a minute volume of an 

atom, samples buried inside complex environments can be probed, such as the solid-

liquid flow cells commonly used in SLB studies. Cold, thermal and epithermal neutrons 

have wavelengths in the Ångström regime, making them suitable probes of molecular 

structure and energies close to or the same as air at room temperature meaning they are 

non-damaging to biological samples. Lastly, the neutron scattering magnitude (known as 

scattering length, b) is non-monotonic across the periodic table, and even different 

isotopes of the same element can have strongly differing scattering lengths. Most usefully 

the two most common isotopes of hydrogen, protium (99.98% natural abundance) and 

deuterium (0.02% natural abundance) have strongly differing neutron scattering lengths. 

As a result of this, values of the neutron scattering length density (SLD, equivalent to the 

scattering length of a molecule divided by its molecular volume) are widely separated for 

D2O (relative high value) and H2O (relatively low value), in contrast to optical refractive 

indices where the respective values are much more similar. The SLD of the biological 

macromolecules in their natively labelled forms is between that of H2O and D2O. By 

mixing H2O and D2O as the solvent, the SLD of the bulk solution can be matched to that 

of individual components within a complex biological sample, which is a technique that 

can be exploited in order to emphasize the scattering of another. By building up a series 

of data sets obtained under differing solution isotope conditions (termed contrasts) the 

relative distribution of components within a biological complex can be resolved [187]. 

When a neutron beam is reflected at a layered interface, interference can occur between 

waves reflected at the top and at the bottom of an interfacial film (Figure 11A), which 

gives rise to an interference pattern (Kiessig fringes) in the reflectivity profile [188]. The 

spacing and intensity of the interference fringes yields structural information on the 

thickness and SLD of any layered material present at the interface. The experimental 

reflectivity data describe the SLD profile across the interface, which can be used to model 

the interfacial structure. The data can be analysed in several different ways, but model 

data fitting of the thickness, composition, solvation and roughness of a finite number of 

stratified layers parallel to the interface is by far the most common.

SLBs and monolayers, due to their interfacial nature, lend themselves to structural study 

by NR [189]. This technique is often used to examine the structure of and structural 
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changes to model membranes that have been challenged with a difference in condition 

or an interacting agent. Hydrogen/deuterium labelling of both the samples and solution is 

used to highlight the relative distribution of components in or adjacent to the model 

membrane. Lipid deuterium labelling is commonly employed to resolve both the internal 

distribution of lipids within a membrane [74,84] and allow for easy differentiation of lipid 

and polypeptide components across the membrane structure after interactions from 

solution species take place [190]. The mechanism by which an agent interacts with a 

membrane can be resolved structurally and with precision using NR [62,191], making this 

a useful tool for examining membrane biochemistry.
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Figure 11. A schematic representation of the application of NR at the solid-liquid interface (A). An 
incident beam of neutrons passes through a solid substrate (usually silicon or quartz) virtually 
unperturbed before reflection at the interface. The proportion of reflected and refracted neutrons is 
determined by the angle of incidence, neutron wavelength and the interfacial composition. Any 
layered material at the interface, such as SLBs, will result in reflection at each interface, and 
interference between these reflections gives rise to Kiessig fringes, manifested as undulations in 
the data whose frequency and intensity is directly related to the thickness of the layer and its 
composition. This technique is highly sensitive to the type of hydrogen isotopes present in the 
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sample, which can be exploited to resolve the structure and composition of complex 
biomacromolecular assembles. In the example (B), data are shown for a chain-deuterated SLB 
composed of 8:2 (w/w) d-DMPC:d-DMPG both before (blue) and after (red) its interaction with 5 μM 
MLT in 50 mM Tris buffer (pH 7.4), which is passed through the measurement cell. The use of 
hydrogen isotope labelling of the lipids and solution allows the position of the peptide and relative 
structural changes of the membrane to be resolved.

In Figure 11B example NR data from a silicon water interface coated with an SLB of 8:2 

DMPC:DMPG is shown (blue data). The acyl chains of the phospholipid bilayer are 

deuterium labelled in order to differentiate them easily from the interacting MLT. The 

bilayer was measured in two solution contrasts, H2O and D2O. The D2O data set is 

sensitive to the contribution of the lipid head groups and peptide to the interfacial structure 

due to the difference in SLD between these hydrogenous components and the deuterated 

solution. The H2O contrast is sensitive to the deuterated acyl chains of the lipid due to the 

large difference in SLD between the components. The resolved SLD profile (Figure 11B 

right) reveals that prior to the interaction of the MLT there is a high coverage bilayer (96% 

of the sampled surface) at the silicon water interface with the lipids having an average 

molecular area (derived from experimental data fitting) of 53.2 (± 2) Å2, head group 

thicknesses of 9 (± 1) Å and chains thickness of 27 (± 1) Å. Upon the interaction of MLT 

(5 μM in the solution), changes were noted in the interfacial structure. The SLD of the acyl 

chain region of the interfacial structure decreased (Figure 11B), which model data fitting 

suggested was due to the removal of lipids and the incorporation of MLT into the bilayer 

chains. Indeed, an 18 (± 2) % exchange of lipid for peptide in the chain region of the 

membrane at equilibrium protein binding was observed, as was a slight thinning of the 

bilayer, probably as a result of lipid removal during the MLT interaction. From these data, 

we have gained structural and mechanistic insights into the antimicrobial activity of MLT 

against the model bacterial membrane. Results suggest that the peptides mechanism of 

antimicrobial activity against the model Gram negative membrane involves lipid removal 

and penetration of significant amounts of peptide into the acyl chain region of the lipid 

membrane.

The application of NR at the air-liquid interface is analogous to that at the solid-liquid 

interface with the exception of a new approach that has been developed to resolve the 
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composition of binary mixtures more accurately and much faster than was previously 

possible [192]. Maximum neutron flux is placed on the sample at low Q in two isotopic 

contrasts of the interfacial material but both in air contrast matched water (zero SLD); 

structural information at higher Q is discarded. The measurements are used to calculate 

the interfacial amounts of each component. This approach removes certain ambiguities 

of using a structural model where parameters such as interfacial roughness are often not 

independently resolved. The increase in time resolution of measurements has been 

estimated to be around a factor of 60 [193]. The approach has been applied to good effect 

in studies of the interactions of a short designed antimicrobial peptide (G(IIKK)4-I-NH2) 

with lipid monolayers [48,194]. Kinetics of interaction of the peptide as well as loss of lipid 

from the model membrane were revealed in real time for the first time to resolve effects 

of lipid charge and degree of saturation as well as the starting surface pressure on the 

rate and extent of interactions. 

X-ray Reflectometry (XRR) is more frequently used to investigate lipid monolayers at 

the air-liquid interface due to the dominating scattering from solid substrates over the 

weak scattering of the lipid components. However, it is possible to study SLBs at the solid-

liquid interface with the X-ray beam traversing the liquid [195]. XRR is a good complement 

to NR, since it provides a larger dynamic range and - in part due to the higher flux 

synchrotron sources available - better signal-to-noise than NR. However, X-rays are 

ionising and can lead to sample damage, while higher absorption cross sections can limit 

the penetration depth of the [196]. At the air-liquid interface, X-rays, like neutrons, reflect 

at the free water surface, and the reflected beam is modulated by the relative refractive 

index difference between air, the thin film and the bulk liquid [197–199]. An example of 

how XRR can be used to investigate the effect of AMPs on different model membranes 

can be found in the work of Travkova and co-workers [200]. From the electron density 

profile they could locate the peptide in a POPG monolayer, with a partial penetration in 

the chain region together with adsorption to the head group. The interaction with DPPG 

gave a different result: the location of the AMP was at the boundary between the head 

groups and the bulk solvent, suggesting that no penetration in the lipid layer had occurred. 

From this work, it is clear that not only the extent of peptide binding but also its co-

localisation within the lipid monolayer can be revealed using XRR. Finally, grazing angle 
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X-ray diffraction and X-ray fluorescence are other popular techniques used to study 

biomembranes at the air-water interface in terms of their in-plane molecular packing and 

the quantification and distribution of specific chemical elements and ions, respectively 

[201–203].

6. Complementarity of Surface-Sensitive Techniques to Reveal the Interaction 
Mechanisms of an Antimicrobial Peptide with Model Biomembranes

6.1 Complementary Comparison of Analytical Data

Since not only the principle and sensitivity of the technique applied but also the properties 

of the membranes and experimental conditions used largely influence the experimental 

outcome, it is quite challenging to make a systematic comparison based on reports from 

the literature. Therefore, in this review, we have presented new data on the effects of 

MLT on SLBs and lipid monolayers composed of mixtures of PC and PG lipids at molar 

ratios relevant for Gram negative membranes under similar experimental conditions ‒ 50 

mM Tris buffer (pH 7.4) with the lipid membrane in the fluid phase at room temperature ‒ 

and using a number of bench-top and large facility analytical techniques. MLT is one of 

the most studied AMPs and a search on the web of Science at the time of submission 

using “Melittin” and either “supported lipid bilayer*” or “planar lipid bilayer*” gives a total 

of 82 references during the last 2 decades. If instead “lipid monolayer*” or “langmuir 

monolayer*” is used then 35 references are found since 1992. MLT does not display 

selectivity against a specific membrane beyond that of Gram positive cells. A full review 

of the activity of MLT is beyond the scope of this review (which is methodologically 

focussed) but a useful discussion of this topic can be found in the review of MLT by 

Raghuraman and Chattopadhyay [204]. In this review, the interactions of the peptide were 

examined using surface pressure and ellipsometry measurements on a Langmuir trough 

as well as QCM-D, ellipsometry AFM, ATR-IR and NR measurements on SLBs to 

highlight the use of a complementary analysis approach in deciphering the nature of 

membrane interactions with molecular precision. The reader may have noted the strong 

coherence of the experimental results across each technique in addition to the differing 

nature of the information afforded by each one. 

https://paperpile.com/c/KRbiTS/h41mT+b9we+tsub
https://paperpile.com/c/KRbiTS/RbIY


47

MLT adsorption to a model SLB was confirmed by ATR-IR since the amide band is clearly 

seen in the spectra (Figure 10). Both QCM-D and ellipsometry exhibited maximum values 

of the interfacial mass, respectively (Figures 7D and 8D), before rearrangement of the 

interfacial material resulted in loss. These data provide an indication that the interaction 

mechanism under consideration is more involved than simple peptide binding. 

Additionally, MLT exposure to a pre-compressed lipid monolayer resulted in an initial 

increase in surface pressure and change in ∆ (itself related to the overall interfacial 

excess) before the surface pressure relaxed while the change in ∆ did not (Figure 8F). 

Together these data hint that lipid is lost from the surface monolayer, the molecular 

packing of which strongly affects the surface pressure, while peptide continues to bind to 

the interfacial structure in some way.

Uniquely, AFM data suggest that MLT preferentially binds to SLB defects and that this 

initial binding leads to SLB restructuring leaving behind a highly heterogeneous interfacial 

film (Figure 9C-D). Moreover, aggregates appeared on the membrane surface (Figure 

9E-F) that probably involve peptides in complexes with lipids lost from the SLB. It may be 

possible that such aggregates lead to the sharp increase in ∆ observed in the ellipsometry 

data for the lipid monolayer at the air-liquid interface (Figure 8F). Indeed, lipid removal 

due to the interaction of MLT with SLBs is the main source of mass loss from the 

biomembrane. This point was confirmed both by NR (Figure 11), which is sensitive to the 

composition of layers modeled normal to the interface, and ATR-IR (Figure 10), where a 

decrease in a CD2 stretching peak demonstrated the loss of the deuterated lipid (d-

DMPC) from the interface.

NR, due to its unique capability in resolving complex structures, showed that MLT 

incorporates into the hydrophobic environment of the SLB. It is likely that this intercalation 

of peptide into the membrane drove the loss of lipid from the interface, which in turn 

resulted in the binding of MLT-lipid aggregates to the membrane defects, as observed 

with AFM. Even so, the results from these two techniques are not fully consistent, as the 

aggregates were observed with AFM but not with NR. This type of discrepancy can be 

attributed to differences either in sample handling during the experiments or in the 

sensitivities of the techniques. It is possible that differences in the flow cell geometry and 

surface-to-volume ratio between the two experimental setups favoured aggregate binding 
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for AFM but not for NR. Indeed, the surface exposed to the MLT solution was less than 1 

cm2 in AFM (also: QCM-D and ellipsometry) while it was ~30 cm2 in NR, and typically 1-

2 mL of solution was flowed for AFM (also: QCM-D) while typically ~10 mL was flowed 

for NR (also: ellipsometry). Nevertheless, it is highly likely that the surface density, or area 

coverage, of lipid and peptide in the aggregates was simply below the detection limit of 

NR.

Lastly, it may be noted that the SLB structural rearrangement into a heterogeneous layer 

driven by the intercalation of the peptide into the membrane and the subsequent lipid 

removal process was also suggested by QCM-D, due to a change in the overtone 

dissipation and frequency spreading at its final state as compared to that of the initial 

bilayer (Figure 7D), and to some extent by ellipsometry, through a reduction in the layer 

density (Figure 8D). 

In conclusion, from these results we can present a mechanism where from solution MLT 

binds to and penetrates the model biomembrane, which results in its fluidization and 

thinning due to lipid loss, followed by binding of MLT-lipid aggregates from solution. The 

combined analysis approach used here was able to provide precise molecular level 

insight into the antibacterial activity of MLT. No single technique was able to give a 

complete overview of the processes occurring, yet by comparing and contrasting results 

from multiple sources both an overview of the nature of the interaction as well as 

information on the interaction mechanism were obtained. This understanding of the 

molecular rearrangement of the model membrane upon MLT interaction can now be 

elaborated with results obtained from in vitro and in vivo studies in order to gain a 

complete understanding of these complex biological processes.

Figure 12 shows a schematic of the final picture of the mixed MLT-biomembrane 

structures, and serves to highlight the different sensitivities of the techniques reviewed. 

From the use of the biomembrane interaction example presented, it is hoped that the 

reader can gain an understanding of how results from one technique feed into and 

supplement the understanding of results from another, yielding a more thorough 

interpretation and thus a greater understanding of the underlying scientific problem.



49

Figure 12. Schematics of the final interfacial structures upon MLT interactions with PC:PG-
based model membranes: an SLB at the solid-liquid interface (top) and a lipid monolayer 
at the air-liquid interface (bottom). QCM-D, ellipsometry, IR and NR are techniques that 
average over the entire interface structure while AFM is unique at capturing the 
morphology of the membrane surface. QCM-D and ellipsometry provide indications on the 
total mass changes and overall membrane structure (either the total thickness or the level 
of homogeneity and softness of the membrane), while IR gives information on changes 
occurring at the level of specific chemical groups. NR gives the location and composition 
of the film but its sensitivity is lacking when the surface coverage is low (as perhaps for 
the MLT-lipid aggregates present on top of the original lipid bilayer observed by AFM). 
Monolayers at the air-liquid interface can be studied using the Langmuir trough in 
combination with techniques such as ellipsometry, IR and NR, as well as BAM and XRR 
which were not considered in detail in the present work.

6.2 Critical Comparison of Analytical Techniques 
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In the consistent example given above, many techniques have yielded similar information 

(e.g. peptide interactions were implied, albeit in differing ways and with differing 

sensitivity, by all of the techniques) while others were unique in their information content. 

For example, the location of MLT in the biomembrane was revealed only by NR, and the 

presence of membrane surface aggregates was observed only by AFM, although a hint 

of such a secondary interaction was provided by ellipsometry at the air-liquid interface as 

well. Each technique used in this model membrane study has distinct advantages and 

limitations in the examination of biomolecular interactions. Table 1 provides for each 

technique applied in the present work descriptions of i) the information content provided, 

ii) the typical nature of the analysis, and iii) details of the information afforded for our 

chosen example of MLT interactions with model PC:PG-biomembranes.

Surface pressure measurements on a Langmuir trough, and the application of QCM-D or 

ellipsometry, are perhaps the most straightforward techniques to employ on a new system 

in terms of experimentation and elementary data interpretation. Therefore they are 

suitable for determining macroscopic changes occurring at model biomembranes by 

screening a large number of interactions under different physical conditions (lipid 

composition, concentration, ionic strength and pH). Even so, the challenge of producing 

stable monolayers that contain unsaturated lipids should not be underestimated, and the 

extent to which the data analysis is taken will determine the depth of information 

accessible. For example, a straightforward Sauerbrey model in QCM-D may provide a 

basic estimate of the change in wet mass of a rigid film, but for elastic films a more 

complex Voigt model may be required. Also, ellipsometry data at the air-liquid interface 

may be left simply as 'change in Δ' or a model may be applied that takes into account 

different refractive indices of species as well as anisotropy.

AFM and NR give probably the most detailed information accessible, and can be used to 

examine the structure and morphology of a model membrane before and after interactions 

with species from solution, albeit in different and highly complementary geometries. IR 

techniques make a valuable addition to any such study as, unlike the other bench-top 

techniques, it allows the molecular complexity of the model biomembrane to be resolved 

in terms of the physical state surrounding the chemical groups present. NR also provides 

information on the biomembrane structure, but also yields the distribution of components 
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normal to the interface, which includes composition, solvation and roughness. Both NR 

and IR significantly benefit from deuterium labelling of the samples and solvent, but this 

requires both expertise to employ and additional experimental costs. Another important 

aspect to consider is that access to NR is only available at national and international large 

facilities and requires a significant amount of acquired expertise to undertake in order to 

gain the large depth of information accessible. Another limiting factor can be the volume 

required of a species interacting from the solution with a lipid monolayer on a Langmuir 

trough, which is typically significantly larger that required in flow cells used for techniques 

applied at the solid-liquid interface.

It is, therefore, the recommendation of the authors that any new investigation of a 

biomolecular interaction mechanism with model biomembranes is best started with the 

most straightforward and easily deployed techniques available, and the analytical 

complexity of the techniques used in the study and/or the data analysis approach can be 

developed during the investigation. Samples that show weak or transient membrane 

interactions can be screened via this method, and the parameter space of experimental 

variables can be refined, resulting in only the most viable samples taken forward for 

experiments using the more involved analytical techniques. This strategy allows for 

efficient use of the researcher's time and resources. Which set of techniques is best 

employed in a given study is dependent on the nature of that study. An interaction, for 

example, where the biomembrane is fully removed may not be ideally suited to NR and 

could easily be resolved using a combination of QCM-D, ellipsometry and/or IR where the 

loss of material in time can be detailed. Conversely, an interaction where a protein fully 

or partially embeds into model membrane may be optimally studied using NR in 

combination with bench-top techniques such as a Langmuir trough, IR and/or AFM. Using 

this combination of techniques, it is a realistic aim to resolve the relative position, 

orientation and distribution of the components as well as any phase changes in the lipid 

as a result of this interaction. 

   

Table 1. A comparison of the surface analytical techniques used here to elucidate the mechanism 
of MLT antibacterial activity. 
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Technique Information Content Nature of analysis
Result from MLT/PC:PG bilayer 

Interaction

QCM-D
Interfacial wet mass and 

viscoelasticity

Raw data interpretation 

or model data fitting

MLT adsorbs to the SLB and 

surface rearrangement occurs

Ellipsometry 
(SLBs)

Interfacial mass, layer 

thickness and density
Model data fitting

MLT interaction increases 

thickness and decreases the 

density of the SLB 

Langmuir 
Trough

Monolayer packing Raw data interpretation

MLT adsorbs but relaxation 

suggests looser monolayer 

packing with time

Ellipsometry 
(monolayers)

Interfacial mass 

combined with anisotropy

Raw data interpretation 

or model data fitting

MLT adsorbs with a hint of a 

secondary interaction process after 

some time

AFM
In-plane structure

and morphology

Raw data interpretation 

or model data fitting

MLT changes SLB morphology 

and aggregates are observed on 

the membrane surface

ATR-FTIR

Chemical group 

composition, lipid phase 

and polypeptide 

secondary structure. 

Peptide orientation with 

polarization

Raw data interpretation 

or model data fitting

MLT binds to the SLB is lipid is lost 

from the interface

NR
Structure across the 

interface and relative 

positions of components

Model data fitting

MLT removes lipid and penetrates 

the chain region of the SLB 

inducing its thinning

6.3 The relevance of the lipids choice and experimental conditions
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As already mentioned, it is out of the scope of this review to give a comprehensive 

literature overview on the mechanism of action of MLT with model biomembranes. 

However, here we will link our results to some previous studies to highlight the importance 

of the experimental conditions specifically on the physical phase of the model 

biomembrane. In particular, AFM has been used to follow the effect of MLT on the 

morphology of SLB made of pure DMPC [110], pure DMPS [116] and pure DMPG [116] 

on gold made by Langmuir-Blodgett deposition. The morphology of the SLBs changed 

dramatically upon exposure to 10 μM MLT at room temperature in 20 mM Tris buffer (pH 

7.5) enriched with 150 mM NaCl and 5 mM EDTA: the initial adsorption of MLT to all types 

of SLB eventually led to partial solubilisation of the SLB made of DMPC and DMPG, but 

only restructured the SLB made of pure DMPS. Surprisingly, the kinetics of solubilisation 

was faster for DMPC than DMPG SLB, and this was attributed to the slowing down of the 

peptide reorientation and insertion in charged compared to zwitterionic membrane 

perhaps due to stronger electrostatic interactions with the lipid heads. Thus, it would seem 

that the lipid type has a dramatic effect on the final state of the SLB after the initial peptide 

adsorption and lipid removal. However, the melting temperature of DMPS [205] is 12-13 
oC higher than DMPG [206] or DMPC [207] and therefore, the different mechanisms of 

action simply reflect differences in molecular packing and therefore in the fluidity [116] of 

the SLB. Therefore, it can be concluded from these studies that MLT is able to integrate 

faster into the fluid and uncharged SLB than into the stiffer and negatively charged SLBs. 

Indeed, the preference for lipids in the fluid phase rather than the gel phase was studied 

by Bodescu et al [111] using dioleoylphosphatidyl choline DOPC (Tm = -16 oC [208]) and 

DPPC (Tm = 41 oC [209]) SLBs (1:1 molar ratio) on mica in the presence of 10 mM Tris 

buffer (pH 7.6) enriched with 80 mM NaCl at room temperature. In this case, incubation 

of 2 μM MLT solution led to the partial solubilisation of the DOPC rich, fluid phase and 

the typical formation of globular aggregates or mixed peptide-lipid micelles upon lipid 

removal. Together, these studies suggest that peptide adsorption is the initial step and 

that once a certain peptide concentration in the biomembrane is reached, lipids are 

removed, eventually leading to the formation of mixed peptide-lipid micelles: this is 

sometimes referred to as the mixed carpet–toroidal pore model of MLT action. 

The reader may note that even though a consistent approach was attempted with the 
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example of MLT interactions with PC:PG-based model biomembranes in the present 

work, in cases the choice of lipids used was adapted to specific requirements of particular 

techniques. For example, while POPC:POPG mixtures were the preferred lipid choice 

(usd in Langmuir trough, QCM-D and ellipsometry) since they better resemble the acyl 

chains present in cellular membranes, the commercial availability of deuterated lipids 

forced a different choice for the IR and NR experiments. In these cases, DMPC:DMPG 

mixtures were chosen as they could be readily purchased, and the experimental settings 

were chosen to conserve full fluidity of the system above the chain melting temperature 

of the lipid mixture. Also, DPPC was incorporated into the lipid mixture for AFM, since 

fluid SLBs made of POPC are featureless and form very quickly, making it very hard to 

know if a membrane has been formed at all during the experiment. Instead, islands of 

fluid membrane were shown to co-exist in a membrane that was mostly in the gel phase, 

and this aspect allowed observation of the preferential interaction of MLT with fluid phase 

membranes. It is therefore the opinion of the authors that in order to maximize the 

scientific insight from a biomolecular interactions project, the lipid composition of the 

biomembrane and the experimental conditions may be adapted accordingly, but the 

phase and fluidity of the biomembranes studied with various techniques should be 

strongly taken into account.

7. Conclusions and Perspectives

Langmuir monolayers at the air-liquid interface constitute the first model biomembranes 

ever produced and studied. Even though they are relatively simple with just one lipid 

leaflet, they allow control of the lipid packing and phase, and are therefore used 

conveniently to study biomolecular interactions. Supported lipid bilayers, on the other 

hand, are useful biomimics for rapid screening of the mechanistic aspects of molecular 

interactions with biomembranes that have two lipid leaflets. In order to improve the 

understanding of specific biomolecular interactions with lipids in a more relevant 

biomimetic system, more advanced membrane systems can be used where supported 

lipid bilayers are tethered to or float on top of the solid substrate. These are prepared 

themselves using lipid monolayers at the air-liquid interface.
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Through the application of complementary surface-sensitive techniques, detailed 

information on the molecular mechanisms by which molecules such as drugs, proteins 

and peptides interact with lipid membranes can be obtained. There are limitations of the 

use of model membranes platforms, such as a lack of natural fluctuations, unwanted 

interactions from an underlying solid substrate, and importantly reduced complexity from 

reality as specific proteins and receptors found in cell membranes are missing. 

Nevertheless, techniques that are sensitive to net changes in packing or interfacial mass 

(such as surface pressure isotherms on a Langmuir trough, ellipsometry or QCM-D), 

bilayer morphology (AFM or BAM), the presence of chemical groups (IR) and structure 

and composition (NR or XRR) of mixed systems represent a very powerful combination 

to unravel the mechanism of biomolecular interactions.

A consistent example of the interactions of the antimicrobial peptide Melittin with 

phosphocholine:phosphoglycerol-based model lipid biomembranes recorded under 

similar conditions has been used in the present work. This example was chosen in order 

to showcase the different information accessible from a suite of complementary surface-

sensitive techniques, and to caution when the choice of lipids had to be adapted to meet 

the requirements of particular techniques. A coherent interaction mechanism was 

revealed, where peptide binds to and penetrates the model biomembrane, resulting in its 

fluidization and thinning from lipid loss, and peptide-lipid aggregates then bind from 

solution. It is intended that reference to the depth of information accessible from this 

example can assist the reader in important factors to take into consideration in the design 

of future studies of molecular interactions involving model biomembranes.
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