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ABSTRACT 
 
The self-assembly of “pi-peptides” – molecules with pi-electron cores substituted with two 

or more oligopeptide chains – brings organic electronic function into biologically relevant 

nanomaterials. Pi-peptides assemble into fibrillar nanomaterials as driven by enthalpic 

peptide-based hydrogen bonding networks and pi-core-based quadrupolar interactions. 

A large body of spectroscopic, morphological and computational studies informs on the 

nature of the self-assembly process and the resulting nanostructures, but detailed 

structural information has remained elusive. Inspired by the recent use of cryogenic 

Electron Microscopy (cryo-EM) to provide high-resolution structures for synthetic peptide 

nanomaterials, we present here the use of cryo-EM to offer ca. 3 Å resolution of pi-peptide 

nanomaterial assemblies, visualizing for the first time the nature of the intermolecular pi-

core electronic interactions responsible for energy transport through these 

supramolecular materials. 
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INTRODUCTION 
 

The elucidation of structure–property relationships in supramolecular assemblies 

is pivotal for advancing molecular design and functional material development1, 2, yet 

direct structural visualization remains as a major challenge3. For example, energy flow 

through biological assemblies plays a critical role in processes as diverse as 

photosynthesis and DNA damage. Spectroscopic interrogation of the key chromophores 

involved along with atomistic structural insight concerning their disposition in space are 

key to understanding or perhaps manipulating these energy transfer events. These 

approaches are equally important to understanding energy migration within abiotic pi-

conjugated organic electronic materials that similarly depend on precise interactions of 

pi-electron quadrupole moments in order to guide carrier migration or recombination. 

Traditional characterization techniques, including X-ray crystallography, small-angle X-

ray scattering (SAXS), nuclear magnetic resonance (NMR) spectroscopy, atomic force 

microscopy (AFM), scanning electron microscopy (SEM), and transmission electron 

microscopy (TEM), have provided valuable insights into these structures and have also 

been augmented by high-level computational simulations. However, each experimental 

method presents limitations: X-ray crystallography sometimes reaches atomic resolution 

but requires building blocks to be packed into crystals with a space group, which is almost 

always incompatible with the symmetry of helical polymers in soft materials; SAXS and 

NMR can yield ensemble-averaged structural information in solution but lack the spatial 

resolution needed to resolve nanoscale features or packing arrangements4; AFM, SEM 

and TEM, while offering surface morphology with nanoscale precision, may not accurately 

reflect native solution-state conformations due to the typical involvement of film 

preparation and negative staining. 

In recent years, cryogenic electron microscopy (cryo-EM) has emerged as a 

powerful tool in structural biology5, enabling high-resolution visualization of biomolecular 

complexes in their near-native states. Despite its success in biology, applications of cryo-

EM in supramolecular chemistry remain limited, primarily due to challenges such as the 

intrinsic heterogeneity, polymorphism, lack of global symmetry, and difficulties in indexing 

the helical symmetries of synthetic materials6-12. Notwithstanding these barriers, cryo-EM 



offers a unique opportunity to directly image self-assembled nanostructures with high 

spatial resolution, without the need for crystallization or staining, making it particularly 

attractive for characterizing dynamic or polymorphic systems. In fact, this technique has 

recently been employed to resolve controversies regarding the nature of electrical 

conduction of bacterial appendage which was found to be mediated in part by closely 

stacked heme molecules in cytochrome proteins13. 

Peptides are versatile substituents able to influence pi-electron interactions within 

amyloid-like self-assembled materials. Our group developed several “pi-peptides” 

whereby a variety of central pi-electron cores reminiscent of standard organic electronic 

materials were substituted with 2 (or more) oligopeptide sequences about the pi-core 

periphery14-16. These molecules are driven to self-associate by way of the emerging 

hydrogen-bonding networks that also carry the associated pi-cores into electronically 

coupled architectures. Using sequence variation, we demonstrated a wide variety of 

optoelectronic attenuation such as control of excimer formation17, control of energy 

transfer18 and control of chiroptical properties19, primarily as determined via spectroscopic 

interrogation and quantum chemical calculations. Many of the underlying structural origins 

of these attenuations have been elucidated in part through careful modeling studies using 

atomistic molecular dynamics simulations and course-grained methods20. Unlike other 

traditional electronic materials, we have so far been unable to achieve experimental 

atomistic resolution of the intermolecular pi-electron interactions which determine the 

photophysical or electrical outcomes of the energy transport. Scattering data and solid-

state NMR spectroscopy have revealed key intermolecular distances, indicating a pi-pi 

stacking distance of ca 4.6-5.0 Å21, 22. Further structural refinement will be necessary not 

only to corroborate spectroscopic observables or to predict new targets that may possess 

a desired intermolecular pi-electron geometric relation. In this work, we demonstrate how 

cryo-EM is able to provide such atomistic detail at ca. 3 Å resolution.  

  



RESULTS AND DISCUSSION 
 Pi-conjugated cores substituted with peptide sequences containing VEVAG form 

soluble pi-peptide conjugates that can be driven to self-assemble into amyloid-like fibrils 

upon changes in solution pH. Furthermore, variations the pi-core electronic structure and 

the alkyl spacer length between the peptide and the pi-core are known to strongly 

influence the chemical and physical properties of these materials19. Pi-peptides 1 and 2 

were designed based on this strategy, both featuring a diphenylthiophene (DPT) central 

pi-core flanked by VEVAG peptide wings and connected by a spacer which differed only 

by a single methylene (CH2) group (Fig. 1). Self-assembled materials from these two pi-

peptides displayed similar morphologies under negative staining TEM, but showed 

significant differences in chiroptical properties as measured by circular dichroism19 (CD, 

Fig. 1), which showed inversions in the signs of the bisignate Cotton effects associated 

with the exciton coupling of the core pi-systems in helical chiral environments.  This would 

ordinarily suggest a change in the macromolecular chirality/helicity within the assembled 

nanomaterials (e.g. a switch from a right- to left-handed helical twist). To further elucidate 

the molecular basis of these differences, we compared the self-assembled products of 

these two pi-peptide conjugates using cryo-EM, with the intention of elucidating the 

molecular basis of the chirality switch through direct structural visualization. These 

findings underscore the intricate nature of supramolecular pi-systems and highlight the 

potential of cryo-EM as a powerful tool for probing the architectures and emergent 

electronic structures of pi-conjugated soft nanomaterials, 

 



Figure 1 Pi-conjugated peptides synthesized with different methylene (CH2) 
spacer lengths between the pi-core and the peptide amides  
 

Cryo-EM of pi-conjugated peptide without spacer 
 First, we imaged the self-assembly products of peptide 1 under cryo-EM (Fig. 2A). 

From the reference-free 2D classifications of 5.8 million auto-picked particles, it is clear 

that there are more than one type of self-assembled nanostructure. Such heterogeneity 

in the self-assembled products from small peptides is not rare. A few such peptide23 and 

small molecule24, 25 examples, involving strong pi-pi interactions, have been reported by 

cryo-EM. Among those 5.8 million auto-picked particles, after removing ~1.8 million junk 

particles such as lacy carbon edges, there is only one dominant nanostructure class, 

accounting for ~50% of particles left, showing clear high-resolution features (Fig. 1B). 

Other classes are mostly smeared, displaying different diameter, pitch, morphology, etc., 

suggesting they are probably self-assembled filamentous products without a consistent 

repeating architecture along the filament. 

The helical symmetry of the peptide 1 nanostructure was determined to be C2, 

with a helical rise of 4.75 Å and a twist of -4.29°, and a diameter of approximately 6 nm. 

The final 3D helical reconstruction reached a final resolution of 3.4 Å as judged by the 

map:map FSC method (Figure S1). The resulting reconstruction shows a clear parallel 

cross-β packing of peptide 1 and demonstrates that hydrogen bond networks are formed 

between adjacent peptide subunits along the filament (Fig. 2C). Furthermore, the DPT pi-

cores appear to significantly contribute to the supramolecular structure through strong pi-

pi stacking along the filament. A cross-sectional view revealed two asymmetrical units 

(ASUs) related by the C2 symmetry, each containing a trimer of peptide 1. Three DPTs in 

the ASU cluster in the middle. One of the conjugated VEVAG is disordered for the peptide 

copy near the outer surface, presumably due to a lack of interface restraints with other 

molecules (Fig. 2D). Our prior computational modeling reproduced the pronounced 

deviation from linearity of the pi-peptides most buried within the nanostructures26 (e.g. 

components 3 and 6 in Fig. 2D), including a tendency to further curve up as the pi-core 

size is increased27. 



 
Figure 2 | Cryo-EM of self-assembled nanostructure of peptide 1 
(A) A representative cryo-EM micrograph shows nanostructures formed by peptide 1 

(indicated by yellow arrowheads). Scale bar: 50 nm. 

(B) A representative 2D average of the peptide 1 nanostructure. 

(C) 3D helical reconstruction of the nanostructure at near-atomic resolution provides 

detailed structural information. 

(D) A cross-section of the nanostructure from (C) with an atomic model fitted into the 

cryo-EM map. The cartoon illustration of the atomic model is shown on the right. 

 

Pi-conjugate morphological heterogeneity results from alkyl spacer addition 
Peptide 2, which differs from peptide 1 by a single additional alkyl group in the 

spacer connecting the DPT and pentapeptide, exhibited a significantly different circular 

dichroism (CD) spectrum suggestive of an ensemble change in the macromolecular 

helicity/chirality. Consequently, we examined peptide 2 using cryo-EM (Fig. 3A). In 

contrast to the single, dominant ordered morphology observed for peptide 1, cryo-EM 



micrograph and reference-free 2D classification of peptide 2 revealed three distinct 

species with high-resolution features EM (Fig. 3A-B). These three nanostructure species 

were easily distinguished based on their diameters and morphologies. The nanostructure 

diameters were approximately 8 nm, 6.5 nm, and 5.5 nm, representing ~62%, 18%, and 

20% of the total nanostructure population, respectively (Fig. 3B). The thinnest 5.5 nm 

species displayed considerably greater flexibility in the 2D classes compared to the other 

two, resulting in a low-resolution reconstruction that precluded near-atomic resolution 

(Figure S2). 

 
Figure 3 | Cryo-EM of self-assembled nanostructures of peptide 2 
(A) A representative cryo-EM micrograph shows nanostructures formed by peptide 2. 

Nanostructures with different morphologies are indicated by arrowheads with different 

colors. Scale bar: 50 nm.  

(B) The relative abundance of the observed nanostructure species, their corresponding 

2D averages, and their 3D helical reconstructions. The colors are consistent with the 

labels in (A). 

(C) A cross-section of the 9-strand nanostructure with an atomic model fitted into the 

cryo-EM density map. The cartoon illustration of the atomic model is shown on the right. 

(D) A cross-section of the 6-strand nanostructure with an atomic model fitted into the 

cryo-EM density map. The cartoon illustration of the atomic model is shown on the right. 



In contrast, the cryo-EM reconstructions of the 8 nm and 6.5 nm nanostructures 

reached resolutions of 2.9 Å and 3.2 Å (Figure S1), respectively. The 8 nm nanostructure 

of peptide 2 exhibited C1 symmetry, a helical rise of 1.60 Å, and a helical twist of -120.44°. 

Cross-sectional analysis revealed three asymmetric units (ASUs), each containing three 

peptide copies, for a total of nine peptide strands per cross-section. Similar to peptide 1, 

peptide subunits clustered into trimeric ASUs. However, unlike peptide 1, which had two 

ASUs in the cross-section, the 8 nm nanostructure adopted an additional ASU, forming a 

3-protofilament architecture (Fig. 3C). The 6.5 nm nanostructure of peptide 2 displayed 

C1 symmetry, a helical rise of 2.35 Å, and a helical twist of 178.81°. Cross-sectional 

analysis showed two ASUs, each containing three peptide copies. While the number of 

peptides per cross-section was similar to peptide 1, their arrangement in helical 

symmetries and inter-ASU contacts were significantly different (Fig. 3D). The low-

resolution reconstruction of the thinnest 5.5 nm nanostructure species suggested a cross-

section containing four peptide copies, lacking the trimeric arrangement within the ASU 

(Figure S2). This indicates that the trimeric arrangement of peptides forms a more stable 

and robust core for self-assembly. Alternative nuclei, such as the 4-strand core, is 

possible, but the resulting products have significantly greater flexibility. 

 

 

 
Figure 4 | Nanostructure building blocks. 
The asymmetric units of three distinct nanostructures are shown: (A) 6-strand peptide 1; 

(B) 9-strand peptide 2; and (C) 6-strand peptide 2. The helical axis locations are 

indicated with ovals for two protofilament structures and triangle for three protofilament 

structure. The areas of three DPTs are also highlighted. 

 



Peptide 1 vs. Peptide 2 
Despite variations in helical symmetries, the ordered nanostructures of peptide 1 

and peptide 2 consistently exhibit asymmetric units (ASUs) composed of three peptide 

subunits. However, the inter-peptide interfaces within these ASUs demonstrate plasticity 

and are not uniform across the different nanostructures. This variability might not solely 

come from the additional methylene group; it could also be influenced by the arrangement 

of the three DPTs within the ASU. For instance, in the ASU of peptide 1, the top two DPTs 

are roughly aligned, while the bottom DPT is shifted left by one aromatic ring (Fig. 4A). In 

contrast, the 9-strand nanofiber of peptide 2 displays all three DPTs aligned within the 

ASU (Fig. 4B). Conversely, in the 6-strand nanostructure of peptide 2, the bottom two 

DPTs maintain a similar orientation to those in the 6-strand nanostructure of peptide 1, 

but the top DPT is shifted left by two aromatic rings (Fig. 4C). This shift results in the outer 

peptide copy within the 6-strand nanostructure of peptide 2 becoming ordered in the 

architecture. 

The interface between peptide subunits across different layers of the ASU along 

the protofilament is quite similar for peptide 1 and peptide 2. As anticipated, this 

interface is formed by both pi-pi interactions within the pi-conjugate core and cross-β 

hydrogen bonds on both sides of the subunit (Fig. 5A). Specifically, for the pi-pi 

interactions (Fig. 5B), the plane-to-plane distance in peptide 1 is approximately 4.4 Å. In 

peptide 2, this distance ranges from 4.7 to 4.8 Å, which aligns with measurements in 

other pi-conjugated peptide systems (REF???). Moreover, since the molecules in 

peptide 1 exhibit a larger tilt angle in their packing arrangement, their ring-to-ring 

distance is 5.0 Å, slightly greater than the 4.8 Å observed in peptide 2 (Fig. 5C). The 

hydrogen bonding networks across all nanofibers are consistent with what's expected 

for cross-β peptide packing (Fig. 5C). While under current resolution (3-4 Å), it's not 

possible to unambiguously determine precise hydrogen bond lengths, the helical 

symmetry indicates that these amino acids adopt a β-sheet packing arrangement. 

 

 



 
Figure 5 | pi-conjugate interface within protofilament. 
The pi-conjugate interface within a single protofilament is analyzed. (A) Three layers of 

pi-conjugates are shown as spheres for peptide 1 and peptide 2. Three copies of the pi-

conjugate within a single ASU are labeled "1," "2," and "3," consistent with previous 

figures. The areas of the pi-pi interface and hydrogen bonds are indicated. (B) Viewing 

from the outside to visualize the pi-pi interface, the subunit rise along the helical axis, and 

the plane-to-plane distance are labeled. (C) The measured ring-to-ring distance and 

detected hydrogen bonds for subunit 1 are shown for both peptide 1 and peptide 2. 

 

Hand of nanostructures and reconcile with previous CD measurements 
Analyzing the axial packing within these nanostructures reveals that the cross-β 

parallel-packed ASUs all adopt a left-handed twist within the protofilament. The rise and 

twist within a protofilament are 4.75 Å and -4.29° for peptide 1, 4.8 Å and -1.32° for the 

9-strand nanostructure of peptide 2, and 4.7 Å and -2.38° for the 6-strand nanostructure 

of peptide 2, respectively. The differences in twist suggest that the three-subunit ASUs 

possess significant plasticity, accommodating variable cross-β interfaces. This left-

handed twist in such cross-β fibers is consistent with numerous protein/peptide amyloid 



structures previously determined28-31. Although cryo-EM imaging does not contain the 

handedness information, our modeling attempts using both chiral forms of cryo-EM maps 

consistently yielded better hydrogen bonding formation in the left-handed protofilament 

maps. Therefore, the observed differences in CD measurements for peptide 1 and peptide 

2 are not attributable to different protofilament chirality.  

Although it is possible in principle to use this structural information in order to 

extract some optoelectronic properties (such as electronic absorption spectra32), in the 

present case, preliminary calculations suggest that the absorption energies reflecting the 

inherent torsional twisting of the isolated PTP chromophore coincide ambiguously with 

bands associated with the pi-peptide as observed experimentally or in calculations of 

dimer structures based off of the structural data reported here. In solution, there is 

anticipated free rotation of these bonds which leads to the broad spectral response in the 

UV-vis absorption (as opposed to one sharp peak for one specific pi-system). As the 

individual aromatic rings approach more coplanar geometries, the HOMO-LUMO gap 

energy should decrease on account of enhanced intramolecular conjugation. Within the 

structural data are different conformations of the pi-cores with dramatically different 

dihedral angles about the C-C single bonds that connect the aromatic rings in the pi-core, 

some of which approach planarity and surprisingly, some which are dramatically driven 

away from planarity. This is likely because, at such a resolution, the cryo-EM map does 

not provide sufficient information to accurately determine the ring's position. Additionally, 

it is possible that the rings have some flexibility within the packed assembly. After helical 

averaging, the resulting density would be an average of these different positions, making 

the modeling process more challenging. Unfortunately, the calculations just of these 

isolated molecular extremes provide spectral transitions in the same region as our 

assigned “molecular” and “H-like aggregates” regardless of any subsequent 

intermolecular interactions. We therefore cannot conclude whether the calculated spectra 

correspond to the geometries of the intermolecular pi-stacking or are inherent to the 

conformations of the molecular precursors which make up the aggregate.  Furthermore, 

the calculation of anticipated circular dichroism outcomes due to the associated 

macromolecular chirality is still elusive. Given that CD spectroscopy provides a bulk 

measurement of the average chirality of all components in solution, the differences in CD 



measurements between peptide 1 and peptide 2 likely arise from the formation of distinct 

nanostructure sets and nucleated from different small aggregates with varying 

intermolecular pi-core orientations in the solution phase. The heterogeneous nature of 

the self-assembled products complicates the deconvolution of individual nanostructure 

species' contributions from the CD spectrum. 

 

 

CONCLUSIONS 

 In this study, we present for the first time high resolution structural details of self-

assembled nanomaterials derived from pi-peptide assembly as extracted with cryo-EM, 

in many cases achieving ca. 3 Å resolution. Previous speculations regarding the similarity 

of the assembly processes of traditional amyloidogenic peptides and these artificial pi-

peptides, which were loosely founded upon inspection of spectroscopic data and 

transmission electron microscopy, are now affirmed with much higher resolution and 

atomistic detail. Unlike related imaging accomplished for other types of protein-based 

nanomaterials, the structures here reveal critical geometric information related to the 

disposition of optoelectronically relevant pi-core groups within the aggregates, whose 

spatial orientations and interactions through space play direct roles in the subsequent 

energy transfer processes operative or possible. We expect that these structural insights 

will prove useful for refining future computational modeling studies on these 

nanomaterials as well as for validating our current efforts to achieve predictive insight on 

how peptide sequence and pi-core variations in these pi-peptides can lead to attenuated 

optoelectronic and energy migration outcomes within these nanoscale assemblies. 

 

  



METHODS 
 
Pi-peptide hydrogel formation. 

Pi-peptide 1 and pi-peptide 2 were prepared according to prior reports19. These pi-

peptides were self-assembled using an identical protocol. First, a 1 mg/mL aqueous 

solution of each conjugated peptide was prepared and gently mixed by pipetting to ensure 

complete dissolution. Then, 100 µL of this solution was transferred to a glass vial. An HCl 

vapor chamber was prepared by placing another glass vial containing concentrated HCl 

(12 N) inside a larger, capped glass jar. The HCl vapor was allowed to diffuse for 5 minutes 

before the peptide solution vial was placed inside. The peptide solution was incubated in 

this chamber for 5 minutes to allow the assembly process to initiate and complete. 

Gelation of the solution was observed for both peptides. The gel sample was diluted 30- 

to 100-fold with water prior to cryo-EM analysis. 

 
Cryo-EM of pi-conjugated peptide nanostructures.  

Each peptide hydrogel sample (4.5 µL) was applied to glow-discharged lacey 

carbon grids and then plunge-frozen using a Leica EM GP2 plunge freezer. Imaging was 

performed on a 300 keV Titan Krios equipped with a Gatan K3 direct electron detector 

camera in counting mode, with a total dose of 50 e-/Å2. The pixel sizes used for peptide 

1 and peptide 2 were 1.12 Å per pixel and 1.09 Å per pixel, respectively. The cryo-EM 

workflow began with patch motion correction33 and CTF estimation in cryoSPARC34. 

Following these steps, "Filament Tracer," an automated segment picking tool, was used 

to pick particles with a 10 Å shift between adjacent segment picks. The resulting particles 

were subjected to several iterations of 2D classification, selecting classes with high-

resolution features for each subsequent round, and removing all "bad" particles, such as 

those at carbon edges or blurred, low-resolution classes. Next, possible helical 

symmetries were calculated from averaged power spectra generated from aligned raw 

particles35. Each possible symmetry (helical rise, twist, and point group symmetry) was 

tested using "Helix Refine" by trial and error until recognizable peptide and pi-conjugate 

features were visible36. After determining the correct symmetry, a local CTF refinement 

was performed, and the CTF-refined particles were used for another round of "Helix 



Refine". The final reconstruction was sharpened using EMReady, and helical symmetry 

was re-applied using himpose37 within the SPIDER38 package. 

 

Model building of pi-conjugated peptide nanostructures 
Because these nanostructures contain predominantly β-sheets, the handedness 

of the cryo-EM maps could not be determined directly from the maps themselves36. 

Therefore, we built the model into both hands of the map, and in all cases, we observed 

that the model built into the left-handed protofilaments had a better overall real-space 

correlation coefficient (RSCC) and more hydrogen bonds between β-sheets. The model-

building process was more complicated than traditional modeling due to the presence of 

a non-standard aromatic DPT molecule in the center and a pentapeptide on each side of 

a DPT molecule, with the N-terminus of each pentapeptide conjugated to the DPT. 

Specifically, to accurately place DPTs into the map, we first defined the entire pi-

conjugated peptide as a single ligand compound using eLBOW39. We then manually 

refined the peptide into the map in Coot40 and subsequently performed real-space 

refinement in PHENIX41. The placement of the entire molecule was guided not only by 

the DPT shape but also by the clearly observed densities of peptide side chains. Afterward, 

the placement of DPT was relatively accurate, but the peptide portion had not been 

refined using known peptide geometry constraints, such as the Ramachandran plot. 

Therefore, we re-defined the central DPT region (including the methylene group in peptide 

2) as a ligand compound, maintained its real-space-refined position, and converted the 

peptide portion into a canonical peptide format. This molecule was then subjected to 

another round of real-space refinement in PHENIX41. The cryo-EM parameters and model 

refinement statistics for the peptide nanostructures are shown in Table 1.  
 
  



Table 1 Cryo-EM data collection and refinement statistics 
Parameters Peptide 1 Peptide 2 (9 strands) Peptide 2 (6 strands) 
Data collection and processing 

Voltage (kV) 300 300 300 

Electron exposure (e− Å−2) 50 50 50 

Pixel size (Å) 1.12 1.09 1.09 

Particle images (n) 304,634 2,342,281 488,485 

Shift (pixel) 10 40 40 

Helical symmetry 

Point group C2 C1 C1 

Helical rise (Å) 4.75 1.60 2.35 

Helical twist (°) -4.29 -120.44 178.81 

Resolution estimation (Å) 

Map:map FSC (0.143) 3.4 2.9 3.2 

Model:map FSC (0.5) 3.6 3.5 4.1 
Refinement and Model validation 

Clashscore 9.9 58.4 35.1 

Ramachandran Favored (%) 98.5 100.0 100.0 

RSCC 0.74 0.86 0.81 

Deposition ID  

PDB (model) 9O7J 9O7K 9O7L 

EMDB (map) EMD-70201 EMD-70202 EMD-70203 

 
Supporting information available 
 wwPDB EM validation results, calculations, analysis of a putative 4-strand 

assembly. 

 

Data availability 

The three-dimensional reconstructions of peptide 1 and peptide 2 nanostructures 

have been deposited in the Electron Microscopy Data Bank with accession codes EMD-

70201, EMD-70202, and EMD-70203. The corresponding atomic models have been 

deposited in the Protein Data Bank with accession code 9O7J, 9O7K, and 9O7L. 
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