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ABSTRACT 

Many peptides are able to self-assemble into 1-D nanostructures, such as cylindrical fibers or ribbons of 

variable widths, but the relationship between the morphology of 1-D objects and their molecular structure 

is not well understood. Here we use coarse-grained molecular dynamics (CG-MD) simulations to study 

the nanostructures formed by self-assembly of different peptide amphiphiles (PAs). The results show that 

ribbons are hierarchical superstructures formed by laterally assembled cylindrical fibers. Simulations 

starting from bilayer structures demonstrate the formation of filaments, whereas other simulations starting 

from filaments indicate varying degrees of interaction among them depending on chemical structure. 

These interactions are verified by observations using atomic force microscopy of the various systems. 

The interfilament interactions are predicted to be strongest in supramolecular assemblies that display 

hydrophilic groups on their surfaces, while those with hydrophobic ones are predicted to interact more 

weakly as confirmed by viscosity measurements. The simulations also indicate that peptide amphiphiles 

with hydrophobic termini bend to reduce their interfacial energy with water, which may explain why these 

systems do not collapse into superstructures of bundled filaments. The results suggest that future 

experiments will need to address mechanistic questions about the self-assembly of these systems into 

hierarchical structures, namely the preformation of interactive filaments vs equilibration of large 

assemblies into superstructures.
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INTRODUCTION 

Peptide matter is of broad interest across many scientific fields and functionally promising as a source of 

materials and nanostructures for advanced medicine, life-like robotic materials, and environmentally 

benign technologies.1-10 This bio-inspired  area of science takes advantage of the evolutionarily acquired 

ability of peptides to self-assemble into complex and highly functional architectures within living 

organisms.7-9, 11-17 Supramolecular nanostructures formed by self-assembly of peptides or molecules 

containing peptide segments have emerged as an important family of structures that can be used as 

therapeutic constructs,18-22 bioactive hydrogels,23-30 and very recently as components in interesting 

membranes31-33 and robotic materials.3-4 The nanoscale morphology and mechanics of the supramolecular 

assemblies and bulk properties of the materials they form are controlled by amino acid sequences in their 

monomers and also self-assembly pathways.34 A large variety of morphologies are known including 

spherical micelles,35-36 cylindrical fibers,17, 37-39 ribbons,40-43 helices,44-46 tubes,8, 16, 47 and sheets,14 among 

others.15 The peptides used to form supramolecular structures can include biological signals for in vivo 

targeting,19-21 protein binding, activation of receptors for signaling pathways,44, 48-52  and drug delivery.53-

54 Additional efforts have been made recently to control interactions among supramolecular peptide 

nanostructures with the objective of building hierarchical architectures. This work has utilized DNA-base 

pairing and electrostatic interactions among peptides,9, 55 calcium ions to build salt bridges,23 as well as 

more specific host-guest interactions.56-57  

Peptide amphiphiles (PAs), which are peptides commonly conjugated to alkyl segments or other non-

polar moieties (such as aromatics or steroids) naturally exhibit a strong driving force to self-assemble in 

aqueous media driven by hydrophobic collapse.17, 58-59 PAs developed in the Stupp laboratory form high 

aspect ratio nanostructures with a hydrophobic core formed by single aliphatic tails surrounded covalently 

bonded to peptides oriented perpendicular to the fiber axis, and commonly with a charged amino acid 

sequence  that stabilizes interface of assemblies with water. These filamentous nanostructures can be 

functionalized with bioactive epitopes following the charged sequence to ensure surface display without 

significantly perturbing the filamentous nature, which is critical for their biological function and for their 

ability to form.44, 48-49, 60-61 The design of the linker between the PA and the functional group has a major 

effect in both the bioactivity and structure.60-61 In addition co-assembly between functionalized and non-

bioactive PA molecules  allows the control of functionalization density and minimization of any disruptive 

effects to architecture of supramolecular assemblies.49, 62 Thus PA supramolecular polymers with 

filamentous morphology are particularly promising as bioactive scaffolds for tissue regeneration.2, 63-64  
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PAs are highly versatile and tunable building blocks, where both intermolecular cohesion and nanoscale 

morphology can be tuned. The intermolecular cohesion within the assemblies can be determined by β-

sheet forming amino acid sequences,65 while  variations in pH or ionic strength can also have a major 

impact on morphology as a result of electrostatic interactions.35, 39-40, 60 Other studies have demonstrated 

that the pathways used to form the nanostructure can affect morphology,46 for example the length of 

filaments.66 With regard to tunability of morphology, Cui et al. showed that varying the sequence of 

hydrophobic and charged amino acids on a tetrapeptide-based PA changes the nanostructure morphology 

from cylindrical fibers to ribbons.41 Studies on crystalline packing within assemblies led to the hypothesis 

that changes in  structure were the result of differences in side chain packing in cylindrical fibers vs. 

bilayer ribbons.  However, the interactions responsible for these variations in supramolecular structure 

are not yet fully understood. Additionally, the ribbon thickness in these negatively charged PA 

nanostructures was shown to increase at lower pH values  and attributed to the reduction of charge density 

leading ribbon-ribbon interactions.40 Similarly, incorporation of hydrophobic epitopes for biological 

signaling to PAs tunes their supramolecular morphology from cylindrical fibers to ribbons and promotes 

bundling.42, 44 Goldberger et al. showed that this effect could be reversed by increasing the number of 

negatively charged amino acids in peptide sequences which was found to affect bioactivity toward 

neurons.42 Finally, the  lateral assembly of fibers to form ribbons has been previously demonstrated for 

PAs with aromatic rather than aliphatic moieties.13 More recent work on PAs has demonstrated the 

possibility of using DNA base pairing9 and host-guest chemistry to form bundles.56-57 At the same time,  

the control of interfilament interactions has also been linked recently to bulk mechanical properties of 

hydrogels by Sather et al.67 In this work interfilamentous affinity could be tuned with pH and peptide 

sequence, similarly to the control of bundling and cylinder-to-ribbon transitions mentioned above. 

Therefore, understanding correlations between molecular structure and interactions among 

supramolecular filaments is of crucial importance to the functional design of PA nanostructures. 

Despite great advances over the past two decades in the development of microscopy techniques, it has 

been challenging to obtain detailed molecular level information in supramolecular nanostructures. Access 

to such details would obviously facilitate the possibility of establishing the connection between molecular 

and supramolecular structure which is of great importance from a functional perspective. At least in some 

examples, molecular dynamics (MD) simulations have helped fill gaps in our understanding of 

supramolecular systems.68 All-atom (AA) MD simulations have been used to obtain molecular level 

information such as secondary structure,69-71 molecular orientation,53, 72-76 water distribution77-78 and 

thermodynamics79-80 of PA nanostructures. However, these simulations are highly resource intensive, and 
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an initial starting structure is often required to accelerate convergence of the simulation. Furthermore, the 

initial structure limits the validity of the result as it can bias the simulation towards structures that are not 

experimentally relevant. Coarse-grained (CG) models sacrifice some of the atomistic resolution to reduce 

the computational cost of the simulations. Models such as MARTINI use a 4-1 mapping (i.e., substituting 

every four heavy atoms with a single bead) to allow for timescales and system sizes that make it possible 

to simulate self-assembly without using an initial structure.81-83 CG models have been shown to effectively 

reproduce polymorphism and water distribution of supramolecular peptide assemblies,84-90 including PA 

systems.91-93 The MARTINI force field has successfully been used to screen large libraries of peptides as 

a function of their self-assembly propensity leading to the discovery of new self-assembling tripeptides,88-

89 serving as starting point for the development of tripeptide based functional materials.7, 94-96 

Combinations of simulations with different levels of resolution (atomistic to coarse grained) have also 

been used to understand the role of water in fiber bundling.77 

In this study, we aim to understand the internal supramolecular structure and its impact on interfilament 

interactions which can affect mechanical properties, superstructure formation, and bioactivity. For this 

purpose, we have utilized CG-MD simulations with the MARTINI force field to gain mechanistic insights 

on how filamentous assemblies interact to create larger scale structures. The PA molecules investigated 

here have an alkyl tail with 16 carbon atoms as the hydrophobic segment and four isomeric tetrapeptides 

that were previously shown experimentally to form different structures: C16-VVEE-OH (VVEE, 

cylindrical fibers), C16-VEVE-OH (VEVE, ribbons), C16-EVEV-OH (EVEV, ribbons) and C16-EEVV-

OH (EEVV, fiber bundles) (Figure 1).41 

 
Figure 1. Peptide amphiphile structures used in this study. Coarse-grained (CG) representations of the structures 

are shown as transparent spheres over their respective atomistic ones. CG representations show the aliphatic tail in 

purple, amino acid residues with aliphatic side chains in grey (valine), amino acid residues with negatively charged 

side chains in red (glutamic acid), and the peptide backbone in white. 
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METHODS 

Coarse Grained Molecular Dynamic Simulations 

PA structures were built in Avogadro97  and mapped to MARTINI 2.281-83 using a modified version of the 

martinize.py code to add the aliphatic tail.83, 98 Coil secondary structures were used in all cases, which 

allows maximum backbone flexibility, avoiding parameters that force certain peptide conformations. All 

simulations were run in GROMACS 5.0.4.99-100 The systems were investigated at variable charges to 

model differences in solution pH (0, -1, -1.5, -2 and -3). All visualizations were rendered using VMD 

(Visual Molecular Dynamics).101 Further details can be found in the Supporting Information. 

PA Sample Preparation 

The four isomeric PA molecules with the following peptide sequences, EEVV, EVEV, VEVE and VVEE 

were synthetized using solid-phase peptide synthesis and purified in preparatory high-performance liquid 

chromatography (HPLC) following procedures described previously.41 500 µL samples at 10 mM were 

prepared in water with 1, 2 or 3 equivalents of NaOH (adding 1 µL/100µL of 1 M NaOH per equivalent). 

Each sample was bath sonicated until fully dissolved (~10 min) and then annealed (30 min at 80°C) 

followed by slowly cooling overnight. 

Atomic Force Microscopy 

Atomic force microscopy (AFM) samples were prepared by adding a drop of 5 µL of PA solution (1 mM, 

diluted from 10 mM) to the surface of freshly cleaved mica under ambient conditions (20°C and 50-60% 

humidity). The drop was washed three times with 150 mM aqueous NaCl and then incubated with 50 mM 

CaCl2 (procedure was repeated twice). Samples were imaged with a Bruker Multimode -VIII AFM 

(Bruker) operating in “ScanAsyst mode in fluid” (Dimension FastScan, Bruker Corporation) with silicon 

nitride AFM cantilevers (Bruker, SNL10A) (Bruker Inc.). 

Viscosity Curves 

Viscosity curves of the four isomeric PAs using 600 µL 10 mM samples were collected using an Anton 

Paar MCR 302 rheometer with a cone–plate geometry (CP50-1 fixture). Careful consideration was taken 

to avoid bubbles and the samples were gently poured onto the bottom plate to minimize shear prior to 

measurement. Each sample was allowed to reach steady state within 1% allowance before measuring the 

next point. 

RESULTS AND DISCUSSION 

Initial studies on the PAs were carried out with self-assembly simulations starting from molecules 

randomly positioned in space (fully dissolved) (Figure 2a). These simulations allow us to study 
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nanostructure formation from randomly distributed molecules in solution without any bias in their initial 

configuration. For this purpose, 300 or 600 randomly distributed molecules were placed in the box with 

initial dimensions of 17.1 nm per side, corresponding to concentrations of 100 mM or 200 mM, 

respectively. These values are consistent with a tenfold increase in concentration that is frequently used 

to favor self-assembly over practical simulation timescales.89-91, 102 The results of these simulations 

suggested a tendency of the molecules to form hierarchical superstructures. This is supported by having 

multiple C16 aggregates unlike systems prone to forming simple structures with a single continuous core 

of C16 tails. However, it was often not clear if this was due to a tendency to form larger disordered 

structures (i.e., an “aggregate of aggregates”) rather than a more organized superstructure of filaments. 

Therefore, different initial structures were used to model various steps of the proposed mechanisms 

(Figure S1).  Simulations to equilibrate initially formed fibers were used as model systems to study the 

stability and structure of the filaments (Figure S1d). These fibers consist of 300 PA molecules in a 17.1 nm 

sided box (100 mM). Two replicas of each equilibrated fiber were included in a 27 nm long box to 

simulate the interaction between nanostructures (Figure S1f-e). Finally, in order to simulate initial 

aggregates in 2D, a bilayer was used as the initial structure (Figure S1c). These simulations begin with 

968 PA molecules arranged in a bilayer (484 PA molecules/layer, 325 mM) with the aliphatic tails forming 

a 2D hydrophobic layer sandwiched between peptide layers, as in the model proposed by Cui et al. for 

VEVE and EVEV PAs.41 It should be noted that although the ribbons are not strictly 2D, they can be 

considered as such on the scale of the simulations (17 nm sided boxes). After 10 µs of simulation (Figure 

2b) all four systems at -1 charge/PA molecule remain stable in the 2D morphology, but we observed some 

differences in the orientation of the PA molecules relative to the initial bilayer. The results reveal the 

aliphatic region is oriented in laterally aggregated filaments for VEVE, EVEV and EEVV PAs (these 

filaments interact through peptide–peptide interactions). In this configuration the peptides are placed in 

antiparallel arrangements, distinct from the parallel peptide–peptide interactions among molecules of the 

same filament proposed by Cui et al. for VEVE and EVEV PAs.41 This type of structure is closer to the 

one proposed for EEVV PA, although in that case the lateral aggregation of fibers happens in all directions 

rather than in only one plane. Therefore, the simulation is suggesting that the bundles and the ribbons are 

both superstructures. These three supramolecular structures (EEVV, EVEV and VEVE PAs) show 

differences in interdigitation of the peptides from interacting filaments. EEVV PA is the most 

interdigitated, making it the most efficiently packed. Due to this packing, the PAs are not able to 

completely fill the xy-plane, creating a gap (Figure 2b EEVV, blue area represents water in the gap). In 

the EVEV PA, peptide segments are less interdigitated and hence can better fill the surface (Figure 2b 
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EVEV). VEVE PA is the least interdigitated and the higher surface area makes the structure bend, 

situating the central fiber slightly out of the plane (Figure 2b VEVE). The differences in interdigitation 

are probably related to the changes in the dimensionality of these superstructures. In contrast to the ribbon-

forming PAs, VVEE PA  shows holes appearing in the bilayer (Figure 2b VVEE) and, hence, it is not 

able to stabilize the 2D disposition which is consistent with formation of cylindrical fibers.41 The 

preferential arrangement of  PA molecules  in nanoscale filaments was also revealed in simulations 

starting from a random configuration (Figure 2a). Nevertheless, EEVV and EVEV PAs form more 

complex structures in which the aliphatic core is patchy rather than the continuum phase expected for 

ideal cylindrical nanofibers. This patchy nature occurs because the strong antiparallel peptide–peptide 

interactions prevent the formation of a continuous aliphatic core. When these peptide-peptide interactions 

occur among different filaments one would expect formation of superstructures. We also tried higher 

concentrations to check whether the superstructures would be more likely to occur but found instead that 

the limited size of the system and the tendency to connect through the periodic boundaries caused 

formation of branched structures. The initial bilayer structure was found to be critical in order to ensure 

the flat morphology characteristic of a ribbon section in results from the simulations. 

 
Figure 2. (a) Final structures obtained from simulations with PA molecules initially disposed randomly or in a 

bilayer configuration (b) (blue areas show structural gaps full of water, and structures are shown with the C16 

hydrophobic segment in purple and the peptide part is made semi-transparent ; top boxes show the initial structures 

and the simulation box is shown in green and water and ions removed for clarity) (c) Experimental AFM images 
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of assemblies of the four isomers (yellow arrows indicate structural features that reveal the superstructure nature of 

the imaged objects and the insets show 100 nm wide zoomed images). 

The superstructured nature of the ribbons may explain the narrow distribution of widths of the objects 

formed.41 For example, we have previously reported on self-assembled nanoribbons with characteristic 

internal patterns that are consistent with the formation of superstructures.44 The PAs in these examples 

commonly present hydrophobic side chains close to the surface of the fiber, favoring hydrophobic 

interactions among side chains of different filaments. The interfilamentous hydrophobic interactions 

driving the formation of superstructures is consistent with previous atomistic simulations on aromatic 

peptide amphiphiles.13 Previous work on VEVE PA by Cui et al. at different pH values reported TEM 

images of ribbons with regular longitudinal patterns,40 which are consistent with a hierarchical 

superstructure formed by laterally assembled filaments. In that work decreasing values of pH, and hence 

the number of charged glutamic acids, led the VEVE PA to form multilayered ribbon-shaped structures, 

consistent with the uncharged PA structures obtained in the bilayer simulations (Figure S6). EEVV PA 

simulated structure after 5 µs starting from randomly distributed molecules is the thickest as it is formed 

by the lateral interaction of up to 5 filaments (with aliphatic cores not connected between them). This is 

consistent with the wide structures observed experimentally  for this PA, formed by filaments aggregated 

in multiple directions.41 

Atomic force microscopy (AFM) was used to study the structures formed by these isomers. The excellent 

height resolution afforded by AFM clearly reveals the superstructure nature in assemblies of the EEVV 

PA (Figure 2c). However, the superstructure is also apparent to a lesser extent for VEVE and EVEV PAs, 

where we observed lines along the ribbons and some broken pieces of the ribbons (see yellow arrows in 

Figure 2c) that reveal the multifilament composition of the ribbons.  The widths of the superstructures 

can be reduced by increasing the charge (Figure S27), consistent with the previously reported pH 

responsiveness of supramolecular assemblies of these molecules.40 Therefore, the results suggest that 

these ribbons might be multifilament superstructures.  

Given the importance of interfilament interactions in the formation of superstructures common in 

biological systems, the design of functional PA materials requires a deeper understanding of how they 

form in synthetic systems. Interactions among fibers is investigated here by placing two previously 

equilibrated fibers within interacting distance (surfaces within 1 nm) and re-equilibrating the system for 

10 µs. Depending on the PA sequence and the charge state, some of the systems remain together through 

the whole simulation, suggesting strong interfilament interactions while others drift apart from each other 

when charge is increased, thus indicating coulombic repulsion (Figure 3a-c). Repulsion with increasing 
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charge causes a remarkable drop in interfilamentous affinity (Figure 3d). The four tetrapeptides 

investigated here reveal sufficient interfilamentous affinity to keep two fibers in close proximity 

throughout the simulation time used for up to -1 charge/PA (Figure 3a, Figure S11). However, at -1.5, 

EEVV PA and EVEV PA fibers start separating, while VEVE PA and VVEE PA remain within interacting 

distance up to -2 charge/PA (Figure 3b, c, f). The evolution of the interfiber distance with time for -2 

charge/PA suggests how VEVE and VVEE PAs fibers interact over the last 5 µs of the simulation (Figure 

3f). The average interfiber distance (Figure 3g) indicates that VVEE PA and VEVE PA fibers remain 

within interacting distance at the end of the simulation, while EEVV PA and EVEV PA structures separate 

above -1 charge/PA. 

 
Figure 3. Final structures of the simulations with two fibers: (a) top view of the -1 and -1.5 charge/PA for the four 

different isomers and front view of the -2 charge/PA for VEVE (b) and VVEE (c); structures are shown with the 

aliphatic tail in purple, peptide backbone in white, hydrophobic side chains in grey, and hydrophilic side chains in 

red (the simulation box is shown in green and  water and ions are omitted for clarity).; (d) Interfiber energies of the 

four isomers at different charge/PA and (e) expanded view the -1.5 and -2 charge/PA (e); (f) interfiber distance 

with time for the four isomers at -2 charge/PA, average value in the last 5 µs of the simulations(g), and 

experimentally measured viscosity curves (h).  
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The interfiber interaction energy shows that EEVV PA has the strongest interaction energy at zero charge 

and -1 (Figure 3d), which is consistent with the observed interdigitation (with a distance between aliphatic 

cores of 0.8 – 1.2 nm, which is less than twice the extended peptide part of the PA, ~1.6–2.0 nm) shown 

in Figure 2b. At 0 charge/PA molecule, the VVEE PA shows a stronger interaction than VEVE and EVEV 

PAs and at -1 VVEE PA remains stronger than VEVE PA. Although the interactions decrease at -1.5 and 

-2 charge/PA (Figure 3e), the interfiber distance analysis suggests that those small energies are still 

sufficient to keep the fibers together (Figure 3f). At these values of charge/PA molecule, the simulations 

show that the interfiber energy trend is: VVEE > VEVE > EVEV > EEVV.  Hence, the PAs with the 

hydrophobic valine side chains closest to termini of the molecules and charged glutamic acid residues 

closer to the hydrophobic core would show weaker interfiber interactions than those with the highest 

charge density on the surface of nanostructures, which would presumably enhance interfiber charge 

repulsion. It is noteworthy that this preferential interfiber affinity with the greatest number of glutamic 

acid residues furthest from the core, arises when those side chains become charged (at charge -1 the 

terminal carboxylic group is charged but not the glutamic acid side chains, which only becomes charged 

at a net charge of -1.5/PA). This trend in interfilamentous affinity correlates with viscosity measured 

experimentally with 1 equivalent of NaOH (Figure 3h). At 2 equivalents all the viscosities decrease, as 

predicted by the simulations (Figure 3d-e) due to the disruptive effect of higher charges on interfiber 

interactions (Figure S28). Upon the addition of a second equivalent of base, VVEE viscosity drops below 

that of VEVE and EVEV PAs.  This could be explained on the basis that VVEE molecules experience a 

stronger charge increment with the second equivalent due to the lower pKa expected for the more external, 

and hence solvated, acid groups (i.e., they are easier to deprotonate). Therefore, the affinity among 

previously equilibrated nanofibers correlates with the experimentally measured viscosity and not with 

superstructure formation, which, instead, follows the trend EEVV > EVEV > VEVE > VVEE.  The fact 

that the simulations starting from bilayer structures reproduce the trends in superstructure formation but 

the interactions among filaments do not, suggests that the superstructures discussed are not formed upon 

the assembly of preexisting fibers through fiber-fiber interactions, but their formation is associated with 

the equilibration of large assemblies into interacting filaments as a result of electrostatic repulsion. For 

that reason, superstructures would form through a process similar to the one modelled by the molecules 

initially arranged in bilayers (as a model of the initial step of aggregation). 

We sought to understand why nanostructures formed by PA molecules with hydrophobic residues near 

their surfaces do not show stronger interfilamentous affinity.  This involved the in-depth analysis of the 

equilibrated fibers, which were the initial structures used to study the interactions between fibers. Using 
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the same initial fiber structure, the different tetrapeptides are equilibrated through 5 µs at different 

charge/PA. All the fibers were stable (Figure 4a) up to -2 charge/PA but converted into micelles at -3 

charge/PA (Figure S8). Therefore, the influence of the charges on glutamic acid side chains could only 

be assessed in the glutamic acid residues placed furthest from the aliphatic tail, closest to the C-termini. 

The fibers elongate as intermolecular distance increases with charge due to the repulsion among 

neighboring PAs (Figure 4b). The strength of the repulsion depends on the position of the most external 

glutamic acid residues, where the second negative charged is added. EEVV and EVEV PAs show the 

biggest elongation upon addition of the second charge, while VEVE and VVEE PAs exhibit minimal 

elongation relative to the -1 charge state. This affects the charge density of the fibers (Figure 4c), where 

the PAs with the most external E amino acids show higher charge density. Even at charge 0 and -1, EEVV 

and EVEV PAs form longer fibers than VEVE and VVEE PAs even though they both have a -1 charge/PA 

at the C-terminal carboxylic acid. Therefore, the structural changes promoting these differences must be 

induced by the different distribution of hydrophilic and hydrophobic side chains. 
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Figure 4. (a) Final structures of the fiber equilibration simulations for the four isomers; (b) Fiber length and (c) 

charge density for the four isomers as a function of the charge/PA molecule. (d) PA extension analysis (using the 

occurrence frequency among all the PA molecules in the fiber of the angle α, shown in the scheme) for the four 

isomers at -1 and -1.5 charge/PA. Illustration showing examples of PA molecules conformations within  the fibers 

shown in (a) for EEVV (e), EVEV (f), VEVE (g) and VVEE (h) (in a and e-h structures are shown with the C16 in 

purple, peptide backbone in white, hydrophobic side chains in grey, and hydrophilic side chains in red; simulation 

box is shown in green, water and ions are omitted for clarity; in e-h the aliphatic core is transparent and most PAs 

are removed to show the orientation of certain PAs within the nanofibers). 

Previous all-atom MD simulations for PA assemblies used initial structures in which PA molecules have 

radial orientation orthogonal to the z-axis (fiber axis).74, 76, 80 However, the PAs studied here show 

deviations from this ideal behavior. The PA extension is analyzed using the backbone (BB) bead of the 

first (BB1) and last (BB4) amino acid and the C16 bead (SC3C16) most distant from the peptide (Figure 4d, 
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scheme). The greater the angle α, the more extended the PAs are. VVEE shows the maximum population 

of PA molecules with an angle of around 135° (Figure 4d), corresponding to an extended structure 

whereas VEVE PA which shows a small decrease in the 135° population in favor of bent PA molecules 

with  values of 90°. EVEV and EEVV PAs show a high population of bent PA molecules with the EVEV 

PA having equal populations of molecules bent 75° and 135°, whereas EEVV PA has its main population 

bent at 75° (Figure 4d). While this bending effect has not been previously reported for PAs, Matson et al. 

used the bending of a hydrophobic moiety to explain changes in PA packing.103 The bending of their 

moiety was more pronounced as it was closer to the hydrophilic part of the PA. Similarly, the bending of 

our isomers appears to be most dramatic when the most external glutamic acid side chain is closer to the 

aliphatic tail, locating the negatively charged carboxylate within the nanostructure, close to the aliphatic 

core. Hence, EEVV PA shows the greatest increment in bent PA molecules at -1.5 relative to -1 charge/PA 

molecule. Overall, molecular bending follows the order, EEVV > EVEV > VEVE > VVEE suggesting 

that bending occurs when molecules have hydrophobic side chains further from the aliphatic tail (Figure 

4d). This bending difference explains the fiber length variations among PAs (Figure 4b) because bent 

molecules occupy more fiber surface, causing an elongation of the fiber and a corresponding decrease in 

charge density (Figure 4c). The simulations suggest that bending occurs to allow the hydrophobic side 

chains (Figure 4e-g) to lie closer to the hydrophobic core of the fiber and the carboxylic acid side chains 

to become more exposed to the solvent, stabilizing the hydrophobic/hydrophilic interface PA 

nanostructures. The VVEE PA does not bend (Figure 4d, h) as it has a frequently used molecular design 

which creates maximal amphiphilicity using a gradient of hydrophobicity from the most hydrophobic 

(C16) to the most hydrophilic (charged region) with intermediate hydrophobicity amino acids between 

them (commonly valines and alanines). The results suggest that this type of PA design favors the ideal 

radial orientation of extended PA molecules. 

Based on results discussed above we conclude that although PA molecules with external V residues are 

expected to have greater interfilament affinity due to the higher number of exposed hydrophobic side 

chains in the ideal radial configuration, the bending to stabilize the interface with water avoids the high 

hydrophobic exposure. This explains the differences in interfiber affinity observed in pre-equilibrated 

fibers (Figure 3) and superstructures formed from large aggregates (bilayer initial structure, figure 2b). 

Consequently, the results suggest that superstructures are not formed by pre-existing fibers that assemble 

but from the equilibration of large assemblies into strongly interacting filaments (as observed in bilayer 

simulations). We conclude that the interactions among pre-formed fibers are responsible for the 
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rheological properties, as shown by the agreement between experimental viscosity measurements and the 

simulations on interfilamentous affinity (Figure 3). 

CONCLUSIONS 

In this work we have employed CG-MD simulations to investigate superstructures of nanoscale ribbons 

formed by the self-assembly of three peptide amphiphiles, C16-VEVE-OH, C16-EVEV-OH and C16-

EEVV-OH. Our results have also shed some light on the formation mechanism of these superstructures, 

suggesting that it may not be driven by interfilamentous affinity of pre-formed fibers, but rather on the 

equilibration of large supramolecular assemblies. The presence of hydrophobic residues, valines in this 

case, close to the C-terminus of molecules exposed to water enhances peptide–peptide interactions among 

filaments. The greater interdigitation of molecules in the C16-EEVV-OH PA suggests a stronger affinity 

promoting interfilamentous interactions in all directions and thus giving rise to bundles, instead of just 

planar ribbons. We have also shown that the interactions among pre-formed filaments follows the opposite 

trend, with C16-VVEE-OH establishing the strongest interactions, followed by C16-VEVE-OH, C16-

EVEV-OH and C16-EEVV-OH. Hence, these interactions are predicted to be strongest in supramolecular 

assemblies of PA molecules with hydrophilic residues closest to their more exposed C-terminus, while 

those with a higher exposure of hydrophobic residues display weaker interactions. This correlates with 

the experimentally measured viscosity of the materials. The simulations suggest that the PA molecules 

with hydrophobic termini bend to bury these groups within the filament, reducing the interfacial energy 

with water. The lower exposure of hydrophobic residues may explain the lower interactions among these 

filaments and why these systems do not collapse into superstructures of bundled filaments.   This finding 

supports fully extended molecules occur with the usual PA design with a decreasing gradient of 

hydrophobicity from the tail to the charged C-terminus. Overall, our simulations have led us to some 

insights on the nature of interfilamentous interactions and superstructures formed by PA assemblies.  
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