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Abstract 

The effect of amino acid sequences and their interactions on the morphology of supramolecular 

peptide nanostructures is difficult to predict given their complex energy landscapes. In this work 

we have investigated self-assembling peptide amphiphiles containing β-sheet forming domains 

that form twisted nanoribbons in water. We observed a correlation between the width and pitch 

lengths of these nanostructures, and developed a self-assembly model to explain the morphology 

of the nanostructures based on a balance between the energetically favorable packing of molecules 

in the center of the nanostructures, the unfavorable packing at the edges, and the deformations due 

to packing of twisted β-sheets. We find that the morphological polydispersity of PA nanostructures 

is determined by peptides sequences, and our model indicates that this phenomenon is related to 

the twisting of their internal β-sheets. Interestingly, we observed a change in the supramolecular 

chirality of the nanostructures as the peptide sequence was systematically modified, even though 

only amino acids with L configuration were used. The nanostructures switch from left-handed to 

right-handed twist as alanines in the sequence are replaced by larger and more hydrophobic 

valines. Also, by increasing charge repulsion with the addition of base to deprotonate glutamic 

acid residues we observed that twisted nanoribbons change morphology forming long cylinders 

first and then rod-like fragments and spherical micelles. The understanding of the self-assembly 

mechanisms of peptide amphiphiles into nanostructures should be a useful tool to optimize their 

well-known biological functions. 
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Self-assembling peptide based nanostructures have received significant attention for biomedical 

applications including tissue regeneration, development of targeted therapies, and drug delivery 

vehicles.1–7 Peptide amphiphiles (PAs) are a class of molecules that self-assemble into 

nanostructures in water and consist of hydrophobic segments, commonly lipid tails, covalently 

conjugated to a peptide segment.8,9 PAs developed originally in the Stupp laboratory utilized a 

single alkyl tail conjugated to a peptide that includes a domain with tendency to assemble into β-

sheet structures, thus giving rise to highly one-dimensional nanostructures that form hydrogel 

networks.10 A large variety of morphologies have been reported to create shapes like flat 

nanobelts,11 scroll-like cochleates in molecules containing a single amino acid conjugated to the 

alkyl tail,12 twisted ribbons,13 cylinders,8 and spherical micelles.14 The morphology of PA 

nanostructures has been associated with changes in functional properties such as the presentation 

of bioactive signals.4,15 

 

Of the range of nanostructures formed by PAs, high-aspect-ratio filaments containing β-sheets are 

of particular interest due to their potential use to create scaffolds for cell signaling15–21 and delivery 

vehicles for therapeutics.4,22–24 A relation between the twist of β-sheets and nanostructure 

morphology has been demonstrated in several supramolecular peptide systems.25–29 For example, 

models of β-sheet stacking in amyloid fibrils have incorporated the geometric deformation of 

twisted β-sheets, and an energy penalty of the open face at the edges of ribbon-like fibrils.25–27 

Inclusion of peptides with more hydrophobic side chains has also been observed to increase the 

dimensions of β-sheet stacks.28 These models show that the aggregation of β-sheets is controlled 

by the torsional strain in the β-sheet. As fibrils grow wider, β-sheets further from the center of the 

assemblies become increasingly deformed from their ideal configuration, limiting the lateral 
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growth of fibrils. Changes in β-sheet twist or bending can also result in nanostructures with shapes 

such as single sheet tapes, ribbons, helices, and tubes.29 Similar morphologies have been observed 

in a wide array of self-assembling supramolecular systems, such as chiral surfactants which form 

a polydisperse mixture of twisted ribbon-like structures,30–32 supramolecular aggregates of 

ethylene glycol and glycerol with aliphatic tails that assembly into paired cylinders or twisted 

double helices,33 cholesterol assembly into helical ribbons in cellular environments,34 aromatic 

amino acids that aggregate into high rigidity twisted ribbons,35,36 and biological sugar based block 

co-polymers or coil–brush block polymers which form hierarchical twisted nano-assemblies.37,38 

In addition, significant effort is also being made to probe or arrest the self-assembly of biological 

cross β-sheet aggregates associated with amyloid diseases by studying the interaction of misfolded 

aggregating proteins with peptide sequences or small molecules.39,40 

 

The morphology of structures formed by different PAs has been explored empirically, however, it 

remains an open challenge to understand the mechanistic relation between the peptide sequence in 

a PA and the resulting nanostructure.41 In this work, we systematically explore the self-assembly 

of a set of PA molecules previously synthesized in the authors’ laboratory, to investigate the role 

of peptide sequence and electrostatics on supramolecular morphology.42,43 The molecules are 

composed of a palmitic acid tail conjugated to a peptide domain containing six hydrophobic amino 

acids with varying sequences of alanines and valines, and a terminal charged domain composed of 

three glutamic acids. We used cryogenic transmission electron microscopy (cryo-TEM) and 

atomic force microscopy (AFM) in a liquid environment to characterize the morphology and 

chirality of the nanostructures formed by these PAs, and develop a model of PA self-assembly to 

understand our findings. PA 4 (Figure 1a), which contains a V3A3 β-sheet-forming domain, has 
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been previously explored by our group as a non-bioactive co-monomer of filaments for 

applications in bone and cartilage regeneration;17,44 however, its self-assembly behavior is not fully 

understood.  

 

We prepared samples by annealing a 10 mM solution of PA 4 with 20 mM NaOH (pH 8.5) for 30 

min at 80°C, and cooling to room temperature at 1°C/min.45 This annealing procedure results in 

the formation of high-aspect-ratio nanostructures that are several microns long (Figure S1). Cryo-

TEM images of the PA assemblies show polydisperse structures with a periodically varying width 

characteristic of high aspect ratio twisted nanostructure (Figure 1b-c). The morphology of the 

twisted nanostructures is described by the width and the pitch length (Figure 1d), where the pitch 

length is the distance for a full 2π rotation of a helical structure, and a shorter pitch length 

corresponds to a higher rotation angle per unit length. The narrowest structures observed in the 

polydisperse population have a low cross-sectional aspect ratio with a width of 9.5 nm, a thickness 

of 8 nm, and a periodic repeat length of 120 nm (Figure 1d). Due to the low cross-sectional aspect 

ratio, these structures appear to be cylindrical in Cryo-TEM, similar to the well-established 

cylindrical micelles formed by many peptide amphiphile sequences in both experimental and 

theoretical studies.45–47 The AFM height trace of wider nanostructures is characteristic of twisted 

ribbon-like nanostructures, such as those formed during amyloid aggregation,48 and comparisons 

with Cryo-TEM images of structures with similar dimensions confirms this morphology, as shown 

in Figure 1d. While previous studies have considered PA nanostructures as cylindrical,45–47 

aggregates of cylinders,49 or wide ribbon-like stacks of β-sheets,11,13,50 the experimentally observed 

structures seen here suggest a cross-over from cylindrical micelles to ribbons. The ribbons are too 

narrow to be a stack of multiple cylinders, and there is no indication of step-wise increase in width 
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such as seen in the aggregation of amyloid protofibrils.48,51 We therefore treat the narrow structures 

as cylindrical on outside edges that are exposed to water, and flat stacks of β-sheets in the middle, 

as indicated in (Fig 1d) 

 

 

Figure 1. Experimental characterization of twisted nanostructures formed by PA 4. (a) Molecular 

representation of the peptide amphiphile molecule with a V3A3 β-sheet-forming domain. (b) Cryo-



 7 

TEM images of high aspect ratio polydisperse nanostructures prepared with 20 mM and (c) with 

5 mM NaOH. Black arrows indicate the cross-over nodes of twisted nanostructures, the white 

arrow heads indicates a narrow nanostructure without observable twist, and red arrows indicate a 

twisted nanostructure with longer pitch length. (d) Schematic of the PA polydisperse nanostructure 

model, with example AFM height traces and corresponding Cryo-TEM images of nanostructures 

with similar dimensions. The graphic indicates the proposed structure of cylindrical packing at the 

edges of the twisted nanostructure with ribbon-like packing in the middle. The AFM traces and 

Cryo-TEM images go from narrow (left) to wide (right) (e) Bar graphs comparing nanostructure 

width and pitch length prepared with 20 and 5mM NaOH solutions. (f) Plot of pitch length as a 

function of nanostructure width obtained when samples are prepared with 5 or 20 mM NaOH 

solutions (Pearson’s correlation coefficient = 0.65, p-value<10-26, N=211 nanostructures). 

 

The pitch lengths and widths of these nanostructures are greater when 5 mM NaOH is used to 

prepare samples (pitch length 323 ± 15 nm; width 14.1 ± 0.4 nm) compared to 20 mM NaOH 

(pitch length 250 ± 17 nm; width 11.8 ± 0.3 nm) (Figure 1e), consistent with previously observed 

effects of reducing charge repulsion in self-assembling PA and amyloid nanostructures 13,14,22,52,53 

Within individual nanostructures both the width and pitch length are invariant (Figure S2), 

confirming that the observed variance is due to morphological polydispersity of nanostructures. 

We observed a positive correlation between the pitch length and width (Pearson’s correlation 

coefficient = 0.65), where longer pitch lengths are correlated with wider ribbons (Figure 1f), 

similar to the observed behavior of many twisted nanostructures described earlier.However, we 

note that there is no statistically significant effect of pH on the relationship between width and 

pitch length (Table S1). This suggests that while electrostatic repulsion among molecules can 
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modify the distribution of the polydisperse PA nanostructures, the underlying morphology remains 

relative to the inherent polydispersity in the system. This is likely due to screening effects of bound 

counterions at the surface. As described by Manning for structures with dimensions larger than the 

Debye length (~1.5-3 nm here), a nanostructure with a bare surface charge will condense its 

counterions, greatly reducing the effective surface charge and any observable systematic changes 

in the polydisperse PA nanostructures (SI section 2.3).54 

 

To understand the observed correlation between twisting pitch and width of the nanostructures, we 

have developed a micelle self-assembly model of twisted nanostructures composed of β-sheet 

forming amphiphiles (Figure 2a). In order to capture both the cylindrical micelle-like properties of 

PA nanostructures as well as the observed twisted ribbon-like behavior, we treat the twisted 

nanostructures as a rectangularly packed bilayer of molecules in the center with length 𝐿𝐿 and width 

𝑊𝑊, with cylindrically packed molecules at the edges, and terminal groups at the ends of the 

nanostructures. This model therefore describes cylindrical micelles in the narrow limit, and sheet-

like ribbons in the wide limit.This model of rectangular packing is supported by synchrotron wide 

angle X-ray scattering (WAXS), which showed the characteristic 4.7 Å spacing of molecules along 

the β-sheets, and a lateral spacing of 9 Å between β-sheets (Figure S3). Our model  starts with the 

micelle aggregation theory developed by Tanford, based on a balance of the energy penalty of 

exposing lipid tails and hydrophobic side chains to water, against the electrostatic repulsion among 

adjacent charged headgroups.55,56 The free energy change associated with the transfer of a 

monomer into an assembly is described by the following expression,  

 

𝛥𝛥𝛥𝛥𝑖𝑖0 = 𝛥𝛥𝛥𝛥𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡0 + 𝜎𝜎𝑎𝑎𝑖𝑖 + 𝐾𝐾/𝑎𝑎𝑖𝑖              (1)  
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where 𝛥𝛥𝛥𝛥𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡0  is the constant negative free energy associated with the transfer of the 

hydrophobic region of the molecule from water to a hydrophobic assembly; 𝜎𝜎 is the hydrophobic 

energy per unit area for the residual contact with water at the interface of the assembly; 𝐾𝐾 is the 

electrostatic coefficient for the headgroup repulsion; and 𝑎𝑎𝑖𝑖 is the effective average headgroup area 

occupied by a molecule in one of the possible assembled states, either cylindrical, rectangular, or 

the exposed region at the terminal end of the nanostructure. We describe the packing geometry of 

the molecules in each state in a manner similar to the packing parameter theory of Israelachvili 

(Figure 2b).57 The cylindrically packed edges with larger headgroup spacing are electrostatically 

more favorable than the closely packed rectangular regions, but have higher hydrophobic penalty 

due to the larger residual contact with water. We also include an energy term, f, as an ansatz for 

distortions of the twisted β-sheet from its ideal configuration due to steric hindrance from 

neighboring sheets given by, 

 

𝑓𝑓 = −𝐻𝐻0 + 𝜖𝜖 𝑊𝑊
𝑃𝑃

                                       (2) 

 

where −𝐻𝐻0 is the negative energy change per molecule due to formation of hydrogen bonds, 𝜖𝜖 is 

an energy coefficient for the β-sheet strain related to the pitch length P, and W is the width of the 

nanostructure. We allow the proportions of molecules in each discrete state to vary, along with the 

total particle number. Wider nanostructures therefore have more molecules per unit length, but a 

smaller proportion of molecules are in the cylindrically packed state. The average free energy 

change per molecule in the complete structure is the sum of the energy change associated with 
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each state as described in equation (1), weighted by the proportion of molecules in that state 𝑔𝑔𝑖𝑖 =

𝑛𝑛𝑖𝑖
𝑁𝑁𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇

 as described in Figure 2b:  

 

𝛥𝛥µ0 = 𝛥𝛥𝛥𝛥𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡0 + 𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟 �𝜎𝜎𝑎𝑎𝑟𝑟𝑟𝑟𝑟𝑟 + 𝐾𝐾
𝑎𝑎𝑟𝑟𝑟𝑟𝑟𝑟

+ 𝑓𝑓� + 𝑔𝑔𝑐𝑐𝑐𝑐𝑐𝑐 �𝜎𝜎𝜎𝜎𝑐𝑐𝑐𝑐𝑐𝑐 + 𝐾𝐾
𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐

+ 𝑓𝑓� + 𝑔𝑔𝑒𝑒𝑒𝑒𝑒𝑒 �𝜎𝜎𝑎𝑎𝑒𝑒𝑒𝑒𝑒𝑒 + 𝐾𝐾
𝑎𝑎𝑒𝑒𝑒𝑒𝑒𝑒

�           (3) 

 

where, 𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟, 𝑔𝑔𝑐𝑐𝑐𝑐𝑐𝑐, and 𝑔𝑔𝑒𝑒𝑒𝑒𝑒𝑒 refer to the proportion of molecules in each state, as determined by 

𝑎𝑎𝑟𝑟𝑟𝑟𝑟𝑟, 𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐, and 𝑎𝑎𝑒𝑒𝑒𝑒𝑒𝑒, the average headgroup area occupied by the molecules in rectangular, 

cylindrical, and end state respectively. The equilibrium condition can be found by minimizing the 

free energy change with respect to the width. We solve for an expression for the width of the 

rectangular region in the regime of long nanostructures, where the contribution of the terminal 

ends is negligible (𝑔𝑔𝑒𝑒𝑒𝑒𝑒𝑒 ≈ 0) (Model details are provided in SI Section S2): 

 

𝑊𝑊 = −𝜋𝜋𝑙𝑙𝑜𝑜Ω 
𝜌𝜌

+ 𝜋𝜋𝑙𝑙𝑜𝑜Ω  
𝜌𝜌

� 1
𝐻𝐻0𝜖𝜖

𝜌𝜌𝜌𝜌𝜌𝜌(𝜌𝜌−Ω)
𝜋𝜋𝑙𝑙𝑜𝑜Ω

 �1 −
𝐾𝐾
𝜎𝜎

𝜌𝜌Ωβ2
�𝑃𝑃

1
2                                   (4)  

 

where Ω and 𝜌𝜌 are the lateral spacings of the rectangular and cylindrical states, respectively, 𝑙𝑙0 is 

the length of the molecules; and β is the β-sheet spacing. As indicated by equation 4, we find that 

the width grows with the pitch length as 𝑊𝑊~𝑃𝑃
1
2. The model indicates that within the ribbon’s 

domain dominated by hydrophobic forces, molecules will stack into the energetically favorable 

rectangular state until the strain energy penalty of an additional increase in width exceeds the 

energy cost of a cylindrical edge. The energy landscape calculated numerically from this model 

(Figure 2c) shows that the variance of the width is also expected to increase with longer pitch 

length, as variations in width are less penalized in low twist, long pitch length nanostructures. In 
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addition, we also numerically calculate the statistical average morphology of the nanostructures as 

they vary due to thermal fluctuations, using the Boltzmann probability 𝑝𝑝(𝑈𝑈𝑖𝑖 −

𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚) ~𝑒𝑒−
𝑈𝑈𝑖𝑖−𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚

𝑘𝑘𝐵𝐵𝑇𝑇  of finding a system in a configuration i with the energy Ui. This approach was 

used to study the morphology of thin ribbons of surfactants using a continuum incompatible 

elasticity model, which showed that the skewness in the configuration energy cause the average 

morphology to deviate significantly from the minimum energy morphology.30 In the limit of 

narrow nanostructures, we find that the average morphology (indicated by the white line in Figure 

2c) closely follows the analytical expression for the minimum energy morphology given by 

equation (4) (SI section 2.2). However, in the limit of wide structures with long pitch lengths we 

see a large skew in the energy landscape, causing the average morphology to deviate significantly 

from the minimum energy shape. In this regime of wide structures with long pitch lengths the 

statistical width of nanostructures approaches a linear scaling of the form 〈𝑊𝑊〉~𝑃𝑃, as shown in the 

log-log plot in Figure 2c. This is consistent with several studies that have found that the scaling of 

the width of self-assembled twisted ribbons is linear with pitch for wide ribbons.30–32,51,53 These 

experimental and theoretical studies establish that the width of twisted ribbon-like amyloid fibrils 

assembled from lateral stacking of β-sheet forming proto-fibrils,51,53 or two-dimensional twisted 

ribbons formed by lateral aggregation of surfactants like C12-β12,30–32 grow proportional to their 

pitch length. While the model of β-sheet stacking in PA nanostructures is inspired from these 

studies on amyloid fibrils, we note that the thermodynamic micellization of PA nanostructures is 

a different self-assembly process from the lateral stacking of proto-fibrils observed in amyloids, 

especially in the limit of narrow nanostructures where PA molecules are expected to form 

cylindrical micelle-like structures.  
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Figure 2. PA nanostructure self-assembly model and results. (a) Molecular sequences of PAs 1-

5. (b) Schematic representation of molecular self-assembly into nanostructures consisting of 

rectangularly packed center domains and cylindrical edges. β, Ω, ρ are geometrical parameters of 

molecular spacing,  𝐿𝐿 and 𝑊𝑊 are morphological parameters, and 𝑛𝑛𝑟𝑟𝑟𝑟𝑟𝑟 and 𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐 correspond to 

number of molecules in rectangular and cylindrical domains, respectively. (c) Scaled energy 

landscape in as a function of pitch length and width, for nanostructures in the narrow (top) and 
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wide limit (bottom). The red line labelled Min 𝛥𝛥µ0 indicates the minimum energy configuration 

along the landscape, dotted black lines indicate the positions where the energy is +1𝑘𝑘𝐵𝐵𝑇𝑇 above 

the minimum energy configuration on both sides of the minimum curve, and white lines indicate 

the statistically average nanostructure morphology. The inset shows the scaling coefficient of the 

minimum energy morphology compared to the average morphology. (d) Plot of the experimental 

values of pitch length and width corresponding to individual nanostructures formed by PAs 1-5, 

with a fit of the minimum energy curve from equation (4) in black and the curves calculated for 

the minimum energy +1kBT curves in grey (N=355 nanostructures). 

 

We next measured the morphology of nanostructures formed by five PAs with increasing 

proportion of valines using AFM (PA 1, PA 2, PA 4, and PA 5) and cryo-TEM (PA 3). From the 

micrographs, we observe a monotonic increase in the pitch length and width of the nanostructures 

(Figure 2d). Comparison with the model described in equation 4 shows a good agreement of results 

across the set of molecules, as the variation of the nanostructure width, which increases with pitch 

length, is well-described by the +1kBT curves calculated numerically from equation (3). For a 

given pitch length, nanostructures with a variety of widths form as the average energy per molecule 

in the configuration varies within the limits of thermal fluctuations. As the pitch length increases, 

the energy penalty associated with variations in width decreases and makes the landscape flatter, 

resulting in an increase in polydispersity at higher pitch lengths. Control over polydispersity in the 

self-assembly process is important to build the precise nanostructures needed for reproducible 

biological applications, and has recently been explored in other twisted surfactant nanostructures.30 

The observed polydispersity of nanostructures likely originates in nuclei formed early in the self-

assembly process, which become trapped in local minima as the structures grow in length. Cryo-
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TEM images were used for PA 3 as it forms wide twisted ribbons which tend to break during AFM 

imaging and create artifacts. Additional images for all molecules are provided in Figures S4-S7, 

and the measurements for each PA are shown in Figure S8. Here 𝜖𝜖 and 𝜌𝜌 are left as fitting 

parameters. We find that the value of 𝜌𝜌 of 2.5 nm, the radial headgroup spacing in the cylindrically 

packed region, corresponds closely to the value obtained in molecular dynamics simulations of PA 

cylinders.45,46 Other parameters are calculated from counterion condensation theory (SI section 

2.3),54 measured from X-ray diffraction (Figure S9, Table S2) or from the AFM imaging (model 

fitting and parameter details are provided in SI section 2.4). WAXS, Fourier-transform infrared 

(FTIR) spectroscopy, and circular dichroism (CD) spectroscopy confirm the presence of hydrogen 

bonding and β-sheet secondary structure for all molecules (Figures S9-S11).  

 

Interestingly, we find that the position of the peptide sequences along the curve in Figure 2d does 

not show a straightforward trend. Our initial hypothesis was that the ribbon width would be related 

to the valine content in the molecule, as an increase in hydrophobicity due to the addition of valines 

would encourage rectangular-like packing over cylindrical packing, but we find that this is not the 

case. The high valine-content molecules (PA 4 and PA 5) are on the bottom left of the curve 

making the narrowest ribbons with short pitch, the intermediate valine molecule (PA 3) is on the 

top right making the widest ribbons with the longest pitch, while the low valine molecules (PA 1 

& PA 2) are found in the middle of the curve making intermediate ribbons. The lack of a clear 

trend indicates that the relation between the peptide sequence and the position along the pitch-

width curve is not a straightforward function of the peptide side-chain hydrophobicity or size.  
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Next, we investigated nanostructure morphologies by high-magnification liquid AFM. 

Surprisingly, we found that the supramolecular chirality of the nanostructures changes from left-

handed to right-handed as the alanines are replaced by valines in the β-sheet region (Figure 3a). 

PA 1 and PA 2 nanostructures have a left-handed supramolecular twist; PA 3 nanostructures were 

found to be left-handed, right-handed, or flat with no discernible twist; and PA 4 and PA 5 

nanostructures are right-handed. Additional images characterizing nanostructure twist are shown 

in Figures S4-S7, and a statistical analysis is provided in Table S3. PA 4 and 5 form narrow 

structures with right-handed twist and short pitch lengths, whereas PA 3 forms the widest 

nanostructures with little twisting and the longest pitch lengths as expected from our previously 

discussed results. PA 1 and PA 2 form left-handed assemblies with intermediate levels of twisting  

relative to the other PAs investigated (PA 3, 4 and 5). We note that there is no statistically 

significant difference between the average pitch lengths of PA 1 and PA 2 (473 ± 10 nm and 450 

± 21 nm), or between PA 4 and PA 5 (250 ± 17 and 284 ± 18 nm). The change in the handedness 

of the supramolecular twist explains the unexpected trend in Figure 2d, as the substitution of 

alanines with valines in the peptide sequence systematically changes the twist of the nanostructures 

from left to right-handed, but the pitch length is determined by the magnitude of the twist 

irrespective of handedness (Figure 3b).  
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Figure 3. PA nanostructure twist and change in handedness. (a) Liquid AFM images illustrating 

change of supramolecular chirality of nanostructures from left-handed to right-handed with 

increasing number of valine residues in the PA peptide sequence. (b) Schematic illustrating the 

relationship between the supramolecular twist and morphology. 

Changes in supramolecular chirality are well known in self-assembled systems with different 

molecular chirality,58 and have also been observed in certain self-assembling peptide systems with 

the same molecular chirality, such as modified amyloid forming peptide sequences59–63 and insulin 

protein fibrils.64 The relationship between the twist direction of β-sheets and the backbone 

conformation of their constituent peptide chains has been studied extensively in proteins from 

crystal structures65–67 and recently in certain tissue-derived pathological amyloid fibrils.61,62 The 

twist along the β-sheets can be right or left-handed based on the configuration of dihedral angles 

in the peptide, although the majority of β-sheets in proteins are left-handed. While the energetics 

of β-sheet conformations are difficult to investigate experimentally,68 an examination of the 

dihedral angle distributions of alanine and valine residues in β-sheets, derived from protein 
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structures in the Protein Data Bank (PDB),69,70 is consistent with our observation that alanine rich 

PAs have a higher propensity for left-handed twist than valine-containing PAs (Figure S12). CD 

spectra show a small red shift of the β-sheet signal in valine-containing PAs (Figure S13) 

characteristic of increasing left-handed peptide twist,71 consistent with the observed switch from 

left- to right-handed nanostructures. 

 

We next investigated the charge dependence of nanostructure morphology using the left-handed 

PA 1, the low twist PA 3, and the right-handed PA 4. We repeated the pitch length and width 

measurements for the nanostructures prepared at 5 mM NaOH (pH 5.5), and similar to the results 

shown earlier for PA 4, again found that there is no statistically significant difference in the overall 

relationship between pitch and width (Figure S14 and Table S4). However, the actual average 

values of width and pitch length do vary among individual PAs with different peptide sequences. 

Another important observation is that the effect of charge density reduction on the pitch length 

differs in PA 1 and PA 3 vs. PA 4 (Figure 4a and Figure S15). While the pitch lengths of PA 4 

twisted nanostructures previously revealed a statistically significant increase when charge was 

reduced (250 ± 17 nm to 323 ± 15 nm), the pitch lengths of nanostructures formed by PA 1 and 

PA 3 were found to decrease  (473 ± 10 nm to 434 ± 11 nm; and 1078 ± 38 nm to 893 ± 40 nm). 

The difference in the pitch length response to reduced charge indicates an overall leftward rotation 

in the supramolecular twist (Figure 4b). This suggests that lowering charge increases the influence 

of alanine residues on the nanostructure twist, as our previous result showed that left-handedness 

is promoted by alanines, but reduced by valines. This is consistent with the arrangement of amino 

acids in the PA molecules where alanines are closer to the charged domain, and their contribution 

to hydrogen bonding in the β-sheet is likely more sensitive to disruption by high charge, as 
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illustrated in the schematic in Figure 4c. There could also be additional factors that explain this 

behavior such as varying levels of internal hydration among the different sequences.72 These 

results also suggest that in the low charge regime the surface charges on the nanostructures are 

screened by counterions, thus leaving the overall nanoscale morphology effectively unchanged. 
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Figure 4. Change in morphology of PA supramolecular nanostructures at lower charge density. 

(a) The average pitch lengths of nanostructures formed by PA 1, PA 3, and PA 4 in 5mM or 20mM 

solutions of NaOH to change their charge density (p-value<0.01 for all PAs). (b) Schematic 

representation of the rotation observed for the supramolecular twist of nanostructures. (c) 

Illustration of the increased alanine interaction near the end of the molecule as charge repulsion is 

reduced, resulting in a left-handed rotation. 

To further investigate the role of charge, we also calculated a phase diagram of nanostructure 

morphology for a high charge regime (Figure 5a and SI Section 2.5).  The model system forms 

cylindrical nanostructures at high charge, where the electrostatic penalty of closely packed 

molecules in the ribbon-shaped nanostructure is larger than the hydrophobic penalty of the edges. 

As charge repulsion is increased further and overcomes the hydrogen bonding energy, the system 

forms spherical micelles. This is similar to behavior that has been previously reported for some 

other PA assemblies.13,14,22 To test this behavior, we prepared PA solutions with 30 mM NaOH 

(pH 9.5) and 40 mM NaOH (pH 11). The WAXS diffraction shows reduced crystallinity at higher 

pH, consistent with a switch from ordered β-sheets to disordered assemblies (Figure 5b and Figure 

S16); the CD spectra also change to a random coil signature (Figure 5c and Figure S17). In AFM 

images of PA 3 prepared at 30 mM NaOH we see microns-long untwisted nanostructures (Figure 

5d), and the height profile shows no discernible twist in these narrow nanostructures which is 

consistent with a cylindrical geometry (Figure 5e). However, the sample is polydisperse in 

nanostructure shape and lengths since in addition to cylinders we also observe several very short 

structures (indicated with red arrows), as well as twisted structures (indicated with grey arrows). 

When charge is increased further the molecules form short fragments and micelles (Figure 5f and 

Figure 5g) (a similar behavior is observed for the other PA sequences, shown in Figure S18). This 
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was confirmed with small-angle x-ray scattering (SAXS) data, which revealed a slope of ~0 in the 

Guinier region at 40 mM NaOH, which indicates the formation of spherical micelles or short fibers. 

The slope decreases to -0.8 at 30 mM NaOH indicating a mixture of long cylinders and short fibers 

or spherical micelles (Figure 5h).14 The SAXS measurements at 20 mM NaOH and 5 mM NaOH 

indicate polydisperse ribbons with a thickness of 8 nm (SI Section 2.6 and 2.7), consistent with 

the AFM imaging. A similar trend is confirmed for the other PAs (Figure S19). These results 

suggest that the effective charge increases significantly when multiple glutamic acid residues are 

deprotonated, likely because counterions cannot sufficiently screen the charged residues at the 

second and third position below the nanostructure surface. 

  

We have investigated here the role of peptide sequence and charge in a homologous series of 

peptide amphiphiles on the dimensions and morphology of the nanostructures they form. The 

experimental observations were for the most part in agreement with a model developed created to 

understand the role of the variables explored. The width of twisted nanostructures decreases as the 

pitch length becomes shorter to reduce the strain in the β-sheet, which is higher at distances further 

from the ribbon center. Importantly, we found that the morphological polydispersity of PA 

nanostructures is determined by peptides sequences, a finding that should inform PA design to 

optimize the precision of nanostructure morphology and their functions. Furthermore, the twist of 

the β-sheet changes from left-handed to right-handed as alanines are replaced by valines in the 

peptide sequence, which is observed as an increase in the pitch length of left-handed twisted 

nanostructures, followed by a change in the nanostructure chirality, and then a decrease in the pitch 

of right-handed ribbons. With increasing charge, the structures first transition from twisted 

nanostructures where β-sheet hydrogen bonding and hydrophobic contacts dominate, to long 
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cylinders as electrostatic repulsion increases, and then ultimately to short rod-like fibers and 

spherical micelles as electrostatic repulsion disrupts the hydrogen bonding, as described by model. 

The complexity of peptide configurations and the sensitivity of supramolecular self-assembly to 

the specific environment and assembly pathway makes a thorough understanding of PA 

nanostructures difficult. The new insights developed in this work provide some clarity on the role 

of the intermolecular interactions on experimentally observed polydisperse  PA morphologies, as 

well as the effect of certain amino acid sequences on the supramolecular morpohology. The 

approach developed in this work may be applicable to other supramolecular systems which form 

twisted nanostructures, and could provide new insights into their self-assembly mechanisms. 

Future work in this area needs to investigate co-assembly of different peptide amphiphile 

molecules, particularly when bioactive sequences are utilized to signal cells for biological 

function. 
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Figure 5. Charge dependence on supramolecular self-assembly of PA nanostructures. (a) Phase 

diagram of nanostructure morphology from the model developed here as a function of charge and 

β-sheet pitch length. (b) Synchrotron x-ray scattering patterns and (c) CD spectra of PA 3 as a 

function of NaOH concentration. (d) AFM image of PA 3 nanostructures after adding 30 mM 

NaOH, and (e) a line profile of a typical cylindrical nanostructure which does not reveal any visible 

twist. Red arrows indicate short rod-like nanostructures. (f) AFM images of PA 3 after adding 40 

mM NaOH, and (g) length distribution of shorter fibrillar nanostructures. (h) Synchrotron SAXS 

curves and corresponding fits of the data using form factor models as described in the SI. 
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