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Abstract  

Membrane-disrupting peptides are promising candidates for the development of anti-infective and anticancer 

agents. Over the last decade high-resolution time-resolved measurements by in-liquid AFM have enabled 

direct observation of different modes of membrane disruption, increasing our understanding of peptide 

systems and informing future design. In this review, we outline the variety of mechanisms, as observed by in-

liquid AFM, in the context of peptide sequence, structure and environment. We then discuss how nanoscale 

imaging can inform the development of synthetic peptide therapeutics, with a focus on supramolecular peptide 

assemblies. 

 

X.1. Introduction 

X.1.1 Membrane targeting peptides as novel antimicrobials 

The spread of antibiotic resistance presents a growing threat to global health. Infections that do not respond 

to clinically available antibiotics continue to increase stimulating the need to develop alternative therapeutic 

strategies based on molecular classes that have not had an antibiotic before. Antimicrobial peptides (AMPs), 

a large family of short-to-medium size peptides found in nearly all forms of life as defence against pathogens, 

have long been proposed as next generation antibiotics.(1) Unlike conventional antibiotics, which target 

individual intracellular processes, AMPs engage with multiple targets in bacterial cells.(2) Most of these 

peptides are cationic molecules favouring attack on microbial membranes which tend to be anionic AMPs are 

primarily membrane disrupting agents, which allows them to disrupt not only bacterial cells, but also fungal, 

(3–5) neoplastic (6–8) and viral membranes. (9–14). Upon membrane binding, the peptides adopt amphipathic 

secondary structures, i.e. β-sheets or α-helices, which rapidly arrange into pores or channels causing cell lysis. 

The peptides do not differentiate between targets in cells they attack and can equally bind to intracellular 

components, e.g. DNA and ribosomes. To develop resistance against such agents is a formidable challenge 

for unicellular organisms.(15) Given that membrane binding is the first step in the activity of AMPs, some 

cells succeed in developing resistance strategies by fortifying their membranes or decreasing their anionic 

charge. Despite this, a widespread resistance towards AMPs has yet to emerge. Continuous therapeutic interest 

in these peptides is two-fold. Firstly, it is due to their lower susceptibility to pathogen resistance owing to the 

ability of the peptides to overcome surface modifications of pathogens. Secondly, it is their versatile activity 

against membranes – the Achille’s heel of unicellular organisms; AMPs do not generally discriminate between 

susceptible, multi-resistant strains, persister cells or biofilm forming bacteria.(15)  

 

As interest towards AMPs grows, more resistance mechanisms are being discovered. These include proteolytic 

degradation of the peptides, increased cell membrane rigidity or decreased surface charge, secretion of proteins 

or lipids that neutralise or complex the peptides reducing access to the membrane surface.(16,17) However, 
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pathogens tend to develop such resistant mechanisms against particular AMPs, they have exposure to. Other 

peptides, even structurally related, can successfully overcome these mechanisms, whilst a resistance 

mechanism universal against most AMPs has not been observed.(18) Therefore, AMPs remain an attractive 

class of molecules for the development of antibacterial, antifungal, antiviral and anticancer agents. 

 

Broadly speaking, all peptides produced by host defence systems are AMPs. Historically peptide antibiotics 

of bacterial origin, such as polymyxins and gramicidins, were discovered much earlier than host defence 

peptides of multicellular organisms. All of these are polypeptide molecules that share similar membranolytic 

mechanisms of action and vary in their structural topologies and molecular arrangements. Colistin, which has 

been used for decades in both clinic and agriculture, and remains a last-resort antibiotic against multi-resistant 

gram-negative infections, is a great example of how difficult it is for bacteria to develop resistance against 

these evolutionary conserved antimicrobials. Indeed, the first bacteria resistant to colistin were identified 

within the last two years. 

Despite this obvious advantage over intracellular antibiotics, AMPs have not yet reached use in clinic. 

Nowadays the number of AMPs at different stages of clinical trials is growing, with earlier attempts including 

pexiganan, an analogue of one of the first AMPs discovered, magainin 2, and iseganan, an analogue of a β-

sheet protegrin family.(19)  

 

There is a significant diversity amongst naturally occurring AMPs (Fig 1.1). These are typically ribosomal 

products of up to 50 amino acid residues in length, are of different amino acid compositions, which adopt a 

range of secondary structures, and exhibit varied charge and hydrophobicity properties.(20) De novo and 

enzymatically (e.g. non-ribosomally) synthesised peptides further diversity this class of molecules including 

sequences incorporating non-proteinogenic amino acids. Irrespective of their origin, in membranes 

antimicrobial peptides form amphipathic structures segregating hydrophobic and polar amino-acid residues 

into hydrophobic and polar faces, respectively.(2) Amphipathicity allows AMPs to bind to the anionic 

phosphate groups of the membrane surface and insert into the hydrophobic interface in the lipid bilayer.(21,22) 

 

Structure-activity relationships in AMPs are improving and the established design principles allow to generate 

effective broad-spectrum antimicrobials exhibiting improved therapeutic indexes when compared to those of 

naturally occurring sequences. General physicochemical parameters such as increased cationic charge, 

increased hydrophobicity and perfect amphipathicity are known to increase antimicrobial potency.(23) For 

example, increasing net charge of the peptides can promote the binding of cationic AMPs to bacterial surfaces, 

which are rich in anionic lipids such as cardiolipin (CL) and phosphatidylglycerol (PG)(24). Following peptide 

accumulation on the surfaces, the hydrophobic faces of AMPs promote peptide insertion deep into the 
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bilayer.(2) However, increasing hydrophobicity often leads to increased toxicity and hemolytic activities 

typical of venomous and hemolytic peptides, which are structurally similar to AMPs. By fine tuning 

biophysical parameters one can improve therapeutic potential of a given peptide sequence. The screening of 

large libraries offers an advantage over the rational design in that it can correlate biological and physical 

properties of closely related sequences using unknown modifications or parameters.(15) This approach can 

produce promising candidates such as LTX-109, a synthetic peptidomimetic currently in phase 3 clinical trials. 

This compound is based on the pharmacophore sequence of lactoferrin, with additional aromatic modifications 

introduced to increase its hydrophobicity whilst retaining low toxicity.(25,26) 

 

Figure 1.1. AMPs are a structurally diverse family of peptides and small proteins, which includes α-helical, 

β-sheet, α/β and extended structures as well as more complex topologies such as backbone cyclised peptides, 

head to side chain cyclised peptides and chemically modified peptides. Different sequences exert different 
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modes of membrane disruption resulting in (A) barrel-stave pores; (B) toroidal pores; (C) carpet-like 

disruption leading to micellization; (D) phospholipid clustering; (E) induction of non-lamellar phase; (F) 

bilayer thinning; (G) monolayer removal; and (H) nanoscale pits. Each mode of disruption can be resolved by 

AFM. Peptide structures are PDB entries (2K6O, 1KFP, 1ICA, 1G89, 1NB1, 1E68, 1Q71, 2MIJ) rendered by 

PyMOL: α-helices are shown in orange, β-sheets in green and disulphide bonds in yellow. Adapted from ref. 

(27) with permission from Elsevier. 

 

X.1.2 Resolving membrane permeabilisation events 

Membrane permeabilization by peptides has been studied experimentally using different measurement 

approaches.  Fluorescent dye leakage assays are used to confirm the effect of permeabilised membranes.(28–

30) NMR can provide solution 3D structures of peptides in lipid environments.(31) Circular dichroism (CD), 

linear dichroism (LD) and oriented circular dichroism (OCD) spectroscopy measures peptide conformations 

and orientation relative to the membrane surface.(32,33) Molecular dynamics (MD) simulations are used to 

complement experimental results and interpret structural data.(34–38) Data obtained using these techniques 

underpinned the proposed models of peptide-induced membrane disruption (Fig 1.1A-H).  

 

Common models include barrel-stave poration, where peptides insert into the membrane bilayer and interact 

with lipid head and tail groups forming pores that do not require rotational rearrangement of the membrane 

lipids (Fig 1.1A).(39) Toroidal poration models feature peptides that remain bound to the lipid head groups 

and form pores by pulling the lipid head groups inward. Such pores are lined with both peptides and lipids 

(Fig 1.1B).(40,41) Non-porating models include the carpet model, in which surface-bound peptide monomers 

roughen and disrupt lipid packing and upon reaching a threshold concentration cause membrane collapse (Fig 

1.1C).(42) Other models proposed are charge-based phospholipid clustering (Fig 1.1D), peptide-induced non-

lamellar phases (Fig 1.1E) and localised thinning and thickening effects (Fig 1.1F,G). In all these models, 

boundary edges are created to compromise membrane integrity introducing discontinuities in the phospholipid 

matrix through which solutes may more easily pass through. Furthermore, lipid segregation into discrete 

domains restricts their lateral mobility reducing the ability of the bilayer to self-repair.(43) 

 

No high-resolution structure of a peptide-stabilised pore has been obtained to date, and the nature of most 

peptide-membrane interactions remains largely unclear.(15) This is in direct contrast to many well 

characterised pore-forming proteins (PFPs) and pore forming toxins (PFTs).(44) These supramolecular protein 

assemblies form well-defined structures in lipid bilayers, compatible with high-resolution cryoEM and AFM 

imaging and the local arrangement of protein subunits, their oligomerisation states and the kinetics of the 

assembly process are all resolvable. (45–50) 
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The active state of peptide-induced disruption is more challenging to study. Peptides are smaller and more 

disordered, and their membrane interactions appear to more dynamic and transient when compare to those of 

well-defined protein counterparts. Current studies indicate that membrane permeabilization by peptide 

materials is a dynamic process which is highly dependent on local environments.(51) Defects consistent with 

different models may be able to form, grow, re-seal and inter-convert. Furthermore, defect formation is highly 

localised and occurs at the nanoscale. Characterising different peptide-membrane interactions requires high-

resolution, time-resolved measurement able to capture the process.  

 

Amongst other techniques, atomic force microscopy (AFM) performed in aqueous buffers, the so-called in-

liquid AFM is ideal to measure the impact of AMPs on membranes in real time with a nanoscale resolution. 

The basic principle of AFM is that it relies on a nanometre sharp tip mounted on a flexible cantilever that is 

scanned across a sample surface. 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 topography contours on the 

surface.(52) The interaction forces between the tip and the sample cause deflections in the cantilever. These 

deflections are monitored using a laser beam, reflected off the back of the cantilever onto a photodiode. AFM 

can achieve a sub-nanometre spatial resolution under near physiological conditions, and advances in high-

speed AFM mean imaging can be conducted in real time of rapid molecular events.(53,54) Over the past 

decade, in-liquid AFM has successfully been used to directly observe different mechanisms of membrane 

disruption caused by peptides and proteins. 

 

X.1.2.1. Experimental membrane disruption systems and measurements 

To investigate the membrane disruption effects as a result of peptide treatment, several approaches can be 

taken. AFM is a surface technique and requires the sample to be immobilised on a solid substrate. Most 

mechanistic information to-date has come from model membrane systems such as supported lipid bilayers 

(SLBs) and supported lipid monolayers (SLMs). In SLBs a lipid bilayer is formed on a hydrophilic surface 

such as mica or silica. A hydration layer of around 1 nm exists between the lower leaflet lipids and the solid 

support,(55) which enables SLBs to retain fluidity and dynamics (D ~ 2 µm2 s–1).(56) These model systems 

provide a highly controlled environment and enable high-resolution and detailed studies of peptide lipid 

interactions. Factors such as phospholipid charge, fluidity, thickness and curvature can be independently tuned 

to assess their respective effects on peptide mode of action. 

 

Extracts of native membranes can also be sued for AFM imaging. They are adsorbed onto mica substrates, 

such as rod outer segment (ROS) disc membranes and purple membranes.(57,58) These extracts provide the 
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original content of the native membranes, e.g. membrane proteins and native lipid mixtures, but may lose the 

native organisation of phospholipid bilayers and in cases lack the structural integrity of the original 

membranes. For both cases, extracts or reconstituted SLBs, proximity of the underlying solid support can 

influence lipid dynamics and interactions with peptides. Tethered, polymer-cushioned and floating bilayers 

are used to mitigate this drawback to introduce a water space between the bilayer and the substrate. (59–61) 

 

Studies have also been conducted on whole bacterial cells. Many have been conducted using fixed samples, 

or as it is referred to – in air, (62–70). However, these measurements lack dynamic information gained, and 

may not be completely devoid of artefacts due to drying effects. In-liquid AFM studies with live cells enables 

direct visualisation of peptide-induced membrane damage under a more physiologically relevant 

conditions.(71–78)  To date, studies have generally focussed on imaging changes across the whole cell, such 

as peptide induce surface roughening.(78) Improvements in immobilisation protocols and AFM 

instrumentation can help increase the resolution and reproducibility of live cell imaging(79,80) resulting in 

the increased number of such studies. 

 

X.1.3. Monitoring peptide-induced membrane effects by direct visualisation 

Different membrane disruption scenario induced by peptide treatment can be directly visualised by in-liquid 

AFM. In this section we discuss known and recently reported disruption modes and correlate these with 

peptide sequences, structures and environments. We also make an emphasis on how nanoscale imaging can 

help design AMP sequences with a particular membrane disruption mode, e.g. poration or carpet-like 

roughening, and describe tuning permeabilisation modes as well as most recent efforts to engineer higher order 

self-assembling systems based on antimicrobial sequences.  

 

X.2. Imaging peptide action in membrane in real time at the nanoscale  

X.2.1 Peptide sequences induce a wide range of membrane disruption events 

A major finding from AFM studies is that peptide sequences induce different membrane disruption effects. 

Over the past decade, observation has been made of membrane topographies consistent with barrel stave 

poration models,(81,82) carpet-like disruption,(83) toroidal pores,(84) bilayer thinning,(85,86) transitions to 

non-lamellar phase,(85–87) and formation of localised domains.(83,88–91) Domain formation has been 

attributed to peptide-induced lipid clustering,(88) localised membrane thinning or thickening(83,89,90) and 

localised changes to lipid fluidity.(91) Different peptide sequences tend to interact with lipids in distinct ways 

eliciting disruption and permeabilisation. Even amongst sequences containing the same secondary structure 

and similar biophysical properties, divergent modes of disruption are induced. 
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Figure 2.1. Modes of membrane disruption induced by linear amphipathic, cationic peptide α-helices. AFM 

topography images of SLBs treated with (A) magainin 2 induces transmembrane pores, 3 nm deep and around 

20 nm wide, which is consistent with a toroidal pore model; (B) cecropin B inducing surface roughening, with 

topography variations of +/- 0.5 nm, consistent with the carpet-like disruption mode and (C) Smp-43 inducing 

fractal-like defects in the upper bilayer leaflet, with defect depths dependent on the lipid composition, 

consistent with thinning in PC:PE (1 nm deep) and monolayer removal in PC:PG (2 nm deep). Adapted from 

(84), with permission, © 2019 American Chemical Society; (83), licensed under CC BY 4.0 and (92), licensed 

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

 

Figure 2.1. emphasises the diversity of membrane disruption mechanisms presenting examples observed for 

peptides with conserved biophysical properties. All peptides used in these examples are linear, cationic, 

amphipathic α-helices containing only proteinogenic amino acids. Magainin 2 is a 23 amino acid sequence 

secreted by the African clawed frog Xenopus laevis and folds into an amphipathic α-helix with a net charge 

of +4. It was observed to form pores in SLBs consistent with the toroidal pore model (between 10 and 20 nm 

in diameter, Fig 2.1A).(84) Cecropin B is a 35 amino acid sequence secreted by the giant silk moth, 

Hyalophora cecropia and folds into an amphipathic α-helix with a net charge of +7. This peptide was found 

to act via a non-porating mechanism, by roughening the surface of SLBs, which is consistent with a carpet-

like model (Fig 2.1B).(83) Smp-43 is a 43 amino acid sequence found in the venom of the Egyptian scorpion 

Scorpio maurus palmatus. This peptide folds into an amphipathic α-helix with a net charge of +4, and found 

to form defects in SLBs that are confined to the upper leaflet lipids and expand via fractal-like lateral channels 

(Fig 2.1C).(92) Depending on the lipid composition of the SLB, the depth of these defects is consistent with 

the domains of peptide induced bilayer thinning and monolayer removal.  
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Conversely, while sequences adopting similar conformations can exert very different membrane disruption 

effects, sequences with very different biophysical properties can induce similar effects on membranes. 

(P)GKY20, a peptide modelled on the Gly271 to Ile290 sequence of the human thrombin, folds into a linear 

amphipathic α-helix. This peptide induces charge-dependent phospholipid clustering in multi-compositional 

SLBs.(91) Colistin is an AMP secreted by the bacteria Bacillus polymyxa, with entirely different properties 

(Fig 2.2A). It consists of only 10 amino acids, 7 of which form a peptide ring structure (Fig 2.2A) and 3 of 

which form an exocyclic chain. A fatty acid tail is coupled to the end of the chain (Fig 2.2A, green), and the 

peptide contains non-proteinogenic amino acids. Despite that colistin has different sequence and structure 

when compared to a linear α-helix, it also is observed to act via phospholipid clustering.(88) Addition of 

colistin to multi-compositional POPC/LPS SLBs yielded LPS-colistin rich domains and LPS-colistin poor 

domains (Fig 2.2B). 

 

Collectively these results prompt two conclusions. Firstly, membrane permeabilisation can occur through 

distinct disruption modes. Secondly, subtle and still poorly understood properties of the peptide sequence 

determine the mode of disruption that is induced. 
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Figure 2.2. Colistin induces phospholipid clustering in mixed SLBs. (A) Chemical structure of colistin: a 

cyclic ring consisting of seven amino acid residues (blue), an exocyclic chain of three amino-acid residues, 

and a fatty acid tail (green). (B) AFM topography images of an SLB before (i) and after (ii) treatment with 

colistin. Note clusters, 2 nm in height, that appear across the membrane surface. A model schematic is shown 

in (iii). Scale bars are 1 µm. Reproduced from (88), licensed under ACS AuthorChoice, © 2018 American 

Chemical Society.  

 

X.2.2. External factors that determine disruption modes 

Peptide sequence and structure are major determinants of membrane disruption. However, other factors also 

impact on modes of disruption including the lipid composition of the membrane and a range of external stimuli 

such as pH, temperature and ionic strength. Membrane fluidity has a significant effect on peptide action as 

well, with peptide insertion being often more effective in more fluid lipid bilayers (93,94). Lower fluidity 
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bilayers, such as those containing cholesterol (liquid ordered Lo) or those prepared below the gel-fluid 

transition temperature (gel-state So) have higher lateral order and increased hydrophobic interactions between 

fatty acyl chains, resulting in an increased energy barrier for peptide insertion. 

 

Higher ratios of anionic phospholipids generally facilitates in the increased activity of cationic 

peptides.(92,95,96). In most cases of cationic AMPs, membrane disruption activity is only observed when 

negatively charged phospholipids are present, with no activity observed for zwitterionic, net-neutral 

bilayers.(84) This is consistent with many studies that show that AMPs are charge selective.(21) It is only for 

hydrophobic AMPs, whose mode of action is driven entirely by the hydrophobic effect and hence their 

interactions with aliphatic lipid tails, that lipid charge does not have an appreciable effect on disruption ability 

and selectivity.(94,97) Peptide concentration also has a significant effect on activity, with higher peptide 

concentrations increasing the extent of formed defects.(88,96,98)  

 

Whilst different factors can enhance or reduce peptide activity at the membrane surface, a more interesting 

observation is that different modes of membrane disruption can also be elicited. For example, magainin 2 has 

been observed to form stable pores in SLBs containing anionic phospholipids and solubilise zwitterionic SLBs 

in a detergent-like way. Similarly, differences in lipid fluidity can alter the mode of disruption. A synthetic 

sequence based on Aβ peptides was shown to induce very different effects in the gel-state and fluid-state 

SLBs.(99) Most surprisingly, the concentration of the peptide itself could alter its mechanism of action. As 

shown in Figure 2.3, protegrin-1 (PG-1), an 18 amino acid β-hairpin peptide causes boundary remodelling at 

low concentrations (Fig 2.3B), bulk poration at a higher concentration (Fig 2.3C) and induces a non-lamellar 

worm-like phase at higher concentrations (Fig 2.3D).(100) Together these results demonstrate that AMPs can 

adapt their conformations and modes of membrane disruption in direct response to different or changing 

conditions. 

   

 

Figure 2.3. Protegrin-1 induces different modes of membrane disruption at different concentrations. AFM 

topography images of an SLB (A) before peptide addition and (B-C) with increasing peptide concentrations. 

(A) With no peptide, the SLB is defect free and line-tension maintains a smooth boundary edge; (B) at low 

concentrations the peptide acts at the SLB edges, elongating the boundary; (C) as concentrations increase 
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poration becomes to be apparent and (D) at high concentrations of PG-1 the bilayer is transformed into a 

structure with much-reduced thickness, consistent with worm-like micelles. Reproduced from (100), with 

permission from Elsevier. 

 

X.2.3. Membrane disruption effects are dynamic and depend on peptide migration through the 

phospholipid membrane matrix 

Peptide disruption mechanisms are highly dynamic. Rakowska et al were the first to show that peptide induced 

defects can grow over time.(101) A de-novo peptide sequence, termed amhelin, designed to fold into an 

amphipathic cationic α-helices long enough to span a lipid bilayer, induced transmembrane pores that 

expanded and merged. Consistent with subsequent studies, defect growth can proceed with pore formation 

that is not limited to a particular size, form or shaper, i.e. to say the mechanism of action is 

heterogenous.(94,101,102) It has been proposed that once formed, pores may act as a site of peptide 

recruitment, driving the migration of peptide from a surface bound state to the pore edge, and connect pores 

by forming lateral ridges or channels. 

 

Defect growth can also proceed laterally without poration. The scorpion derived α-helical AMP Smp-43, 

demonstrates fractal-like migration through the peptide matrix (Figure 2.1C).(92) The morphology of these 

defects is consistent with a two-dimensional diffusion-limited aggregation (DLA) model. In this model 

diffusing particles that meet aggregates are immediately trapped at the aggregate edge, preventing the particle 

from diffusing to the aggregate centre which results in fractal-like expansion. Similarly, peptide monomers 

diffusing across the membrane surface may have a higher probability of sticking to a defect edge and removing 

lipid than diffusing to the defect centre, leading to fractal-like growth. 

  

Equally, forming defects can get smaller and can even disappear. A synthetic α-helical sequence pHD108, 

based on the AMP melittin secreted from bee venom, forms metastable pores that fluctuate over time.(103) 

Sequential line scans with a temporal resolution of 0.3 s were taken of the surface to show pore-like features 

that appear, disappear and reappear.  These observations support previous proposals that peptide induced 

membrane defects can be irreversible, and that the membrane can undergo recovery and self-repair by pore 

sealing.(104)  

 

X.2.4. Multi-modal disruption modes by multi-helical peptide folds 

Single peptide sequences tend to proceed via a single mode of membrane disruption. The mode itself can 

change depending on environmental conditions and can develop over time, but single sequences do not 

generally elicit multiple mechanisms of membrane disruption simultaneously.  
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This is not the case for more complex peptide folds with multiple domains. Bacteriocins present an exemplar 

class of antimicrobial folds, which tend to cause more elaborate disruption patterns. A   recent study showed 

that a bacteriocin epidermicin NI01, which folds into a four-helix bundle, induces localised membrane 

thinning and transmembrane channels in SLBs, and that the two effects network with each other (Fig 

2.4A).(105) Each disruption mode can be elicited separately by different subdomains of the peptide, two-helix 

hairpins: e.g. α1/α2 forms transmembrane channels (Fig 2.4B(i)), whereas α2/α3 induces membrane thinning 

(Fig 2.4B(ii)) and α3/α4 causes both modes of disruption that appear independent of one another, that is not 

networked (Fig 2.4B(iii)). Only the full-length form of epidermicin combines the different disruption modes 

into one synergistic mechanism. Similar observations were made for aureocin A53, an α-helical bundle from 

the same bacteriocin family.(105) Addition of A53 to SLBs led to an elaborate, flower-like pattern of 

membrane thinning and transmembrane defects, supporting the conjecture that multi-helical sequences 

support multi-modal disruption. Inducing more than one type of membrane disruption may give sequence 

increased plasticity and render it more able to adapt to different membrane environments. Epidermicin NI01 

shows potent activity against a broad range of pathogens including superbugs such as MRSA and VRE.(106)  
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Figure 2.4. Multi-modal membrane disruption induced by a multi-helix bacteriocin, epidermicin NI01. (A) 

The antimicrobial protein folds as a four-helix bundle and induces membrane thinning, transmembrane 

circular pores and transmembrane petal-like channels. All these disruption modes network into an elaborate 

flower-like pattern (B) AFM analysis of constituent parts of the full sequence demonstrate that each disruption 

modes can be separately induced. (i) transmembrane lesions by α1/α2, (ii) thinned patches by α2/α3 and (iii) 

dual but non-networking disruption by α3/α4. Scale bars are 500 nm for (A) and 500 nm and 200 nm for left 

and right images in (B), respectively. Colour bars are 15 nm. Adapted from (105), under CC BY 4.0 licence. 
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X.2.5. The role of amphipathicity in membrane disruption mechanisms 

Imperfect amphipathicity can impart a common mode of action to otherwise diverse peptide sequences and 

structures. A study by Henderson et al examined the effect of 13 different AMPs of differing charge, sequence 

and secondary structures.(85) 12 of these peptides fold into imperfect amphipathic structures (either through 

poor segregation of amino acids, or through breaks in the symmetry of secondary structural elements), whereas 

the final peptide, alamethicin, shows perfect amphipathicity. Henderson et al demonstrated by using AFM that 

alamethicin was the only sequence that was not able to lower the line tension of a lipid bilayer. When lipid 

bilayers are prepared as patches rather than continuous bilayers, the patches spontaneously form compact, 

round areas, minimising the length of the patch boundaries due to the line tension that arises from the energy 

cost of re-arranging lipids at the boundary edges. All 12 imperfect amphipathic sequences caused significant 

elongation of the patch boundary. In contrast, alamethicin showed no line active behaviour.  

 

The authors proposed that imperfect amphipathicity is a prerequisite for peptides to adopt to the curvature of 

membrane edges if they are to stabilise and propagate the boundary. This has been proposed earlier(107) and 

is consistent with other AFM studies of imperfect amphipathic sequences inducing the formation of patches 

in SLBs(86,108) and with studies on phase separated Lo/Ld bilayers (see, e.g. Fig 2.5).(94,109) In phase-

separated SLBs there is a hydrophobic mismatch between Lo and Ld phases, while domains form in compact 

round patches to minimise the boundary length between the two phases (Fig 2.5A). Line-active AMPs cause 

domains to become extended and heterogenous in shape (Fig 2.5B).  
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Figure 2.5. Melittin-induced remodelling of lipid boundary edge. (A) AFM topography image of a phase 

separated Lo/Ld SLB, where domains are formed in compact round patches to minimise boundary length.  

Depth profile shown across the dotted line shows 1 nm height difference between Lo (brighter) and Ld (darker) 

domains. (B) Topography image after addition of melittin. Besides causing poration, the peptide induces 

heterogenous Lo domains with extended boundary edges. Adapted from (94) with permission, © 2016 

American Chemical Society. 

 

X.3. Encoding membrane disruption modes by tuning peptide sequences, topologies and assemblies 

X.3.1. Sequence mutations 

The precise mechanism of antimicrobial action depends on multiple factors including peptide secondary 

structure, preferential orientation in the bilayer, peptide-peptide oligomerisation, and peptide-lipid and 

peptide-peptide electrostatic and hydrophobic interactions. The contributions of all factors to different extents 

produce a favoured mode of disruption. However, this remains challenging to fully predict. Nevertheless, 

sequence mutations known to enhance or reduce certain interactions can be used in attempt to promote certain 

modes of membrane disruption. AFM can then be used to reveal whether the intended effect has taken place.  

 

For example, arginyl residues exhibit stronger electrostatic interactions with phospholipid head groups than 

lysyl residues. Unlike lysine, arginine also remains fully protonated in membranes and can engage with more 

phosphates and water molecules, resulting in tighter binding to phospholipids upon membrane binding, that 

is in the upper leaflet of the phospholipid bilayer.(110,111) Recently, it has been shown that exchanging all 

lysines in a sequence for arginines can switch different modes of membrane disruption including 

transmembrane poration to membrane thinning effects.(105)  

 

A similar situation can be demonstrated in relation to AGPA motifs. These “hinge moieties” proteins use to 

introduce kinks in alpha helices.(112) Such a motif can be found in α-helical AMPs as well, e.g. in cecropin 

B (CecB). The C terminal region of CecB, separated by the AGPA motif, has a net neutral charge, a single 

cationic residue, minimal hydrophobicity with an abundance of alanines, and consequently has a low ability 

to interact with membranes. In contrast, the N-terminal region is highly cationic and hydrophobic and pre-

disposed to membrane insertion and poration. The full peptide is observed to remain surface bound and cause 

membrane roughening (Fig 2.1B).(83) Removing the C terminal region removes the barrier to membrane 

insertion and results in a sequence that inserts into the bilayer in a transmembrane orientation (validated by 

simulations), and can form transmembrane channels in SLBs (validated by AFM).(83) 
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In the same study, Pfeil et al demonstrated the effect of promoting helix-helix interactions.(83) Glycine zipper 

motifs, G(X)nG where X is any residue and n = 3 to 6, act to weaken α-helicity, and AMP sequences use this 

motif to tune membrane-responsive folding and reduce helix oligomerisation.(113,114) CecB contains three 

glycine zippers. As gauged by CD spectroscopy, the peptide exists as a monomeric helix.  By removing the 

first and the third glycine zipper, and further promoting helix-helix interactions by converting i, i+7 spacings 

of similar residues to i, i +3 and i, i +4,(115) the sequence converts to a coiled-coil. This set up of peptide-

peptide interactions also alters the mode of disruption. The surface roughening observed for the native peptide 

is converted to monolayer poration. The AGPA motif and C terminal domain continue to prevent full insertion, 

but new helix-helix interactions favour the oligomerisation of peptides into pores.  

 

An alternative approach in tuning the mode of disruption is to use native AMP sequences as templates to 

produce combinatorial libraries of sequences and identify analogue sequences with more desirable properties 

(e.g. membrane lysis at lower peptide concentration) using high-throughput screening.(116) Change in mode 

of action can then be monitored by AFM. An example of this approach can be provided for melittin analogues 

(Fig 3.1).(117) The first-generation sequence, MelP5, was found to elicit non-localised regions of thinned 

membrane (~ 0.3 nm deep) and nanoscale pits (~ 1 nm deep), which was in contrast to the second-generation 

sequence, macrolittin70, which exhibited multifaceted disruption with variable defect depths (Fig 3.1). 

Intriguingly, both improved analogues exhibited multi-modal membrane disruption, with increases in 

antimicrobial potency. As discussed earlier, multimodal disruption is uncommon for single helix AMPs. These 

results indicate that multimodal disruption, albeit heterogenous and variable, may be made favourable and 

have biological implications.  
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Figure 3.1. Comparison between two sequences derived from high-throughput screening of melittin-like 

peptides. AFM topography images of SLBs treated with (A) the second-generation sequence, macrolittin70 

and (B) the first-generation sequence, MelP5. Scale bars 50 nm. (C) The defect depth distribution for each 

sequence, with macrolittin70 showing greater variability in membrane disruption patterns. Reproduced from 

(117), with permission, © 2018 American Chemical Society. 

 

X.3.2. Driving peptide assembly into higher-order nanoscale systems 

Peptide sequences can be designed to self-assemble into supramolecular structures such as matrices, 

hydrogels, nanofibers and nanoparticles. Such higher order peptide systems are increasingly being used to 

modify and improve the biological activity of AMPs.  

 

In particular, recent studies on AMP based nanoparticles show promising therapeutic potential.(118–121) Liu 

et al demonstrated that conjugating chol to a cationic AMP combined with a TAT domain led to a lipopeptide 

template that assembled into micelle nanoparticles. The resulting assembly has potent activity against drug-

resistant bacteria, yeast and fungi,(118) as well as in-vivo activity against C. neoformans, which induced 

meningitis in rabbits. The activity was not associated with toxic side effects.(119) Kepiro et al showed that a 

designed peptide sequence based on the active component of the human AMP lactoferrin but re-engineered to 

promote the formation of β-sheet-based capsid-like structure, is active against all cell in bacterial populations 

including susceptible, persister and resistant cells.(121) In this study high-resolution AFM imaging was used 
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to show how individual capsids bind to the membrane surface and rapidly convert into pores and lesions (Fig 

3.2A).(120,121) In contrast, the non-assembled peptide monomer showed no antibacterial activity. The study 

shows that self-assembly pre-concentrates peptides into a high antimicrobial dose enabling fast and highly 

localised membrane disruption effects.  

 

Figure 3.2. Peptide assembly into higher-order peptide materials. (A) AFM topography images of an SLB 

during treatment with a self-assembling peptide capsid, which can be observed binding to the SLB surface 

and converting into pores (highlighted by the white arrow and box). Line profiles for the capsule highlighted 

by the white arrow are given. Colour scale 6 nm. (B) SEM images of a colonies of Pseudomonas aeruginosa 

colonies treated with CASP-K6, a designed self-assembling peptide hydrogel. The fibrillar matrix (blue arrow) 

coats the bacterial cell (red arrow). (C) AFM topography images of peptide-based hydrogels with tuneable 

properties. Template (i) can be converted into template (ii) with addition of a single phenylalanyl residue. 

Scale bars 500 nm. Reproduced from (120), licensed under CC BY-NC 3.0, Published by The Royal Society 

of Chemistry; (122), with permission, © 2019 American Chemical Society and (123), with permission, © 

2010 American Chemical Society. 

 

Peptide hydrogels is another emerging strategy to elicit more potent bactericidal activity to the point of biofilm 

formation.(122,123) For instance, Sarkar et al designed a self-assembling antimicrobial hydrogel using only 

three amino acids: a central amphiphilic domain of alternating hydrophobic (L) and hydrophilic (S) residues 

flanked by terminal cationic lysine residues (K).(122) Hydrophobic interactions between central amphiphilic 

domains drive nanofiber formation, whilst counter-ion bridging between cationic domains gives rise to cross-
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linking and entanglement of individual fibres into a gel. Agar diffusion assays confirmed potent antibacterial 

activity, and SEM and AFM imaging showed that the hydrogel coats bacterial cells causing cell lysis (Fig 

3.2B). In a similar example, Debnath et al designed a self-assembling peptide based hydrogel with bactericidal 

activity.(123) The construct consisted of a single amino acid or dipeptide functionalised with an N-terminal 

Fmoc to drive self-assembly through π-π interactions, and a C-terminal pyridinium group to improve potency. 

The thickness of the resulting fibres can be controlled by changing the identity of the amino acids, 

demonstrating that peptide-based bactericidal hydrogels can be designed to have tuneable properties (Fig 

3.2C).  

 

The therapeutic index of an AMP can be directly modulated by self-assembly. Chen et al combined the toxic 

AMP melittin with a β-sheet forming peptide to produce peptide nanofibers decorated with melittin.(124) 

Whereas the melittin monomer cannot distinguish between bacterial and mammalian cells, the higher-order 

structure showed no cytotoxicity whilst retaining its antimicrobial activity. This demonstrates that by 

restricting the conformations and interactions of the peptide, its membrane selectivity can be adjusted. 

 

Self-assembled peptide systems have the therapeutic advantage of reduced susceptibility to proteolytic 

degradation and slower diffusion away from the site of injection when compared to peptide monomers. 

Combined with their increased local concentration, AMP supramolecular structures have potential to be used 

as injectable biomaterials. A related approach that is being explored is the design of peptide sequences that 

assemble into higher order structures only when they reach the membrane surface. The assembly occurs in 

situ. This distinction helps increase local peptide concentration and subsequently potency, without the delivery 

issues that can be associated with large pre-assembled systems. For example, FF8, a de-novo eight amino-acid 

sequence containing a central, hydrophobic Phe-Phe that drives self-assembly, and terminal Lys and Arg 

residues that promote antimicrobial activity, is a monomer in solution but assembles into nanofibers on 

negatively charged membranes.(125) No assembly could be observed on zwitterionic membranes. Fibre 

formation correlated with membrane permeabilisation, with AFM showing poration and defect formation was 

only elicited on anionic SLBs. A control sequence unable to assemble confirmed the necessity of fibre 

formation for activity, showing no biological activity and causing no observable disruption of SLBs.  

 

Higher-order systems based on antimicrobial sequences can also be designed as coatings for surfaces such as 

medical devices to prevent biofilm formation or as substrates that promote selective growth of mammalian 

cell lines.(126,127) Overall, it is clear that antimicrobial assemblies have potential for development into a 

range of novel antimicrobial materials.  
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X.4. Conclusions  

Antimicrobial or host defence peptides are promising candidates for therapeutic developments. The design of 

more effective or selective molecules can be guided by specific modes of membrane disruption correlating 

with biological activities. In this regard, high-resolution measurements such as those afforded by in-liquid 

AFM become important to monitor dependencies between peptide structure and membrane disruption in real 

time.  Indeed, over the last decade AFM imaging has revealed how different sequences could elicit a wide 

variety of membrane disruption mechanisms. Our understanding of specific relationships between peptide 

sequence and mode of membrane disruption is not complete but improving. The main challenge remains in 

that seemingly similar sequences can induce very different modes whilst clearly disparate sequences can 

induce the same modes. A few generic trends have been identified through detailed comparative studies, such 

as the common role of imperfect amphipathicity in AMP mechanisms. AFM studies have helped to understand 

that peptides can adopt different modes in response to the changes of external stimuli. This may reflect on that 

the sequences have an intrinsic ability to circumvent bacterial resistance strategies by activating more effective 

disruption modes when challenged. Nanoscale imaging will certainly continue to be used to inform better 

peptide designs with a deliberate choice of specific and more profound antimicrobial mechanisms. Disruption 

modes tuned using rational peptide design can also be used as research tools to better understand the physics 

of membrane disruption phenomena, while the assembly of AMPs into higher order structures underpins a 

fundamentally novel approach to antimicrobial treatments less subject to the counter effects of antimicrobial 

resistance.  
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