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Abstract 

Atomic force microscopy is an increasingly attractive tool to study how peptides disrupt membranes. 

Often performed on reconstituted lipid bilayers, it provides access to time and length scales that allow 

dynamic investigations with nanometre resolution. Over the last decade, AFM studies have enabled 

visualisation of membrane disruption mechanisms by antimicrobial or host defence peptides, including 

peptides that target malignant cells and biofilms. Moreover, the emergence of high-speed modalities of 

the technique broadens the scope of investigations to antimicrobial kinetics as well as the imaging of 

peptide action on live cells in real time. This review describes how methodological advances in AFM 

facilitate new insights into membrane disruption mechanisms. 
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1. Introduction 

1.1. Atomic force microscopy: basics and membrane imaging 

1.1.1. Principles of atomic force microscopy 

Since its invention in 1986 and subsequent adaptation for imaging in liquid, AFM has made 

significant contributions to our understanding of biological systems.[1] Samples, from single 

molecules to whole cells, can be visualised under near-native conditions, at (sub) nanometre 

resolution over timescales of seconds to hours. The basic principle of AFM is that a nanometre sharp 

tip mounted on a flexible cantilever is scanned across a surface, and the distance-dependent 

interaction forces between the tip and the sample are used to detect the proximity of the surface and to 

build an image as the tip follows the surface contours (Fig 1A).  
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In its simplest mode of operation, contact mode, the tip remains in contact with the surface during 

imaging. A feedback system continuously adjusts the Z position of the sample (or cantilever) to 

maintain a set applied force. Precise tip-sample adjustments are achieved by a piezoelectric motor and 

are used to create a topographical image of the sample. Many AFM imaging modes have been 

developed, and most operate on this principle of adjusting the tip-sample distance to nullify deviations 

from a constant average applied force. 

For biological systems, dynamic mode is typically used. The cantilever is oscillated near to its 

resonance frequency and only comes into contact with the sample at the bottom of each oscillation, 

removing the high lateral forces present in contact mode. Dynamic mode AFM is the fastest imaging 

mode available and has enabled tracking of biomolecular processes at high temporal resolution.[2] 

Ongoing developments to cantilevers, controllers, piezoelectric scanners and detection systems are 

increasing the temporal resolution that can be achieved.[3]  

The versatility of AFM cannot be understated. In force-distance (FD) curve imaging modes, 

mechanical properties can be extracted from each force-curve, and the stiffness, adhesion, 

deformation and dissipation of the sample can be quantified.[4]  Modifications to the AFM tip can 

enable probing of electric and magnetic properties, or targeting of specific molecules such as cell 

surface receptors.[5] And, as well as sensing the surface, AFM can be used as a nanotool to 

manipulate the sample [1] even inducing cell division.[6] In this review, we focus on the application 

of AFM to elucidating mechanisms of lipid membrane disruption. 

1.1.2. Imaging phospholipid membranes  

Cell membranes consist of a fluid lipid bilayer that is packed with integral and peripheral proteins.[7] 

The bilayer has multiple roles, such as to regulate the passage of nutrients and ions, to support 

osmosis, to control molecular transport and to facilitate key events of normal cell physiology such as 

endocytosis. However, lipid bilayers are challenging to study. At only a few nanometres thick, they 

are unstable in air and highly dynamic. AFM has had considerable success in investigating the 

properties of fluid lipid assemblies. The formation, dynamics and lateral organisation of both bilayer 

and monolayer assemblies have been extensively characterised (see, e.g., ref [8–12]). Following this 

success, interest has grown in applying the same techniques to study mechanisms of induced 

membrane disruption. 

To be compatible with AFM analysis, lipid bilayers are prepared on an underlying solid support. This 

is typically done using Langmuir-Blodgett (LB) [13] or vesicle deposition methods.[14, 15]  The LB 

method uses sequential deposition of single lipid monolayers and is used for the preparation of 

asymmetric lipid bilayers or lipid monolayers. The vesicle fusion method relies on the spontaneous 

adsorption and rupture of lipid vesicles onto a hydrophilic solid support and is used to prepare 

supported lipid bilayers (SLBs). The process depends on the electrostatic interactions between the 
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vesicles and the solid support; optimal bilayer formation is controlled by adjusting the pH and the 

ionic strength of solution.[10]  For AFM studies the underlying substrate is typically mica as it can be 

cleaved to produce an atomically flat surface. SLBs prepared on mica are flat to within a few 

angstroms and are compatible with high resolution imaging (Fig 1B).[16] Other hydrophilic surfaces 

may be preferred if correlative experiments are being performed, e.g., glass (for simultaneous optical 

or fluorescence), silica (for comparison to QCM-D) or functionalised gold (for simultaneous electrical 

measurements).   

 

Figure 1. (A) Schematic showing the operation of AFM in liquid, reproduced from ref [17], 

permission pending. (B) AFM observation of SLBs. Left, topography of a single phase SLB. The 

surface is featureless and flat to within < 1 nm. Middle, topography of a phase separated SLB. Ld 

domains (darker) are here 1 nm lower/thinner than Lo domains (brighter). Right, topography of an 

SLB after addition of a pore-forming peptide, magainin 2. Pores with a diameter of 10 – 20 nm 

(black) can be observed across the surface. Colour (height) scale bar is 3 nm in all images. Left and 

middle images are reproduced from ref [18], licensed under CC BY 4.0, right image is original data. 
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Biological membranes are complex systems which can include hundreds of different lipid species, 

sugars and proteins. Phospholipids are the most abundant class of lipid and are the main component of 

SLBs prepared as biological membrane mimics.[19] Different phospholipids have different chain 

lengths, saturation, charge and curvature, and the specific lipids used will dictate the thickness, 

surface charge, and packing of the resulting SLB. Lipid composition can therefore be tuned to better 

mimic the properties of the target membrane. 

A consideration when preparing an SLB is the desired fluidity. Lipid bilayers can form as fluid liquid 

disordered phases (Ld) or more solid gel state phases (So) depending on the temperature and the 

composition of the lipids, with every lipid having a unique melting temperature (Tm) below which 

they constitute membranes in a solid gel state and above which they preferentially adopt liquid 

phases. Biological membranes exist as liquid phases and with the exception of very specific examples 

(see, e.g. [20]) the gel-state phase is not physiologically observed.  

In eukaryotic cells, fluidity across the membrane is not homogenous. Cholesterol can interact 

preferentially with lipids such as sphingomyelin, condensing into so-called liquid ordered phase (Lo) 

domains, which show increased packing density and lateral order of acyl chains whilst retaining 

fluidity.[21] The eukaryotic plasma membrane is rich in cholesterol and recent analysis of the plasma 

membrane of live HeLa cells measured 76% Lo regions to 24%  Ld regions.[22] To mimic this, mixed 

Lo + Ld SLBs can be prepared by using lipid mixtures with different Tm values and incorporating 

hydrophobic intercalating molecules to induce localised lipid order.[23] Domains of differing fluidity 

show reduced or increased thickness and can be distinguished by AFM (Fig 1B). This allows phase-

dependent processes to be resolved.[18] 

Bacterial membranes have typically been considered single fluid phases but increasing evidence 

indicates they may also contain domains.[24, 25] Regions of higher fluidity may be driven by 

clustering of lipid Ⅱ molecules,[26] and regions of lower fluidity may be induced by the presence of 

hopanoids, proposed to act as a functional equivalent to cholesterol and detected in some bacterial 

strains.[27] Furthermore, domain formation can be induced by a number of other factors such as lipid 

curvature preference, protein interactions and the underlying cytoskeleton[28] and heterogenous 

segregation of both PE and CL phospholipids has been observed in bacterial cells.[24, 29] As our 

understanding of the bacterial membrane organisation increases, adjustments to a single fluid phase 

SLBs as a model bacterial membrane may be required. 

The spatial resolution limit of AFM imaging of SLBs is largely defined by experimental conditions 

rather than by instrumentation. When lipid assemblies are prepared below the fluid-to-gel transition 

temperature, the lateral diffusion of lipids within the assembly is slow (with diffusion coefficient D 

~10–3 µm2 s–1).[19] AFM imaging of such assemblies has resolved individual lipid head groups with 

sub-nanometre lateral resolution.[30] However in fluid bilayers the diffusion of each lipid is orders of 
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magnitude faster than even the highest-speed AFM can currently acquire an image (D ~2 µm2 s–1), so 

a temporal average of the bilayer is visualised and individual lipids are not resolved.[19]  

Membrane disrupting agents change the local organisation of lipid bilayers and this change can be 

directly visualised by AFM (e.g. poration, Fig 1B). Host defence peptides are now an object of choice 

for AFM investigations due to their ability to target and physically alter phospholipid bilayers. 

1.2. Host defence peptides 

Host defence or antimicrobial peptides (AMPs) are ubiquitous for all forms of life. The peptides target 

cellular membranes and can act as killing factors against microbial and malignant cells alike.[31, 32]. 

Structure-activity relationships for the peptides are relatively well understood and traditional methods 

such as neutron diffraction[33–36] and nuclear magnetic resonance spectroscopy[37–40] have provided 

important insights into the mode of action of these molecules.  

Peptide-induced membrane disruption has also been visualised on bacterial cells by electron 

microscopy.[41, 42] However, before the advent of AFM much information pertaining to membrane-

disruption mechanisms remained untapped. Over the last decade, its rapidly evolving capability has 

made significant contributions to the elucidation of poration mechanisms for a range of host defence 

peptides and activities, from antimicrobial to anticancer. Principally, owing to its nanoscale accuracy, 

AFM imaging has enabled fundamentally new insights into the architecture, abundance and dynamics 

of pore formation, which nowadays can be accessed with the spatiotemporal resolution unmatched by 

other methods. In this review, we discuss such contributions, emphasising the diversity of antimicrobial 

mechanisms and their dependence on experimental conditions, and provide an outlook on future 

capability developments and anticipated findings improving our understanding of membrane disruption 

mechanisms. 

1.2.1. Structure and mechanism 

Host defence peptides disrupt membranes by folding in the phospholipid bilayers as amphipathic 

secondary structures, α-helices or β-strands. These structures segregate their amino-acid residues into 

polar and hydrophobic faces, which bind to lipid headgroups and aliphatic chains, respectively. Upon 

insertion, the peptides assemble into peptide-lipid complexes, which disrupt the membrane by 

porating, thinning or corrugating the bilayer.[43] The membrane contains different lipid types at 

different combinations in different organisms. The lipid composition influences the charge, thickness, 

curvature and fluidity of the membrane, which can favour or resist interactions with the peptides.  

In bacteria, antimicrobial peptides, which are typically cationic, target anionic lipids such as 

cardiolipin (CL) and phosphatidylglycerol (PG). This is the main basis for their selectivity towards 

microbial membranes over mammalian membranes.[44] Although the mammalian membrane also 

contains anionic phospholipids such as phosphatidylserine (PS), these are typically located in the 
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inner leaflet. The outer leaflet of mammalian membranes is rich in zwitterionic phosphatidylcholine 

(PC) and sphingomyelin (SM) lipids, which makes the membrane zwitterionic.[19] Malignant 

transformations can lead to increased exposure of anionic phospholipids in the outer leaflet, and, 

along with other changes in lipid composition, increase surface charge increasing cell susceptibility to 

the attack of host defence peptides.[45, 46] For example, the AMP temporin-1CEa, which shows high 

affinity for PS phospholipids, was shown to exhibit potent activity against cancer cells, which 

correlated with the overexpression of PS.[47]  

Despite coevolution with bacteria over millions of years, high-level resistance to antimicrobial 

peptides has not emerged, which is the main reason for antimicrobial peptides to be considered as 

next-generation antibiotics.[48] Multiple resistance mechanisms against AMPs have been 

characterised including the secretion of proteins or lipids to sequester the peptides, peptide antagonists 

that co-fold with antimicrobial peptides and neutralise them,[49] cell-surface fortification that resist 

peptide binding and membrane thickening that reduce disruption effects.[48, 50] However, resistance 

conferred is moderate and often non-specific.[48] This leads to slow increases in MIC rather than the 

highly effective resistance observed for conventional antibiotics, which can quickly spread through 

horizontal gene transfer of dedicated resistant genes.[51] Daptomycin, an AMP in therapeutic use 

since 2003, provides clinical evidence for this with  bacterial resistance observed at both low 

frequency and low potency.[52] Therapeutic interest in AMPs is furthered by their ability to penetrate 

difficult-to-treat non-planktonic microbial populations such as bacterial and fungal biofilms.[53, 54] 

Antiviral potential has also been demonstrated: the membrane activity of antimicrobial peptides 

extends to their ability to bind to enveloped viruses disrupting their envelop membranes,[55–58] or 

preventing their uncoating.[59, 60] 

To guide the development of therapeutic applications for host defence peptides, naturally occurring or 

synthetic, it is crucial to understand how the peptides target and affect microbial membranes.[31] 

Given this importance, the activity of the peptides has been extensively reviewed (see, e.g., ref. [61]), 

considering three main models of membrane disruption by the peptides: the barrel-stave model, the 

carpet model, and the toroidal pore model.  

In the barrel-stave model, peptide molecules insert into the membrane and stack side-by-side to form 

a transmembrane pore lined entirely by peptide (Fig 2A).[62] In the toroidal pore model, peptides 

complex with phospholipids by pulling their headgroups inwards to line the inner pore wall. The 

resulting pores are lined with both peptides and lipids (Fig 2B).[63, 64] In the carpet model, AMPs 

corrugate the surface of the membrane without inserting.[65] Above a threshold concentration, the 

carpet model can lead to membrane collapse with peptide-lipid micellization (Fig 2C). Other 

mechanisms of pore formation have also been proposed, including domain formation (Fig 2D), 

localised thinning (Fig 2F, 2G), and non-lytic depolarisation.[43]  
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The permeabilising effect of host defence peptides is commonly assessed using fluorescence leakage 

assays,[66–68] while their conformational preferences are determined using circular dichroism (CD) 

spectroscopy methods, which can also probe their alignment relative to the bilayer.[69, 70] NMR 

spectra help elucidate the structure of the peptides,[37] which are often complemented with molecular 

dynamics (MD) simulations to provide atomic-level structural descriptions.[71–75] Complementing 

such studies, AFM measurements fill a unique niche by probing membrane disruption effects in 

aqueous solutions at sub-nanometre spatial resolution,[1] with the added benefit of visualising 

changes in the membrane in real time.  

2. Visualisation of AMP-membrane disruption 

Here, we describe the use of AFM for visualisation of membrane disruption mechanisms by 

antimicrobial peptides and their derivatives. We do not focus on assigning particular mechanisms to 

specific peptides or lipid compositions, but rather on the variety of effects that have been observed, 

since the action of host defence peptides is normally conformation-dependent and is subject to 

environmental conditions.[50, 61]  

 

Figure 2. Peptide-induced membrane disruption mechanisms that can be identified by AFM. (A) 

barrel-stave poration; (B) toroidal pores; (C) carpet disruption leading to micellization; (D) 

phospholipid clustering; (E) induction of non-lamellar phase; (F) bilayer thinning; (G) monolayer 

removal; and (H) nanoscale pits. 

2.1. Membrane disruption models: barrel-stave, toroidal pore and carpet models 

AFM has been able to resolve membrane disruptions that are consistent with all three models, barrel 

stave, carpet and toroidal poration (Fig 2A-C).[76–80] For example, imaged at a sub-nanometre 
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resolution, alamethicin was found to create pores with a nominal diameter of 1.8 nm, smaller than a 

typical radius of AFM tips, and consistent with the barrel-stave pore model (Fig 3A).[76, 77] 

Cecropin B (CecB) showed overall membrane roughening by peptide consistent with the carpet model 

and for ChoC (a chopped analogue of Cecropin B), AFM images revealed larger pores, likely to be 

consistent with the toroidal pore model because of irregularities in their sizes and shapes (Fig 3B).[78] 

2.2. Membrane thinning 

Membrane thinning is a common result of antimicrobial attack, and was first measured by lamellar X-

ray diffraction – the degree of thinning was found to be proportional to peptide concentration.[81, 82] 

Based on experimental findings, two models were proposed: (i) peptide binding results in discrete 

patches of thinned membranes of fixed depth, which grow laterally as more peptide is added; and (ii) 

peptide addition results in uniform thinning across the membrane, which gets progressively deeper as 

more peptide is added. X-ray diffraction is an averaging technique and cannot distinguish between 

these two models. In contrast, AFM is able to deconvolute these two thinning scenarios and shed light 

on mechanistic variations of membrane thinning.[83] 

2.2.1. Micron-sized domains 

Large domains with depths not exceeding 2 nm can also be observed in the membrane as a result of 

peptide treatment. These domains grow laterally with increasing peptide concentration. As for other 

thinned membranes, their depth remains constant. AFM helped visualise this effect for a variety of 

antimicrobial peptides including pexiganan (an analogue of magainin),[83] ChoM (an analogue of 

cecropin B, Fig 3B),[78] α-synuclein[84] and tilamin (a synthetic antimicrobial peptide).[85] 

However, the exact nature of such domains remains unclear. Proposed models include peptide-

enriched domains where peptide binding causes acyl lipid chains to splay and thin (Fig 2F), or lipid-

monolayer domains where the upper lipid leaflet becomes displaced by peptide (Fig 2G). The 

measured domain depths differ across studies, from 0.8 to 2 nm.  

2.2.2. Uniform thinning 

When SLBs are prepared in patches rather than as a continuous membrane, AFM can measure the 

height difference between the bilayer surface and the underlying solid support before and after peptide 

addition. Homogenous expansion and thinning of the membrane patch was observed by AFM, with up 

to a 25% reduction in height.[86, 87]   
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Figure 3. AFM observation of AMP disruption on supported lipid bilayers (SLBs). (A) AFM 

topography image of an alamethicin-treated SLB formed on a gold (111) electrode functionalised with 

a 1-thio-β-D-glucose (β-Tg) self-assembled monolayer (size 100 nm x 100 nm). A line profile of 

pores and a magnified area are shown underneath. Reproduced from ref [77], with permission from 

Elsevier. (B) Alterations in cecropin AMPs lead to different poration mechanisms (from top to 

bottom: carpet model, nanoscale pits, toroidal pore model and membrane thinning). AFM topography 

images (left) and cross-sections along the highlighted lines (right). Colour scale 6 nm. Reproduced 

from ref [78], licensed under CC BY 4.0. (C) Topography images before (a) and after (b) adding 

colistin to a mixed POPC/LPS bilayer. Colistin causes 2 nm high clusters. Cross sections are given in 

(c). Scale bars 200 nm. Reproduced from ref [88], licensed under ACS AuthorChoice, with 

permission from ACS. 

2.2.3. Nanoscale pits 

Recently, discrete localised pits were detected with sizes of up to 15 nm in diameter and less than 1 

nm in depth indicative of that poration was limited to the upper leaflet the bilayer (Fig 3B, CecM).[78, 
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89] The observed wedge-like shape of these pits is consistent with peptides remaining anchored to the 

bilayer interface, with hydrophobic residues likely to obliquely insert into the acyl chains (and the pits 

appear too wide to attribute this shape to an AFM tip artefact) (Fig 2H).  

2.2.4. Diffused thinning 

Regions of diffused membrane thinning that move laterally across the surface were demonstrated for a 

melittin derivative, MelP5.[90] The peptide causes the formation of highly localised voids in the 

bilayer, but also non-localised thinning patches, which appear 0.3 nm deep into the membrane and 

tens of nanometres wide. In contrast to the large domains, which are micron-sized, these regions 

appear shallower, less defined and may represent heterogeneous aggregation of peptide at the bilayer 

surface.  

2.3. Phospholipid clustering 

AFM was shown to resolve lipid clustering effects in multi-compositional bilayers (Fig 2D). For 

example, in mixed POPC/LPS bilayers, colistin re-arranges the lateral organisation by forming 

LPS/colistin rich domains, which are 2 nm higher than the surrounding zwitterionic lipids (Fig 

3C).[88]  In a study combining AFM and leakage assays, evidence was obtained for lipid clustering 

leading to increased permeation. Specifically, AFM images showed that the number of clusters 

positively correlated with LPS and colistin concentrations, and so did membrane permeabilisation as 

gauged by leakage assays. By AFM, no clusters were formed with Mg2+ ions present (as Mg2+ binds 

strongly to LPS and may prevent colistin-LPS interactions), with no leakage observed in the presence 

of Mg2+ either. 

In another recent example, P(G)KY20 was found to induce domain formation in POPC:PG (8:2) 

SLBs, with a height difference between domains measuring to < 1 nm.[91] Differential scanning 

calorimetry (DSC) showed this peptide segregated PC and PG lipids, where the single phase transition 

of DPPC:POPG (8:2) liposomes split into two distinct phase transitions, lower and higher, which 

indicated transitions to POPG and DPPC rich domains, respectively. The separation is likely driven 

by electrostatic interactions between cationic peptide molecules and anionic PG lipids. Based on these 

results, it was proposed that the higher domains observed by AFM represented clusters of POPG 

lipids, as the concentrations of peptide bound to the surface increased. However, the lower domains 

could represent POPG/peptide rich clusters, where peptide binding caused localised thinning. Whilst 

AFM can readily visualised differences in peptide preference for different lipid phases, it can 

therefore be difficult to interpret without additional experiments. Lipid segregation as well as 

localised membrane thinning and membrane thickening can all produce similar topographical effects. 

In any case, the formation of domains in the membrane compromises the membrane integrity. The 

domain edges introduce discontinuities in the membrane where solutes may more easily pass through. 
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Furthermore, the segregation of lipids restricts their lateral mobility, reducing the ability of the bilayer 

to repair.[92]  

2.4. Induction of non-lamellar phase 

Antimicrobial peptides can alter the lipid packing of the bilayer. In PE-containing bilayers, the 

peptides can induce membrane rearrangement by releasing locally stored curvature stress.[93] PE has 

an intrinsic negative curvature and while it can form thermodynamically stable bilayers, it is prone to 

forming inverted hexagonal phases (Fig 2E).[94] The induction of non-lamellar phases in PE/PC and 

PE/PG bilayers was observed by AFM .[95] Stratifications with a depth of 0.3 - 1 nm appear in the 

membrane; both this decrease in thickness and the elongated nature of the stratifications are consistent 

with an inverted hexagonal phase.  

AFM showed that such non-lamellar phases can be induced in SLBs that only contain bilayer-forming 

PC lipids. Henderson et al visualised the transformation of a DMPC membrane patch from a lamellar 

phase bilayer into worm-like micelles (Fig 4A, 0.7 μM AMP).[86] The height of the membrane was 

significantly reduced, from 3.7 nm in the unperturbed bilayer to 2.7 nm after peptide addition, 

incompatible with a lamellar phase DMPC bilayer. Similar transformations were observed for a 

DMPC/PG lipid patch by Hall et al.[87]  

2.5. Lipid extraction and re-fusion 

AMPs can also act like detergents, removing lipid from the bilayer through solubilisation.[87, 96] 

Furthermore, AFM studies show that extracted lipids can re-fuse to the bilayer surface, forming 

additional secondary bilayers as well as bound aggregates, and that re-fusion is promoted by anionic 

lipids, an acidic pH and cholesterol.[97] These findings are in agreement with previous studies 

demonstrating fusogenic properties of host defence peptides, and of parallel fusion and disruption 

mechanisms.[98, 99] 

2.6. AMPs as line-active agents 

AFM proves to make significant contributions into a better understanding of how peptides can 

stabilise, create and expand membrane edges by lowering the line tension.[86] For instance, lipid 

bilayer patches in contrast to continuous bilayers spontaneously form compact, round areas, thus 

minimising the length of the patch boundaries. This is due to the line tension that arises from the 

energy cost of re-arranging lipids at the boundary edges. The effect observed for 13 different 

antimicrobial peptides,[86] including unfolded and folded as α-helices, β-sheets and α-β structures 

having cationic, anionic and neutral net charges. All but one of the peptides caused significant 

elongation of the patch boundary, indicating that antimicrobial peptide could lower the line tension of 

the boundary edge (Fig 4A, 0.05 μM AMP). Imperfect amphipathicity (from imperfect segregation of 

amino acids, or from breaks in the symmetry of secondary structure motifs) was the only shared 
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property of these line active peptides.  In contrast, the only non-line-active peptide showed perfect 

amphipathicity. It was therefore proposed that imperfect amphipathicity may enable AMPs to adopt to 

the curvature of membrane edges, stabilising and propagating the boundary, as also proposed 

previously[100] and as observed in other AFM studies.[87, 96]  

 

Figure 4. AFM observation of AMP disruption on supported lipid bilayers (SLBs). (A) AFM 

topography images showing the structural transformation of a DMPC membrane patch treated with 

the peptide PG-1. The patch goes from compact and smooth edged (0 μM PG-1), to extended and 

roughened (0.05 μM PG-1) to non-lamellar worm-like micelles (0.7 μM PG-1). Scale bar: 500 nm. 

Reproduced from ref. [86], with permission from Elsevier. (B) Force-distance curves of an SLB 

treated with the peptide M2AH: (A) 0 μM (B) 4 μM and (C) 10 μM. Black arrows indicate bilayer 

puncture. Reproduced from ref. [89], with permission from Elsevier.  

Phase separated Lo/Ld bilayers also have inherent line tension. There is a hydrophobic mismatch 

between Lo and Ld phases and domains form in compact round patches to minimise the boundary 

length between the two phases. AMPs exhibit line-active behaviour in this environment as well: e.g., 

Lo domains can become extended and heterogenous in shape.[79, 101]  

2.7. Mechanical destabilisation 



 

 13 

Besides topographical imaging, AFM can be used to record force-curves, where the force on the AFM 

tip is measured as the tip indents into the surface. For SLBs, this results in a jump in the force curve 

when the AFM tip first penetrates the lipid bilayer, followed by a sharp rise in the force as the tip 

reaches the solid support (Fig 4B). The bilayer thickness then corresponds to the distance that the tip 

travels between first touching the bilayer surface and touching the solid support, providing a useful 

probe to quantify those membrane thinning and thickening effects that cannot be measured 

topographically.[89, 97] The mechanical stability of a membrane can also be measured, via the force 

needed to penetrate its surface. For peptide-bound membranes a much lower force is needed to 

puncture through the bilayer.[89, 97, 101, 102] In some cases, destabilisation of the membrane occurs 

at very low peptide concentrations.[97] In other cases a threshold peptide concentration is needed, 

below which peptide addition increases the force needed to puncture the membrane, presumably 

because peptide binding to the membrane surface increases the lateral pressure at the surface.[101, 

102]  

To date, there have been few studies comparing the relationship between bilayer stability and 

topographical defects formed. In one, the extent of destabilisation correlated with the number of 

nanoscale pits was observed.[89] In another study, destabilisation plateaued after a certain peptide 

concentration, despite the number of transmembrane defects continuing to increase.[97] Exact 

relationships between defect formation and mechanical integrity of the membrane requires more 

investigation. 

2.8. Multiple modes of membrane disruption 

In general, single peptide sequences are observed to exert single modes of membrane disruption. The 

mode itself can change in different environmental conditions (discussed in section 4), but multiple 

simultaneous modes are not usually induced. Recently however, two multi-helical peptides were 

shown to cause multi-modal membrane disruption.[103] In both cases, the peptides induce localised 

regions of membrane thinning at the same time as inducing transmembrane channels. This may 

indicate that more complex, multi-helical structures can support multi-modal mechanisms, and invites 

further investigation.  

3. Dynamics of membrane disruption 

An important advantage of AFM is that it can monitor interactions between model membranes and 

antimicrobial peptides as a function of time. From time-resolved AFM studies, it has become clear 

that peptide-lipid interactions are highly dynamic and that defects can develop, expand and change. 

3.1. Expanding defects  

Rakowska et al hypothesised that antimicrobial pores can expand indefinitely over time and provided 

the first evidence of a pore expansion mechanism.[104] Over a period of 2 hours, heterogeneous pores 
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formed, expanded and merged to the point of complete membrane disintegration. Upon formation, 

pores act as sites of peptide recruitment as peptide affinity to membrane edges is favoured and drives 

peptide migration from a surface bound state to the pore edge. An increasing electrostatic repulsion 

between cationic AMP at the pore edges will then drive expansion of the pores. Lipid micellization 

and removal accompanies the process. A complementary observation was made for melittin (Fig 

5A).[79] It was proposed that defect lining lipids are metastable and have a low free energy barrier 

ΔG for being removed to the aqueous phase. When they are extracted, the hydrophobic tails of bulk 

phase lipids are left exposed, causing a rapid re-arrangement of nearby lipids and peptide molecules to 

line the pore that expanded. This process repeats as more lipid is removed to the aqueous phase.  

The timescale of defect expansion is dependent on both lipid composition, the type of AMP and its 

concentration. Defects seem to grow faster in shorter chain phospholipids, while the addition of 

cholesterol slows defect growth.[79] Heath et al used high-speed AFM and in-situ injection to follow 

the initial formation of membrane defects, and found that the process is faster when anionic lipids are 

present,[105] while De Santis et al showed that pre-concentrating the AMP into self-assembled 

capsids results in rapidly expanding membrane pores that completely solubilise the SLB in under 5 

min (Fig 5B).[106]  

In most of these cases, defects grew in a heterogeneous way. A highly organised expansion was also 

observed. Disruption defects grew in a fractal like manner (Fig 5C).[105] The morphology of the 

fractal defects can be modelled by two-dimensional diffusion-limited aggregation. In this model, 

particles with Brownian motion coalesce when they come into contact with an aggregate. Because 

coalescence is immediate, particles are unable to diffuse to the centre of the aggregate. Instead, they 

become trapped by the outer edges of the aggregate, leading to fractal growth. Immediate 

incorporation of peptide to a defect boundary edge is not physically realistic, so a “sticking 

probability” was added to this model: the probability of peptide binding to a defect edge and 

subsequently removing lipid. With a high sticking probability, branched fractal morphologies form. 

At lower sticking probabilities the peptide has a greater chance of diffusing towards the centre of the 

aggregate, and defects become rounded with no branches.[105] This provides a continuum for 

understanding how defects might grow, linking fractal growth to heterogeneous pore expansion.  
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Figure 5. Time resolved AFM showing the expansion of AMP defects on supported lipid bilayers 

(SLBs). (A) AFM topography images showing melittin induced poration of a SLB, with pores 

growing and merging over 2 hours. Reproduced from ref. [79], with permission, © 2016 American 

Chemical Society. (B) Fast scanning AFM topography images showing how self-assembled peptide 

capsids solubilise a SLB in under 5 min. Scale bar 1 µm. Reproduced from ref. [106], licensed under 

CC BY 4.0. (C) Fast-scanning AFM images showing the formation and expansion of Smp43-induced 

bilayer defects. Green arrows indicate the first appearance of defects. Reproduced from ref. [105], 

licensed under CC BY-NC 3.0, Published by The Royal Society of Chemistry. 

3.2. Metastable defects 

With its high spatiotemporal resolution, time-resolved AFM can access the other end of the spectrum 

and help study defects that can get smaller, and even disappear. By disabling the slow axis, AFM can 

be used to scan laterally back and forth in the same y position with a high temporal resolution. Kim et 

al used this to show that a synthetic AMP pHD108 can form both stable and metastable pores, the 

latter fluctuating on sub-second timescales.[107] With a temporal resolution of 0.3 s, some pore like 

features remain unchanged, whereas others are highly dynamic and appear, disappear and re-appear. 

These observations support previous proposals of membrane recovery and pore sealing.[108] 

Similarly, AFM is equipped to tackle defect transitions, as was observed for macrolittin peptides (Fig 

6A).[109] Sequential image analysis showed that pores depths fluctuate suggesting lipid re-filling 
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effects. The timescale for such fluctuations appeared to be slower than 0.2 s (trace to retrace) and 

faster than 3 min (frame to frame).  

3.3. Self-assembled peptide systems 

Resolving individual peptide molecules is an anticipated milestone for AFM methodologies in this 

context, but has remained elusive so far. However, self-assembled antimicrobial systems are visible 

by AFM. [106, 110, 111] For example, the dynamic membrane activity of a peptide which assembles 

into a capsid-like structure could be resolved.[111] These pseudocapsids can be visualised to bind to 

the membrane surface with a nanoscale precision, where they then re-assembles in the bilayer forming 

lesions and pores (Fig 6B).   

 

Figure 6. Time-resolved AMP-induced membrane disruption. (A) AFM topography images showing 

the dynamic transitions of MelP5 induced membrane defects, with cross sections shown. Reproduced 

from ref. [90], with permission, © 2018 American Chemical Society. (B) AFM topography images 

showing the binding of a self-assembled peptide capsule and its disintegration into the SLB. Images 

taken at 5 min intervals, scale bar 50 nm, height bar 10 nm. Cross sections and a snapshot of coarse-

grain MD simulations of the capsule binding to a bilayer also shown. Reproduced from ref. [111], 

licensed under ACS AuthorChoice, with permission from ACS. 
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Recently, Shen et al designed an AMP that self-assembles on the membrane surface itself.[112] This 

peptide exists as a monomer in solution at pH 7.4 but assembles into nanofibers on anionic 

membranes. The process is selective for anionic lipids, and no self-assembly was observed on 

zwitterionic membranes. Self-assembly enhanced the ability of the AMP to disrupt the membrane, 

which is consistent with earlier reports that self-assembly of moderate antimicrobials into extended 

fibrillar structures can modulate antimicrobial effects enhancing them to the point of effective biofilm 

resistance.[113, 114] 

Whilst substantial poration of the anionic membrane was observed, no defects were observed for the 

zwitterionic membrane, or for a control sequence which was unable to assemble. Sarkar et al designed 

a self-assembling AMP-based hydrogel which assembles into a fibrous matrix that can coat the 

surface of bacterial cells, resulting in potent disruption and cell lysis.[115] Self-assembly can reduce 

the risk of AMP degradation and nanoscale antimicrobial assemblies hold promise as a new class of 

antimicrobial materials.  

4. Conditions affecting antimicrobial membrane disruption 

There is no standard set of experimental conditions in AFM model membrane studies. Different lipid 

compositions (charge, fluidity, and thickness), concentrations of peptide, timescales of imaging and 

aqueous environments (pH and ionic strength) are used. Each of these factors can affect the measured 

activity. The findings to date indicate that antimicrobial peptides can use multiple mechanisms of 

attack allowing them to adapt to differences in their environment.  

4.1. Phospholipid length and charge 

In many AFM studies, AMPs are found to cause no disruption to zwitterionic model membranes and 

only disrupt membranes when anionic PG or PS lipids are present.[80] In cases where AMPs form 

defects in both zwitterionic and anionic membranes, negative charge often increases the kinetics of 

defect formation, and the size of the defects formed.[84, 105, 116] In some cases, the mode of action 

changes when anionic lipids are introduced. For example, for a synthetic AMP construct HDM1 

inspired by helminth host defence molecules, it was found that the peptide causes thinning of 

zwitterionic DLPC-only bilayers, but poration when on bilayers that also contain anionic DLPG,[80] 

whereas magainin 2 can solubilise DMPC bilayers but forms discrete pores in DMPC/PG 

bilayers.[87] There are also examples of peptides that appear to function independently of the net 

membrane charge. This tends to be the case for hydrophobic peptides where defect formation is 

driven by hydrophobic interactions with lipid chains rather than by electrostatic interactions with 

phospholipid heads.[79, 89] 

Defect formation can be dependent on the length of acyl chains, though this is seldom observed. 

Longer chains may result in reduced activity, with smaller defects observed and slower formation.[79, 
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117] This is in agreement with other studies that suggest thicker bilayers, require a higher 

concentration of peptide to exert a disruptive effect.[118] 

4.2. Cholesterol content and lipid fluidity 

The fluidity of the bilayer has a significant effect on peptide activity. Addition of cholesterol to Ld 

bilayers reduces their fluidity by increasing the lipid order. Such Ld/chol bilayers can show resistance 

to peptide insertion, presumably due to an increase in the free energy barrier for incorporating the 

peptides between the lipid chains. For example, poration of Ld membranes by the AMP PG-1 is 

reduced 10-fold by increasing the cholesterol content from 0% to 15%, and poration is completely 

prevented at 30%.[117] In addition, cholesterol can act as a direct competitor for peptide-lipid 

hydrophobic interactions and will also increase the thickness of a lipid bilayer which in-turn can 

reduce peptide activity. Eukaryotic cell membranes contain up to 40 % cholesterol, [119] and this may 

provide some protection against AMPs.  

In experiments with phase separated Lo/Ld bilayers, AFM can directly compare peptide modes of 

action on Lo and Ld domains, with poration defects generally observed to preferentially occur in the Ld 

domains.[79] Such poration in the Ld domains leads to an increase in the area of the Lo domains, 

presumably because the peptide can selectively extract disordered lipid, thus changing the equilibrium 

phase distribution. Phase separated So/Ld bilayers enable a similar investigation of peptide preference 

for lipid fluidity. Defects are often observed in the liquid-phase domains with expansion of gel 

domains.[120]  

Cholesterol exerts the opposite effect on gel-state So bilayers, disrupting the highly ordered packing 

and resulting in increased lipid fluidity. Such So/chol bilayers are often more susceptible to peptide 

insertion than So bilayers. For example, the pore-forming peptide melittin was more active against 

gel-state DMPC/PG/chol then against DMPC/PG.[96] Interestingly, a completely different disruption 

mechanism was observed for the DMPC/PG/chol. This demonstrates that lipid fluidity can change not 

just the strength of interaction, but also the interaction mechanism itself. In agreement with this, a 

recent AFM study of phase separated So/Ld DPPC/DOPC bilayers showed that a synthetic AMP 

construct exerted very different disruption effects on the fluid and gel state lipid.[121]  

Taken together, peptide insertion appears more effective in (more) fluid membranes. Significant parts 

of the eukaryotic membrane can exist in a liquid-ordered, Lo state[22] and although there is emerging 

evidence that Lo domains can form in bacterial membranes, the lack of high quantities of Lo-

promoting lipids and hydrophobic molecules (such as cholesterol and sphingomyelin) means it is 

generally considered to be more disordered.[25] This may well contribute to the selectivity of 

antimicrobial peptides for bacterial cells. In parallel, peptides that target eukaryotic membranes such 

as the influenza virus M2 amphipathic helix, and the human protein α-synuclein, have been observed 
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to be more active in more ordered, cholesterol containing bilayers.[84, 89] Membrane-active peptides 

seem to have developed inherent specificity for the fluidity of their target membrane.  

4.3. Peptide concentration 

In most AFM studies the extent of defect coverage and the speed of formation were proportional to 

peptide concentrations, with higher concentrations leading to more defects that formed faster.[84, 88, 

120] In these cases, the mechanism of disruption remains the same and only the kinetics of formation 

and expansion change. 

In some AFM studies, however, the mechanism can depend on peptide concentration. For toroidal 

pore forming peptides, a threshold concentration of AMP is required to bind to the surface before 

observable pores are formed, and at higher concentrations complete membrane solubilisation can 

occur.[80, 90] For the line-active peptides, membrane disruption begins with boundary extension, and 

with increasing concentration, edge defects appear and grow, followed by bulk defects and an 

induction of non-lamellar phase culminating with the appearance of worm-like micelles (Fig 4A).[86] 

All peptides in that study follow the same trend, but the concentration required for each defect type 

varies by over three orders of magnitude (from 0.1 μM to 70 μM). It is difficult to assess what is a 

physiologically relevant concentration range in general for AFM studies. In vivo, the human AMP 

LL-37 is found at sites of infection at concentrations of up to 1.1 μM.[122] However, how this relates 

to the active concentration at the membrane is not clear. It could be lower than the bulk concentration 

due to the presence of multiple alternative binding partners that can sequester peptide molecules, or 

higher due to active recruitment of AMPs to the anionic bacterial surface. A more practical 

consideration is that at higher concentrations, complete membrane solubilisation tends to occur before 

any detailed information about specific peptide-lipid interactions can be recorded, and most AFM 

studies use concentrations lower than 1 μM. 

4.4. pH and ionic strength 

Finally, sample solution, its pH and ionic strength, can have a significant impact on membrane 

disruption mechanisms. Changes in protonation states of amino acids may affect peptide-peptide and 

peptide-lipid electrostatic interactions, as in pH-dependent AMPs that are only active at pH < 5,[107] 

suggesting membrane disruption is sensitive to pH. Most AFM studies are conducted in buffer 

solutions close to physiological pH.  

The ionic strength of the imaging solution will also alter the mechanism of peptide attack. For 

untreated SLBs, the stability of the bilayer decreases significantly with decreasing ionic strength 

(demonstrated for 150 mM to 0 mM NaCl solution).[123]  There is no standard imaging solution used 

across AFM studies of peptide disruption. Many use physiological salt conditions (100-150 mM 

NaCl), but some studies are done at a much lower ionic strength (10-20 mM). With already 
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destabilised SLBs, such conditions are likely to enhance peptide-induced disruption. Furthermore, 

membrane defects are often an equilibrium state as opposed to an irreversible change, and as 

repeatedly demonstrated throughout this review, changes to environmental conditions can change the 

mode of disruption.  

5. Outlook 

5.1. Improved model systems 

As used in AFM experiments, SLBs obviously differ from physiological membranes by being in close 

proximity to the solid support. The hydration layer between the lower leaflet lipids and the underlying 

support (around 1 nm thick)[124] conserves lipid fluidity and dynamics, but – depending on lipid 

composition – the diffusion coefficient in SLBs can be around two times smaller than in free standing 

bilayers such as GUVs.[125] This is thought to be due to atomic scale corrugation on the substrate 

surface.[126] Furthermore, binding of the AMP to the lower leaflet lipids may be influenced by the 

solid support. Model membranes such as tethered and polymer-cushioned bilayers have been used to 

introduce a spacer between the solid support and the lipids, reducing the influence of the 

substrate.[127, 128] Recent advances in the preparation of floating bilayers, with tuneable aqueous 

layers of 10-30 nm represent more accurate biomimetic models to date (Fig 7A), and their use for 

membrane disruption studies is likely to increase if they lead to significantly different results on 

AMP-membrane interactions compared with SLBs.[129] However, the compatibility of these systems 

with AFM imaging is yet to be confirmed. Another approach is pore-spanning bilayers, which retain 

the free-standing nature but introduce solid support at the pore edges. Such systems can be imaged by 

AFM and have been prepared with diameters of up to 600 nm, yet it remains to be established what 

resolution can be obtained in imaging AMP-induced membrane disruption.[130] 

Besides simple phospholipid mixtures, SLBs can be formed with natural lipid extracts from both 

bacterial and eukaryotic membranes. These can be total lipid extracts (TLE), which contain a broad 

variety of lipids including gangliosides and cholesterol, or polar lipid extracts (PLE), which removes 

the non-polar lipid component. SLBs have successfully been formed from a wide variety of lipid 

extracts with examples ranging from porcine brain TLE[131] to bovine heart TLE[132]. Bacterial 

lipid extracts can be more challenging due to high quantities of non-bilayer forming lipids such as PE, 

and negatively charged lipids that repel the surface and require addition of e.g. Ca2+ ions,[133]  but 

SLB formation is routinely achievable, with E.coli TLE and PLE most commonly used.[134, 135] 

AFM analysis of pore-forming proteins and pore-forming toxins have been conducted on such 

bacterial lipid extracts[136, 137] but the use of lipid extracts SLBs in AFM studies of peptide-induced 

membrane disruption has been limited, despite being used by other techniques (see e.g. ref. [138, 

139]). There is a current scarcity in the literature of studies on the characterisation of AMPs on more 

complex lipid mixtures. 
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Entire native membranes, including the protein component, could also be extracted and adsorbed on 

mica substrates for AFM imaging, such as rod outer segment (ROS) disc membranes and purple 

membranes.[140, 141] Until now, membranes have generally been ruptured and flattened to allow 

adsorption to the mica surface, but this process will affect protein organisation and may result in loss 

of protein molecules. By using high-speed AFM with short cantilevers and optimised buffer 

conditions, the tip-sample interactions were reduced enough to allow high resolution imaging of a 

vesicular bacterial chromatophore, i.e., a curved native membrane, despite it being supported only by 

the fluid in the vesicle and the mechanical properties of the membrane itself (Fig 7B) [142]. Such 

methodological advances open new avenues for future studies on curved native membranes and 

protein-rich vesicles.  

Membrane-curvature alone may well influence peptide-lipid interactions yet is not present in (planar) 

SLBs. To assess its effect in isolation, parallel studies on simple lipid vesicles and corresponding 

SLBs of the same lipid composition should be conducted. Considerable success has been had in 

imaging the surface of intact vesicles adsorbed onto solid supports in high-resolution by AFM (as 

reviewed by ref. [143]). Such systems have yet to be used to study peptide-induced disruption, but 

could provide a well-defined comparison to better understand the effect of membrane curvature.  
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Figure 7. Future directions for the application of AFM to understanding AMP-induced membrane 

disruption. (A) Fluid phase floating membranes can be prepared and tuned. Reproduced from ref. 

[129], with permission © 2019 American Chemical Society. (B) AFM topography image of the 

protein organisation in a vesicular bacterial chromatophore. Reproduced from ref. [142], licensed 

under ACS AuthorChoice, with permission from ACS. (C) High resolution 3D FM-AFM can resolve 

the lipid head groups and hydration layers at the surface of a gel-state lipid bilayer. Reproduced from 

ref. [30], with permission, © 2012 American Chemical Society. (D) High-resolution imaging of live 

E. coli BL21 cells, comparing the surface topography of untreated cells and C5‐C9 (Conv‐MAC)-

treated cells. Scale bars 800 nm (left) and 30 nm (right). Reproduced from ref. [144], licensed under 

CC BY 4.0. (E) Experimental setup for high-sensitivity infrared vibrational nanospectroscopy in 

water. Reproduced from ref. [145], licensed under CC BY-NC-SA 4.0.  

5.2. Resolving peptide molecules 

Advances in HS-AFM have enabled proteins to be resolved in model membranes with greatly 

improved spatiotemporal resolution (nanometre, sub-second) and the characterisation of protein 

conformational dynamics is now possible.[3, 146] For example, individual glutamate transporters 
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were recently observed switching between an outward facing and inward facing conformation.[147] 

Advances in AFM technologies have also enabled the characterisation of protein supramolecular 

structures, including bax and pore-forming proteins, which oligomerise into well-defined structures in 

lipid bilayers, while individual protein subunits, oligomerisation states, and assembly kinetics can all 

be resolved.[18, 137, 148–151] Similarly, Aβ oligomers which disrupt neuronal membranes were 

resolved by HS-AFM during their membrane interaction.[152] This enabled the identification of lipid 

compositions that promote oligomer binding, those that inhibit oligomer binding, and those that 

promote both binding and disruption.  

This level of detail has not yet been achieved for AMP-membrane interactions. These peptides are 

smaller and more disordered, and thus harder to resolve by AFM. It remains challenging to develop 

instrumentation and appropriate sample preparations that would enable individual peptides to be 

imaged during membrane disruption. Frequency-modulation AFM (FM-AFM) has previously been 

used to resolve individual gel-state lipid molecules in an aqueous environment (Fig 7C).[30] 

Restricting peptide mobility and phospholipids following membrane disruption, e.g., through 

temperature control, may allow higher resolution imaging at defect edges.  Furthermore, as the 

temporal resolution of HS-AFM improves, peptide monomers may yet be resolvable.[146]  

5.3. From model membranes to live cell studies  

Reconstituted phospholipid bilayers have enabled the visualisation of effects caused by peptide 

binding to membranes. However, it remains unclear to what extent these results can be extrapolated to 

interactions that take place at the membrane surface in vivo. Membrane remodelling can strongly 

depend on phospholipid composition, thickness and fluidity. The lipid composition in model lipid 

bilayers does not reproduce the complexity of live biomembranes, also including integral and 

transmembrane proteins at high densities. 

Detailed mechanistic studies of peptide-induced membrane disruption using live pathogens remain 

limited. Confocal studies with fluorescently labelled peptides were used to localise AMP distribution 

across the cell,[153] and electron microscopy is still used to image the overall effect of peptide 

treatment on cell surfaces.[154] There have been multiple AFM studies of bacterial, fungal and 

cancerous cells using dried samples.[155–164] These studies rely on capturing snapshots of cells after 

peptide treatment, attempting to visualise membrane disruption and preferential target sites in cells, 

e.g. at a higher concentration of negatively charged cardiolipin in E. coli. Alternatively, 

glutaraldehyde or formaldehyde are used to fix cells at different incubation times. For example, 

melittin could be observed to remodel the cellular morphology of gastric cancer cells within the first 

minute of peptide treatment.[165]  However, these experimental conditions are subject to potential 

artefacts due to drying and fixation, inaccurately fixed time points and failure to access the dynamics 

of disruption or pore growth. 
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AFM performed in liquid and using live cells overcomes these shortcomings, but imaging cells live 

comes with its own challenges. The cells must be immobilised without affecting their viability, the 

imaging force must be low enough to avoid cell damage, but high enough to maintain resolution, and 

unlike the flat surface of model membranes, cells have large inherent variability in surface 

topography. Despite these difficulties, live-cell studies have been attempted.[166–173]  These studies 

focused on general changes across the membrane surface, as the spatial resolution was not as high as 

for model membranes. For example, Fantner et al imaged surface roughening of E. coli cells after 

peptide treatment, correlating the kinetics of roughening with cell death.[173] Thanks to 

improvements in immobilisation protocols and AFM technology, it is now possible to image the 

surface of live bacteria at a spatial resolution that is comparable to that obtained on to SLBs (Fig 

7D).[144, 174, 175] It may now be possible to visualise local peptide-membrane interactions under 

conditions that better mimic native environments.  

Force spectroscopy studies can also be used to investigate the mechanical effects of AMPs on live 

pathogens. For example, functionalisation of the AFM tip with an AMP can enable single peptide-cell 

interactions to be measured,[162] and force-distance curves revealed that magainin dramatically 

decreased the turgor pressure of E. coli cells.[166] Furthermore, the development of multiparametric 

imaging enables simultaneous mapping of the mechanical properties and surface topography of live 

cells at the speed of conventional imaging.[1, 176–178] This is yet to be used to investigate the 

mechanical effect of antimicrobial peptides on the pathogen cell envelope in real-time.  

5.4. Combinatory AFM 

AFM is a surface technique that provides no chemical identification. The development of correlative 

approaches will significantly increase our ability to characterise AMP-membrane interactions both 

with live cells and with model-membranes. Advances in this area have been made starting with the 

SLB work by Rakowska et al.[104] Chemical information on the same samples imaged  by AFM 

could be obtained by nano-scale secondary ion mass spectrometry to elucidate differential 

antimicrobial mechanisms in reconstituted membranes[179], and increasingly also in fixed cells. 

Single molecule localisation microscopy (SMLM) combined with AFM was used to image live E. coli 

cells expressing the fusion protein RNP-mEOS2.[180] AFM revealed the morphology of the bacterial 

surface, and SMLM revealed the spatial distribution of the fusion protein. This suggests that 

topographical features observed by AFM could also be identified chemically. Finally, continued 

advances in the resolution and sensitivity of in-liquid AFM-IR (Fig 7E) is progressing towards the 

goal of simultaneous chemical and topographical imaging at nanometre resolution.[145, 181]   

6. Conclusions 

Over the past decade, AFM has proven to be a powerful tool to advance our understanding of 

membrane disruption mechanisms and provide new insights into the structure-activity relationships of 
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host defence peptides. Direct visualisation of pore formation has allowed us to identify and 

distinguish various modes of membrane disruption and to relate these to specific amino acid 

sequences and variations in experimental conditions. Time-resolved studies have revealed the 

dynamic and versatile nature of peptide-membrane interactions. Reconstituted membranes have 

helped to obtain a level of detail that thus far would have been impractical to achieve on live cells due 

to their complexity, and have facilitated the analysis of factors that enhance or reduce peptide activity. 

More recently, advances in live-cell imaging have started allowing the extension of such experiments 

to native membrane systems. Finally, for both model and live-cell systems, future improvements in 

spatial, temporal and even chemical resolution of AFM methodologies will undoubtedly continue to 

push the boundaries of traditional concepts to a better appreciation of biological processes occurring 

in and at biomembrane interfaces. 
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