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Abstract 
 
Supramolecular materials derived from the self-assembly of engineered molecules continue to 

garner tremendous international interest.  Recent innovations include the realization of nano- and 

meso-scale particles (0D), rods and fibrils (1D), sheets (2D) and even extended lattices (3D).  Our 

research groups have focused attention over the past fifteen years on one particular class of 

supramolecular materials derived from oligopeptides with embedded pi-electron units, where the 

oligopeptides can be viewed as substituents or side chains to direct the assembly of the central 

pi-electron cores.  Upon assembly, the pi-systems are driven into close co-facial architectures 

that facilitate a variety of energy migration processes within the nanomaterial volume, including 

exciton transport, voltage transmission and photoinduced electron transfer. Like many 

practitioners of supramolecular materials science, many of our initial molecular designs were 

designed with substantial inspiration from biologically occurring self-assembly coupled with input 

from chemical intuition and molecular modeling and simulation.  In this article, we summarize our 

current understanding of the pi-peptide self-assembly process as documented through our recent 

publications in this area.  We address fundamental spectroscopic and computational tools used 

to extract information regarding the internal structures and energetics of the pi-peptide 

assemblies, and we address the current state of the art in terms of recent applications of data 

science tools in conjunction with high-throughput computational screening and experimental 

assays to guide efficient traversal of the pi-peptide molecular design space.  The abstract image 

details our integrated program of chemical synthesis, spectroscopic and functional 

characterization, multi-scale simulation, and machine learning which has advanced 

understanding and control of the assembly of synthetic pi-conjugated peptides into 

supramolecular nanostructures with energy and biomedical applications. 
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Introduction 

Hybrid molecules that capture the optoelectronic functionality of pi-conjugated oligomers 

with the self-assembly propensities of small oligopeptides have captured the attention of materials 

researchers at the interface of bio, nano and electronic for well over two decades.  This attention 

could be conceived to have originated from the early compositional introductions of Chmielewski,1 

Bäuerle2 and Nowick3 who joined peptide sequences with pi-electron cores.  This attention is 

currently manifest in the many modern day examples showcasing the structures, morphologies 

and properties of these hybrid bio-electronic materials.4-19  In general, pi-peptide conjugates can 

self-assemble into hierarchical nanostructures such as tapes and fibrils in line with many standard 

oligopeptides that are capable of forming amyloid-like nanomaterials.  Importantly, they offer the 

additional ability to foster intermolecular pi-stacking of the electronic cores which is requisite for 

energy migration in a broad sense.  Thus, pi-peptide structures offer the additional prospects of 

organic electronics as packaged within a biocompatible vehicle suitable for aqueous deployment. 

 Our work in this area was first reported in 2008, when Diegelmann et al. described the 

synthesis of a bithiophene-based “amino acid” that could be incorporated into oligopeptide chains 

via solid-phase peptide synthesis thus leading to a peptide-pi-peptide triblock architecture.20  In 

2010, Vadehra et al. described a serendipitous finding whereby biselectrophiles such as diacids 

or dianhydrides could essentially cross-link resin bound oligopeptides via double acylation or 

imidation.21  In 2012, Sanders et al. reported the preparation of longer pi-electron components via 

a piece-wise synthesis approach using Pd-catalysis to join pi-groups within the peptide cores.22  

These synthetic developments allowed us to readily tune the nature of the internal pi-electron 

core as well as the sequence and directionality of the presented oligopeptide sequences 

expressed on the core.  The impact of these structural variations on the nature of the 

intermolecular electronic coupling that evolved was assessed via careful interrogation of the 

resulting electronic properties (via UV-vis, circular dichroism and photoluminescence 
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spectroscopy) and morphological outcomes (AFM and TEM).  We were not alone in pursuing 

these pi-peptide triblock architectures, as several concurrent studies were published shortly 

thereafter.23-25  

 Following our initial explorations of sequence and pi-unit structure space, several 

limitations became clear.  First was the lack of incisive computational corroboration for both the 

electronic coupling outcomes and for the observed nanostructures, both of which require intimate 

knowledge of the internal intermolecular structure. We were in essence trying to piece together 

this internal structure by way of simplistic energy minimization protocols.  Second was a 

recognition of the limitations imposed by pure intuitive or Edisonian material design.  Our initial 

peptide sequence selections were based on inspiration from known amyloid-forming peptides, 

and we expanded into simplistic consensus sequences derived from chemical intuition.  These 

simple sequences worked in a variety of cases, and we made only minor modifications around 

this local minimum rather than seek out more aggressive shake-ups in structure space.   

 Almost ten years ago, the authors initiated a collaboration as connected by mutual 

collaborator Dr. William Wilson, who at the time was with one of us (A.L.F) at the University of 

Illinois following a prior appointment interacting with one of us (J.D.T.) at Johns Hopkins 

University.  This connection would prove to be quite productive as evidenced by several joint 

publications and research grants and a continuingly expanding collaboration .  Many fruits of this 

research – both to expand on the sequence and function of the pi-peptide materials and to 

understand their assembly – have been documented in this journal over the past decade.  In this 

Feature Article, we will highlight our current understanding of how to understand, predict, 

manipulate and control self-assembly and electronic processes within pi-peptide frameworks. 
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Pi-peptide primer: structure, assembly, morphology, electronic outcomes 

The molecular structure of our peptide-pi-peptide triblock architecture consists of two primary 

constituents:  a central pi-conjugated core structure and two flanking oligopeptide sequences.  For 

our purposes, three to five amino acid residues suffice.26  We demonstrated the viability of a rich 

diversity of central pi-cores, spanning hole-transporting oligothiophenes,22 electron transporting 

perylene diimides,21 polymerizable diacetylenes27 and fluorescent oligophenylene vinylenes.  

Three- and four- fold peptide functionalization is possible on discotic 2D pi-electron systems.28  In 

principle, any suitably functionalized pi-core should be amenable to peptide functionalization 

provided the core is tolerant of the peptide synthesis chemistry.  The specific peptide sequences 

are similarly quite vast, where individual residues can be selected in order to impart a particular 

solubility, assembly propensity or bioactivity.  

 These molecules can be driven to self-assemble similar to standard oligopeptides.  In our 

pi-peptides, we typically rely on acidic amino acid residues such as aspartic or glutamic acid to 

confer solubility of the pi-peptide molecules under basic pH due to the deprotonation and solvation 

of the carboxylic acids presented on the pi-peptide (left vial in Figure 1a).  Under acidic conditions, 

the charge screening of the carboxylates provokes extended self-assembly into a variety of fibrillar 

nanostructures (Figure 1b).  In the most basic representation, we can envision the assembly to 

occur via extended hydrogen bonding networks between the peptides in geometries that enable 

pi-stacking between the embedded pi-cores, as illustrated simplistically in Figure 1c.  The 

outcome of this process is generally the formation of 1-D nanostructures that maintain structural 

dimensions of the starting pi-peptide, although bundled structures under ca 10—15 nm are 

commonly observed via AFM and TEM.  Macroscopically, at sufficient concentration, this 

supramolecular polymerization leads to the formation of self-supporting hydrogels due to the 

entanglement of the resulting 1-D nanostructures (right vial in Figure 1a).  
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Figure 1.  Macro to micro depictions of pi-peptide self-assembly.  Vials of pi-peptides in water 

illuminated with a hand-held UV lamp (a) under basic conditions (at left) and under acidic 

conditions (at right) showing the self-supporting hydrogel formation in the latter.  AFM visualization 

(b) of the 1-D nanostructures that form in the acidic medium.  An energy-minimized model (c) of 

the resulting assembled fibril-like 1-D structures.  UV-vis and PL (d) and CD (e) spectra highlight 

the optoelectronic changes that occur upon the transition from basic pH (dotted lines) where the 

pi-peptides are expected to be essentially molecularly dissolved to acidic pH (solid lines) where 

they are assembled and driven into exciton coupled organization.  Reprinted with permission from 

Ref. 29.  Copyright 2015 John Wiley and Sons.  

 

 The self-assembly process is also accompanied by general spectroscopic changes (UV-

vis, photoluminescence, circular dichroism, Figure 1d-e) that reveal the electronic nature of the 

internal organization within the resulting nanostructures.  Although peptide structure can be 

grossly interrogated via peptide n-pi* interactions among the amide bonds, pi-peptides have an 
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added element of pi-core pi-pi* transitions which depend on the nature of the internal 

chromophore.  Under conditions that promote molecular dissolution (typically, basic pH to 

deprotonate any carboxylates), the spectral properties of a particular pi-peptide are simply those 

of the embedded pi-core.  There is negligible circular dichroism response associated with the 

lower energy pi-pi* transitions (at 300 nm and higher) due to the lack of molecular chirality of the 

pi-core.  However, upon self-assembly, important spectral details can be extracted which are 

associated with the phenomenon of exciton coupling as the transition dipoles of the internally 

embedded pi-cores come into closer proximity.  This important aspect is generally manifest in a 

blue-shifted absorption profile, a quenched photoluminescence, and a pronounced CD response 

associated with the intermolecular interactions of pi-cores in the chiral aggregates formed during 

peptide-driven assembly. 

The specific processes and outcomes of this assembly vary depending on the nature of the 

internal pi-conjugated core, and as such they will not be discussed in depth here.  Interested 

readers can gain more insight about these foundational processes in our prior review articles 

specific to these pi-peptide materials.26, 29  Suffice it to say that these important spectral 

observables underlie the important functional outcomes of this assembly in terms guiding a variety 

of energy transfer applications within these nanomaterials,30 spanning exciton energy transfer,31 

carrier mobility32 and electron-transfer behavior.33-34  Rather than describe case-by-case 

examples, in this article we will describe our evolution in thinking about how to understand and 

control the pi-peptide assembly process.  This will take us on a journey through experimental and 

computational design, many of the results of which have been reported in Langmuir over the past 

decade. 
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Sequence variation of electronic coupling 

After our initial synthetic developments led us to general routes to include different pi-

electron core structures, we next sought to learn how to vary the electronic couplings within the 

nanomaterials by way of peptide modifications.  The ease of solid-phase peptide synthesis 

allowed us to achieve subtle tuning of the “side-chains” of the pi-electron units in quick order.  We 

anticipated that this could be used as a proxy for the side-chain engineering of alkyl chains that 

also have a dramatic impact on pi-core solid-state organization.35  Starting from a DFAG 

tetrapeptide sequence identified in our early work as being useful to promote pi-peptide assembly, 

we systematically varied the amino acids in the three positions closest to the pi-core thus leading 

to three libraries of pi-peptides: DFAX, DFXG and DXAG, where X denotes the point of residue 

variation (that is, directly next to, one residue removed and two residues removed, respectively, 

from the central pi core, Figure 2).36  In basic pH, these libraries all generally showed the same 

spectral outcome, as expected for the same chromophore in essentially molecular isolation.  

However, upon acidification, dramatic differences were observed.  For example, in the DFAX 

library, we noted that larger bulky hydrocarbon residues (isoleucine, phenylalanine) led to very 

strong electronic coupling, while smaller residues (glycine) led to disordered excimer-like states, 

both as determined by the stark differences in photoluminescence features between these two 

extreme states (Figure 2a).  These assignments are inspired by seminal experimental and 

theoretical studies on crystalline oligomeric pi-electron aggregates.37-39  Although there was a nice 

trend for the DFAX series, it was actually counter to what we anticipated intuitively: we expected 

that the larger residues would lead to less coupling due to steric packing concerns.  To complicate 

matters, DFXG and DXAG libraries did not present any clear trends, a demonstration that there 

is no “one size fits all” explanation of structure-function space in these seemingly simple pi-

peptides. 
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Figure 2.  Permutations of an OPV-based pi-peptide bearing four amino acid residues on each 

peptide flanking wing led to a series of “site-directed mutants” (top) with specific alteration of 

residue size and hydrophobicity at different positions with respect to the central OPV core. UV-

vis spectroscopy (a) revealed different extents of coupling strengths as manifested in strong 

vibronic features (DFAV, purple trace), broad excimeric features (DFAG, black trace) and 

combinations thereof (DFAA, red trace).  Computational studies show a distribution in the 

probability density function (pdf) over twist angles Δθ between adjacent peptides (b) following 

relaxation from an organized assembly with an initial offset of 10° between peptides in a 1-D 

stack.   Adapted with permission from Ref. 36.  Copyright 2014 American Chemical Society.  

 

 It was at this point that the Baltimore team made the tag to bring the (then) Urbana-

Champaign team to the mat.  To gain insight into the observed experimental trends, we performed 

our first molecular modeling studies of pi-peptide families to better understand the molecular 

behaviors underpinning the structural and functional properties of the self-assembled 

nanoaggregates. Our initial computational forays employed all-atom classical molecular dynamics 

simulations to predict the spacing and twist angles between nearest-neighbor pi-peptides in 1D 
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nanoaggregates as a function of peptide sequence (e.g. Figure 2b).36 Focusing initially on the 

DFAX, DFXG and DXAG families, our modeling results demonstrated that larger amino acid 

residues tended to result in closer intermolecular packing of the pi-peptides within the 

supramolecular aggregates. This finding was consistent with, and provided a molecular level 

rationalization for, the experimentally measured photophysical trends: bulky residues placed 

close to the pi-core produce enhanced dispersion interactions that lead to closer intermolecular 

spacings and enhance exitonic couplings between pi-core transition dipoles.  

The success of these initial computational studies in providing molecular-level rationalization 

of experimental trends and in guiding new modalities of design thinking in our rational engineering 

efforts led to a rapid expansion in the computational effort and seeded a robust 

experimental/computational collaboration that came to define our subsequent investigations of 

these materials. To date, our computational program has incorporated all-atom, coarse-grained, 

and ultra-coarse-grained classical molecular simulations, first principles density functional theory 

calculations, and machine learning-enabled design strategies employing deep representational 

learning, high-throughput virtual screening, Bayesian optimization, and hybrid 

experimental/computational active learning strategies. We touch on many of these aspects 

throughout the remainder of this review. 

 Based on our synthetic strategies, another structural variable at our disposal was the 

sequence directionality of the peptide backbone with respect to the central pi-electron core.  Our 

initial designs had one uniform N-to-C directionality, and thus, one N terminus and one C terminus 

for a particular pi-peptide.  Later synthetic innovations simplified the preparative chemistry but 

now directed the peptides to emanate from the pi-core in the same sense, that is, providing two 

C termini to the pi-peptide molecule.  In principle, the peptides with the single N and C termini, 

dubbed “non-symmetric” peptides, would need to form a tighter anti-parallel beta-sheet type of 

structure in order to achieve intimate intermolecular pi-electron coupling, while “symmetric” 
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peptides with two C termini would need to form a parallel beta-sheet to achieve the same type of 

coupling.  We posited that these differences would be manifest in the extent of exciton coupling, 

so we prepared two peptides based on the same DFAG residue presentation relative to a central 

oligophenylene vinylene core, but that varied in the sense of the C-to-N directionality (Figure 3 

top).40   From a first glance, clear differences were indeed noted: the symmetric case with the less 

organized hydrogen-bonding network provided signatures associated with a disordered excimer 

state (Figure 3a) while the non-symmetric case showed evidence for more tightly coupled 

chromophores (Figure 3b).  However, direct comparisons are complicated by the fact that the 

electronic nature of the central pi-core in these two molecules slightly differs: the symmetric pi-

peptide bears two carboxamide substituents while the non-symmetric version has one 

carboxamide and one N-acyl substituent. 

 

Figure 3.  Depictions of non-symmetric and symmetric OPV pi-peptides (top) which yielded 

different excited state outcomes upon assembly as revealed by PL spectroscopy (solid traces in 

a and b, respectively).  The dotted lines reflect the dissolved pi-peptide in basic pH.  Adapted with 

permission from Ref. 40.  Copyright 2014 American Chemical Society. 
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All-atom, coarse-grained, and patchy particle models of pi-peptide assembly 

 Motivated by a desire to gain understanding of the molecular structures adopted by the 

various dimers described in the previous section, we conducted all-atom molecular dynamics 

simulations employing enhanced sampling techniques to calculate the structure and free energy 

of the dimer as a function of the pi-core chemistry and orientation of the peptide wings.40 Our 

calculations revealed that the thermodynamic favorability of dimer formation could be strongly 

tuned by the directionality of the peptide wings, and that for a smaller pi-core the non-symmetric 

peptides produced more strongly bound dimers, whereas for a larger pi-core this trend inverted. 

A decomposition of the calculated free energy of dimerization into its constituent energetic and 

entropic components also proved valuable in advancing understanding of the molecular driving 

forces mediating assembly. Somewhat unexpectedly at the time, we found dispersion interactions 

to be a primary mediator of this interaction, accounting in some cases for as much as 79% of the 

dimerization interaction energy. This finding stood contrary to prior assumption and expectation 

that hydrogen bonds were the stabilizing interaction of paramount importance and this result 

guided our design thinking towards engineering dispersion interactions to control assembly. 

 Building upon this work, we conducted more detailed characterization of the 

thermodynamics and kinetics of multimerization of DFAG-OPV3-GAFD peptides containing an 

oligo-phenylenevinylene (OPV) core.41 With regards to thermodynamics, all-atom calculations in 

explicit solvent revealed a favorable dimerization free energy of ΔF ≈ -15 kBT and an even more 

favorable and approximately constant free energy of association for additional monomers of ΔF 

≈ -25 kBT.  Decomposition of the free energy into its constituent contributions revealed that dispersion and 

Coulombic interactions distributed across both the pi-cores and peptide wings play a significant role in 

mediating the enthalpy of dimer formation.40,41  Interestingly, even in the high-pH state in which the 

four carboxyl groups within the C-terminal Asp residues are deprotonated and the pi-peptides 

carry a (-4) net charge, we predicted the formation of small oligomers containing several 



 13 

molecules to be thermodynamically spontaneous driven by favorable dispersion interactions. This 

led to the computational prediction that pi-peptides should exist as multimers under high-pH 

conditions, as opposed to monomers stabilized by Coulombic repulsion as previously thought. 

This prediction was subsequently experimentally validated using dynamic light scattering and 

fluorescence correlation spectroscopy.42 This result updated our understanding of the acid-

triggered assembly of elongated nanoaggregates to proceed not by simple monomeric addition, 

but by the agglomeration of pre-existing oligomers.  

Turning to kinetics, we used our explicit solvent calculations to perform bottom-up 

parameterization of an implicit solvent model that enabled us to reach longer time and length 

scales and directly simulate the self-assembly of hundreds of molecules over tens of ns on 

commodity compute clusters (Figure 4a).41 By fitting a continuous time Markov chain (CTMC) to 

the data, we constructed a predictive model for the short-time (≲100 ns) assembly kinetics. The 

predictions of the CTMC model were in good agreement with the simulation data and predicted a 

hierarchical assembly mechanism wherein light aggregates reorganize and assemble into 

ordered β-sheet-like stacks that subsequently agglomerate into larger disordered aggregates with 

internal structural relaxation time scales exceeding several tens of ns. Interestingly, this assembly 

mechanism is reminiscent of that previously reported for amyloid fibrils that share substantial 

chemical similarity with pi-peptides.43-48 

 Our development of a computationally inexpensive implicit solvent model motivated us to 

construct additional models at increasing degrees of coarse-grained resolution to probe even 

larger length and time scales in order to directly observe the later stages of assembly. We 

employed the popular Martini force field49-50 to develop a bead-level coarse-grained model for the 

DFAG-OPV3-GAFD peptide and used Boltzmann inversion51 to recalibrate the bonded 

interactions against all-atom, explicit solvent simulation data.52 The resulting coarse-grained 

model was validated against all-atom distribution functions and free energy profiles, and then 
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used to conduct simulations of hundreds of pi-peptides over hundreds of ns. In pleasing 

consistency with the predictions of our implicit-solvent all-atom calculations, we indeed find 

assembly at high-pH from an initial monomeric dispersion produces a distribution of oligomers 

containing up to eight molecules over the course of ~300 ns. Assembly is self-limiting due to the 

buildup of negative charge within the growing oligomer that thermodynamically disfavors further 

growth. At low-pH, we also observed good consistency with our prediction of a hierarchical 

assembly mechanism and the irreversible production of well-aligned dimers, trimers, and 

tetramers that form the building blocks for larger and more disordered ellipsoidal and branched 

aggregates (Figure 4b). These larger structures ultimately grow to incorporate all molecules in the 

system and undergo internal structural ripening on time scales exceeding hundreds of ns. The 

large size of our simulation cell enabled us to perform structural characterization of the self-

assembled branched nanoaggregates to show that they are fractal networks with fractal 

dimensionality of ~1.5. Fitting of a Smoluchowski coagulation model53 to the irreversible 

aggregation kinetics revealed assembly to be self-similar with cluster size in the limit of long times 

and large cluster sizes, weakly dependent on the initial conditions, and possess a consistent 

assembly mechanism that does not change with concentration. This provided deep insight into 

the fundamental molecular mechanisms underpinning pi-peptide assembly and the existence of 

an emergent simplicity in the dynamics of assembly that are well-described by a simple analytical 

model with a single adjustable parameter. In follow-up work, we further interrogated this coarse-

grained model to provide molecular understanding of the observation that slow acidification can 

produce more ordered self-assembled aggregates54 and show that shear flows used to guide 

assembly in experimental protocols only influence the orientation and aggregation of clusters at 

length scales of hundreds of monomers over time scales of hundreds of nanoseconds.55  

 To further push the envelope of accessible length and time scales further, we developed 

an ultra-coarse-grained patchy particle model capable of comfortably simulating ten thousand pi-
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peptides over time scales of hundreds of microseconds and length scales of hundreds of 

nanometers.56 Contrary to the bottom-up parameterization scheme adopted in the development 

of the implicit solvent and Martini bead-level models, in this case we adopted a top-down strategy. 

We designed a rigid particle formed by the union of several spheres designed to approximately 

mimic the excluded volume and direction interactions of a generic DXXX-Π-XXXD pi-peptide, and 

specified appropriate parameter ranges based on all-atom and Martini models of molecules 

containing experimentally accessible pi-cores and the full range of amino acids in each flanking 

peptide sequence. Our simulations revealed the formation of a porous fractal network at length 

scales ≳30 nm (tens of peptide lengths) with fractal dimensionality of ~2 regardless of the 

particular choice of model parameters (Figure 4c). The branches within this network correspond 

to linear supramolecular aggregates containing tens of stacked peptides, and the network nodes 

to the intersections of these pseudolinear aggregates. The morphology is reminiscent of 

experimentally observed “matted hair” structures formed by pi-peptides under quiescent 

conditions.57 Indeed, hydrodynamic forces are frequently employed in experimental assembly 

protocols to break up this network and align the strands into long pseudolinear nanoaggregates 

comprising ca. 1-2 thousand stacked molecules per micron.27, 58 At shorter length scales between 

1 nm and 30 nm corresponding to the length scale of single fibrillar branches, we observe a fractal 

dimensionality that depends on the particular model parameters but – in good agreement with our 

Martini-based bead-level model – is centered on ~1.5. We also performed Pareto optimization of 

the model to discover parameter regimes leading to the formation of pseudolinear aggregates 

with maximally ordered pi-core stacking – a prerequisite for high mobility intermolecular charge 

transport – and identify specific sequences within the DXXX-OPV3-XXXD family consistent with 

these parameter values. In addition to providing new understanding of the large-scale structure 

of the self-assembled aggregates, the model was used to prospectively identify promising new 

peptide sequences not previously explored in experiment. This application of our molecular 
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models for predictive sequence identification was a turning point in our work that led us to 

integrate our molecular models into high throughput virtual screening pipelines, data-driven 

modeling paradigms, and active learning loops to guide rational traversal and filtration of the vast 

pi-peptide sequence space to identify the most promising candidates for experimental synthesis 

and testing. We discuss aspects of these more recent efforts below. 

 

 

Figure 4. Computational screening, discovery, and design of pi-peptides using molecular 

modeling at multiple scales. (a) Implicit solvent molecular dynamics simulations enable the direct 

observation of multimerization events of DFAG-OPV3-GAFD pi-peptides over tens of 

nanoseconds to reveal the molecular mechanisms of peptide oligomerization and structural 

a

b c



 17 

ripening. (Image adapted from Ref. 41: Thurston et al. “Thermodynamics, morphology, and 

kinetics of early-stage self-assembly of π-conjugated oligopeptides” Mol. Sim. 42 12 955-975 

(2016) doi:10.1080/08927022.2015.1125997, reprinted by permission of the publisher Taylor & 

Francis Ltd.) (b) A bead-level coarse-grained model enables simulation of the assembly of 

hundreds of DFAG-OPV3-GAFD pi-peptides over hundreds of nanoseconds to characterize the 

formation and structure of branched aggregates with a fractal dimension of ~1.5. (Adapted with 

permission from Ref. 52: Mansbach and Ferguson “Coarse-Grained Molecular Simulation of the 

Hierarchical Self-Assembly of π-Conjugated Optoelectronic Peptides” J. Phys. Chem. B 121 

1684−1706 (2017) doi:10.1021/acs.jpcb.6b10165. Copyright 2017 American Chemical Society.) 

(c) A patchy particle model enables the simulation of ten thousand DXXX-Π-XXXD pi-peptides 

over hundreds of microseconds enabling observation of the formation of a large-scale porous 

fractal network reminiscent of the “matted hair” aggregates in experimental assembly in quiescent 

solvent. (Adapted with permission from Ref. 56: Mansbach and Ferguson “Patchy Particle Model 

of the Hierarchical Self-Assembly ofπ-Conjugated Optoelectronic Peptides” J. Phys. Chem. B 

122 10219−10236 (2018) doi:10.1021/acs.jpcb.8b05781. Copyright 2018 American Chemical 

Society.) 

  

Alkyl dilution and peptide field effects 

Humanity has divined complex explanations from simple observations for centuries, 

turning to tea leaves, scattered bones, rune stones and palm lines for insight.  Our interpretation 

of spectral signatures could be similarly classified, as the complex phenomena associated with 

pi-electron interactions belie the seeming simplicity associated with spectral features.  For 

example, in the aggregation of pi-electron units, there are two major operative processes that lead 

to the observed spectral outcome:  exciton coupling, which for an H-type (cofacial) aggregate 
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expected within our pi-peptides should lead to a blue-shift in absorption, and planarization, which 

due to the enhanced intramolecular pi-conjugation should lead to a red-shift.  In some of our early 

examples, the spectral signatures associated with tightly coupled states actually fell within the 

spectral envelope of the “molecularly dissolved” chromophore, thus leading to some ambiguity in 

our assessments.  To further interrogate these competing influences, we posited that a non-

conjugated alkyl group could serve as an electronically silent proxy for the central pi-conjugated 

core of our pi-peptides,59 allowing us to probe the electronic changes the pi-peptide undergoes  

during the self-assembly process but without the associated exciton coupling.   

 For this study, we prepared two different pi-peptides, one relatively hydrophilic (D: R = 

CH2COOH, Figure 5) and one relatively hydrophobic (V: R = CH(CH3)2, Figure 5).  Both pi-

peptides were separately co-assembled with the corresponding inert alkyl peptide at different 

ratios.  The expectation was that the pi-peptides would be the minority component of a statistical 

co-assembly, thus effectively being electronically decoupled from each other.  The hydrophilic pi-

peptide showed spectral properties consistent with this dilution: co-assembled aggregates 

presented UV-vis and PL signatures suggesting an isolated OPV unit that coincided with the 

spectra from the molecularly dissolved peptide at basic pH (blue cartoons in Figure 5).  On the 

other hand, the hydrophobic peptide showed evidence for self-sorting leading to apparent “block-

like” supramolecular polymers showing distinct evidence for exciton coupling among the OPV 

units (red cartoons in Figure 5), even at 5 mol% dilution within the electronically silent matrix.  

These findings were corroborated by circular dichroism studies revealing that the pi-cores in the 

hydrophilic co-assemblies were isolated in chiral environments as expected from peptide 

assembly (black dotted line in Figure 5a), but that the pi-cores in the hydrophobic co-assemblies 

were actually undergoing exciton coupling due to the self-sorting (black dotted line in Figure 5b).  

This finding was further challenged in an oligothiophene pi-peptide similarly diluted but with 

internally di-methylated thiophenes that further contorted the planarity of the oligothiophene at the 
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molecular level.60  The torsional constraint impacted the extent of conjugation and coupling within 

the diluted nanostructures, in a manner that could be tuned via thermal annealing as a way to 

further influence the optoelectronic properties. 

 

Figure 5.  Hydrophilic (DDD) and hydrophobic (DVV) pi-peptides and inert alkyl peptides were 

used for dilution studies.  The DDD pi-peptides as minority components showed statistical dilution 

(blue cartoons) while the DVV pi-peptides showed evidence for self-sorting into “blocks” (red 

cartoons) as evidenced through CD spectroscopy (a and b respectively).  The wavelength scale 

for the central PL spectral plots is ca. 375-650 nm.  Adapted with permission from Ref. 30 

(Copyright 2018 Institute of Physics) and Ref. 59 (Copyright 2017 American Chemical Society). 

 

Variation of internal structure: alkyl spacers 

A final example showcasing the impact of new molecular variations comes from our work to 

install alkyl spacers between the central pi-cores and the flanking peptide sequences.61  As 

alluded to above, the nature of the synthesis strategy dictates the constitution of the covalent 



 20 

linker joining peptide to pi.  In our symmetric pi-peptides with two C-termini, these linkers are 

carboxamide functionalities which are anticipated to serve as electron-withdrawing substituents 

with respect to the relatively electron-rich pi-cores.  Therefore, when considering these pi-peptides 

as bioorganic semiconductor candidates, their hole-transporting ability might be compromised 

relative to traditional unsubstituted variants.  Although we have measured remarkable mobilities 

for several types of pi-peptide nanostructures, we thought we could push these values even 

higher by electronically decoupling the electron-withdrawing carboxamide linker from the central 

pi-core.  A simple variation of our solid-phase “on-resin dimerization” synthetic strategy allowed 

us to do this in short order, where we could include 1, 2, or 3 carbon spacers between the central 

pi-core and the peptide wings (Figure 6).61  We targeted these different lengths cognizant of the 

weak pi-character invoked within methylene units and of the conformational impacts these carbon 

chains might pose on overall molecular geometry and subsequent ability to organize into 

supramolecular polymers. 

 

Figure 6.  Different helical orientations available to pi-peptides bearing different internal spacer 

lengths, as revealed by CD spectroscopy.  Reprinted with permission from Ref. 61.  Copyright 

2019 American Chemical Society. 

 

 Indeed, the installation of the carbon spacers led to isolated pi-cores not subject to 

extended conjugation with the carboxamide linkers.  Despite different conformational orientations 
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possible within the different linkers, all pi-peptides still formed 1-D fibrillar nanostructures thus 

indicating that the basic assembly paradigm was not altered due to alkyl group conformational 

constraints. Completely unexpected though was the observation of periodic inversion in the 

observed helicity of the exciton coupling as the carbon length was altered, as observed in the 

reversal of the Cotton effect in the CD spectra (Figure 6).  This alteration followed an “odd-even” 

trend whereby 0 and 2 carbon spacers yielded M-type helicity (left-handed twists) while 1 and 3 

carbon spacers yielded P-type helicity (right-handed twists).  This observation held for a variety 

of central pi-cores which themselves presented different geometric considerations, and they all 

were appended to the same VEVAG peptide sequence.  

To ascertain the underlying molecular determinants of these chiral behaviors, we 

employed all-atom molecular dynamics simulations of pi-peptide dimers coupled with enhanced 

sampling techniques to comprehensively sample the range of potential twist angles and 

interpretable machine learning techniques to isolate the critical determinants of the chiral 

inversion.61  Our simulation results were consistent with the experimental observations of P-type 

preference for odd-length spacers and M-type for even, and our data-driven analysis resolves 

hydrogen bonding and the steric packing of hydrophobic side chains to be the chief factors 

dictating supramolecular chirality. This understanding furnished previously unknown design rules 

and actionable principles by which to rationally engineer chirality into these supramolecular 

assemblies.  For example, our computational analysis indicated that the valine and alanine 

substituents on a VEVAG pentapeptide that were placed closest to the central pi-core had 

substantial influence on the self-assembly.  To challenge this finding, we systematically swapped 

the configuration of these centers (using D- and L-amino acids) and probed the resulting 

chiroptical properties.62  These changes led to systematic alterations of the expressed 

macromolecular chirality, whereas changing more distal residues (such as the configuration of 
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the terminal valine) did not lead to appreciable variation of chirality as observed by circular 

dichroism. 

 

Predictive modeling 

The vast size of chemical space spanned by the Xn-Π-Xn pi-peptides – where Xn denotes 

a string of n amino acids and Π a pi-conjugated core – means that Edisonian trial-and-

improvement experimentation presents an inefficient means to identify the top performing 

sequences. Chemical intuition and experimental experience are enormously valuable in 

predicting good candidates for the pi-cores and peptide wings, but computational screening and 

active learning approaches present the opportunity to perform more principled and efficient 

exploration of chemical space to identify lead candidates for experimental testing.  

We employed a computational screen within the context of our work on the role of the alkyl 

spacer between the pi-core and peptide wings in governing structural assembly and photophysical 

properties. We designed the screen to consider VEVAG-Π-GAVEV molecules with six possible 

pi-cores and alkyl spacers containing 0-3 carbon atoms.63 We employed a multi-scale 

computational protocol combining (i) classical all-atom molecular dynamics simulations to 

compute the emergent structure of the self-assembled nanoaggregates, (ii) first principles density 

functional theory calculations to predict the stability and mobility of electrons and holes within 

these aggregates, and (iii) Marcus theory to turn these computed quantities into a prediction of 

the intermolecular charge mobility. The screen identified top performing molecules with electron 

mobilities of up to 0.143 cm2 Vs−1 and hole mobilities of up to 0.224 cm2 Vs−1. The screen was 

also useful in furnishing new understanding and design rules. Specifically, we identified particular 

pi-cores that did and did not favor high charge mobility and determined charge mobility to be anti-

correlated with alkyl spacer length suggesting that elimination of the alkyl spacer entirely may 

enhance charge transport.  
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Our multi-scale model also enabled us to perform a deeper analysis of the DXX-OT4-XXD 

pi-peptide family containing a quaterthiophene pi-core to gain insight into the interplay between 

molecular and electronic structure.64 Molecular dynamics simulations revealed that smaller amino 

acid residues promoted linear stacking of neighboring molecules, whereas bulkier ones tended to 

induce larger relative twist angles. Density functional theory calculations showed the absorption 

spectrum to be dominated by transitions between carbon and sulfur p orbitals and relatively 

insensitive to the twist angle. In contrast, the highest occupied molecular orbital (HOMO) was 

found to be quite sensitive to the relative twist, changing from shared between the two neighboring 

molecules at small angles (i.e., for linear, in-register stacking of the pi-cores) to becoming strongly 

localized on one molecule at larger angles and hindering intermolecular charge transport. This 

study provided actionable principles to engineer charge transport by selecting peptide sequences 

that produce linear stacking and good sharing of the HOMO between neighboring pi-peptide 

cores. 

We also deployed computational screening to develop a surrogate model linking pi-

peptide sequence to the quality of alignment of the pi-cores within the emergent self-assembled 

nanoaggregates.65 Focusing on the DXXX-Π-XXXD family with perylene diimide (PDI) and 

naphthalene diimide (NDI) pi-cores, we constructed a surrogate quantitative structure-property 

relationship (QSPR) model linking pi-peptide sequence to oligomerization thermodynamics (i.e., 

dimerization and trimerization free energies) and alignment quality. The model was trained over 

26 point mutants of the DFAG-Π-GAFD molecule and constructed in physically motivated and 

inexpensive physicochemical descriptors. We then used the surrogate model to conduct a high 

throughput virtual screen (HTVS) of 9826 candidates within the DXXX-Π-XXXD design space and 

identify top performing candidates with good predicted alignment. In doing so, we identified 

DAVG-PDI-GVAD as a promising and previously unstudied pi-peptide that we subsequently 

validated in molecular dynamics simulations. The model also exposed an optimum in the 
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dimerization and trimerization free energies that maximally promotes the formation of well-aligned 

nanoaggregates, presenting an actionable design rule for pi-peptide sequence engineering. 

Based on this computational insight, we prepared this DAVG PDI peptide along with a 

DAIA PDI peptide, another sequence identified as fostering high co-facial intermolecular 

orientation.66  As predicted, the DAVG sequence yielded spectroscopic properties indicative of a 

strongly cofacial organization, while the DAIA sequence showed evidence for less structured 

stacking that is common for PDI aggregates (Figure 7).  We hypothesized that, in line with our 

prior work on the DXXX peptides discussed above, the alanine and glycine residues most 

proximal to the central pi-core were playing a major role in dictating the assembly outcomes.  We 

therefore designed a new set of peptides VEVXG and VEVXA whereby the X residue was a small 

screen of “hydrophobic” residues (Gly, Ala, Val, Phe).  VEVXG peptides showed behavior 

comparable to DAVG while VEVXA peptides were comparable to DAIA.  This highlights a general 

structure feature of the proximal amino acid residue to impact PDI aggregate photophysics in 

these pi-peptide nanomaterials and reveals the importance of computational screening to identify 

new leads from which intuitive extensions can be made. 

 

Figure 7.  Two distinct regimes of electronic coupling that were revealed with the help of 

computational screening.  DAVG pi-peptides (and others bearing proximal glycine residues) 

showed greater preferences for cofacial packing (top) while DAIA pi-peptides (and others bearing 
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proximal alanine residues) showed more shifted coupling (bottom).  Reprinted with permission 

from Ref. 66.  Copyright 2021 American Chemical Society.  

 

A deficiency of one-shot virtual screens is that there is no provision for feedback and 

iteration wherein the results of the screen are used to prospectively identify putatively superior 

new sequences to incorporate into the screen. Active learning strategies present a powerful 

means to build a data-driven model over the space of molecules screened to date and use this 

model to guide rational traversal of the design space by identifying promising new candidates. 

These candidates are then screened, the model updated, and additional candidates proposed 

within a virtuous cycle: the model accuracy improves with each round and is therefore better able 

to prospectively identify top performing candidates. The process is terminated when a sufficient 

number of candidates meeting the design criteria are identified or no further improvements are 

observed over a number of iterative rounds. We integrated an active learning protocol with our 

Martini-based bead-level model to screen the 8000 members of the DXXX-OPV3-XXXD family of 

pi-peptides containing an oligophenylenevinylene pi-core.67 Our surrogate model linked the 

peptide wing sequence to the degree of assembly of pseudolinear nanoaggregates observed in 

molecular simulations. We used a variational autoencoder68 to provide a learned low-dimensional 

featurization of the molecules and Gaussian process regression69 to construct a quantitative 

model linking sequence to nanoaggregate structure. We then closed the active learning loop by 

interrogating the regression model using Bayesian optimization70 to select the next batch of 

sequences for molecular simulation. We seeded the active learning screen with simulations of 90 

randomly selected sequences from the design space, and then conducted 25 rounds of active 

learning sampling up to four molecules per round. After sampling a total of 186 candidates 

comprising just 2.3% of the total design space, we ceased to see any additional improvements in 

the model or its predictions and terminated the screen. We used the terminal model to make a 
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priority ranking of all 8000 DXXX-OPV3-XXXD molecules that was both consistent with existing 

physicochemical understanding of which amino acid residues lead to good assembly behavior 

and identified novel sequences predicted to exhibit superior assembly behaviors to those 

previously reported.  

Very recently, we employed both computation and experiments within an active learning 

paradigm (Figure 8).71 In doing so, we have incorporated experimentation directly within the active 

search rather than just as a post hoc test of the computational predictions. This paradigm is 

extremely powerful in enabling the surrogate models to learn and receive feedback from high-

fidelity experimental assays while simultaneously benefiting from the more comprehensive 

sampling of design space accessible to high throughput but more approximate (i.e., lower fidelity) 

computational models. We applied this hybrid computational/experimental active learning screen 

to the design space of 694,982 Xn-4T-Xn pi-peptides containing a quaterthiophene pi-core and 

flanked by symmetric peptide wings of up to five amino acids.71 We employed graph-based 

message passing neural networks within a regularized autoencoding architecture to perform deep 

representational learning of a low-dimensional featurization of the pi-peptide design space,72 and 

then constructed surrogate models linking sequence to computational and experimental 

performance measures using multi-objective70, 73 and multi-fidelity74 Gaussian process regression. 

We performed 38 rounds of computation and three rounds of experiments within the active 

learning screen to sample 1181 molecules by computation and 28 by experiment and efficiently 

identify several experimentally validated sequences that were completely novel and with 

assembly performance on par with known top performing candidates. Although the precise ratio can 

fluctuate depending on the computational models employed and the experimental analyses conducted, it 

is typical that computational screening loops can operate approximately 1-2 orders of magnitude faster than 

experimental loops. In this particular case, computational screening of a single oligopeptide required 

approximately 48 hours of wall clock time – although many could be screened simultaneously using parallel 
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compute resources – whereas the experimental preparation and assay of a single molecule required 

several days and had to be typically performed in serial.  Interpretation of our model predictions also 

exposed a number of comprehensible design rules for high performing sequences.  For example, 

the model identified a statistically significant trend that (D/E)Xn(A/G) motifs tend to promote good 

pi-core alignment whereas the incorporation of presence of large hydrophobes such as Leu, Ile, 

Phe, and Tyr disfavor good assembly. These trends are consistent with our prior understanding 

that placing hydrophilic and polar groups far from the pi-core and small non-polar groups adjacent 

to the pi-core maintains the hydrophobic environment in the proximity of the core necessary for 

good stacking without introducing too much disruptive steric bulk. Similarly, incorporating bulky 

hydrophobes anywhere within the sequence is consistent with our prior observations that these 

residues can participate in hydrophobic interactions with the pi-cores to compete with and disrupt 

core-core stacking61. Interestingly, the model also suggested that proline residues – almost 

completely unexplored in our pi-peptide studies – may promote the formation of elongated 

nanoaggregates with good pi-core stacking. We currently lack a mechanistic understanding for 

this prediction, but note that recent experimental work by Müllen, Bäuerle, Wennemers, and co-

workers demonstrated pi-conjugated peptide assembly employing proline peptide wings attached 

to quaterthiophene cores.15 
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Figure 8. Illustration of the hybrid computational/experimental multi-fidelity active learning loop 

for the data-driven design of Xn-4T-Xn pi-peptides containing a quaterthiophene pi-core and 

flanked by symmetric peptide wings of up to five amino acids. High-throughput computation and 

low-throughput experiment are integrated within a multi-fidelity surrogate model to predict the 

assembly performance as a function of the amino acid sequence of the peptide wings. The hybrid 

model optimally combines accurate but sparse experimental measurements with voluminous but 

approximate computational predictions to guide efficient exploration of the pi-peptide design 

space. We interleaved 38 rounds of computation and three rounds of experiment in which we 

computationally simulated 1181 candidates and experimentally assayed 28 candidates to 

discover several novel sequences with assembly performance commensurate with known top 

performing pi-peptides. (Reproduced from Ref. 71 with permission from the Royal Society of 

Chemistry.) 

 

Conclusions and outlook 

 Synthetic oligopeptides with embedded pi-electron cores present versatile building blocks 

for the self- and directed-assembly of supramolecular nanoaggregates with emergent electronic 
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and optical functionality. Specific applications of these nanomaterials include energy harvesting 

and transport within biological environments, interfacing between biotic and abiotic systems, and 

as novel biocompatible semiconducting substrates. Through an integrated decade-long 

collaborative program of experimental synthesis and characterization, computational modeling, 

and machine learning, we uncovered fundamental principles governing the sequence-structure-

function relationships underpinning these molecular materials and developed integrated 

experimental and computational processes and pipelines to efficiently traverse molecular design 

space and identify candidate molecules with engineered supramolecular structure and function. 

Particular accomplishments of this program of work include: the establishment of design rules for 

amino acid placement within the peptide wings to promote in-register stacking and intermolecular 

electronic coupling of pi-cores within high-aspect ratio nanoaggregates; the development of multi-

scale computational models to gain molecular understanding spanning from electronic structure 

to large-scale fractal networks observable by microscopy; understanding and control of alkyl 

spacers between the pi-core and peptide wings to modulate supramolecular chirality; and active 

learning pipelines to ingest computational predictions and experimental assays and parameterize 

data-driven surrogate models to prospectively identify molecular candidates and guide 

exploration of pi-peptide design space. These achievements have enabled us to wield 

unprecedented levels of control over the supramolecular structure and function of these pi-

peptides, but a number of challenging scientific and technical questions remain and exciting 

frontiers un(der)explored. For example, how can we interface these molecules with other 

biological constituents like proteins, lipids, or nucleic acids to generate hybrid nanostructures? 

Can we use these molecules to perform high-efficiency exciton splitting in a device? Can we use 

pi-peptide nanostructures to guide and direct biomineralization? Can we develop automated “self-

driving laboratories” to discover new molecules orders of magnitudes faster than the decade-long 

research program reviewed herein? 
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We perceive a bright future for pi-peptides as powerful molecular building blocks with 

which to engineer biocompatible nanomaterials with electronic and optical functionality. Based on 

our collective synthetic experience, spectral measurement and computational assessment, we 

developed many sophisticated energy management schemes, consisting of field effect behavior, 

excitonic energy migration and photoinduced electron transfer.  These schemes in some cases 

required co-assembly approaches whereby pi-peptides with different pi-core energy offsets could 

be manipulated into a variety of complex nanomaterials.  As a first step towards biomedical 

applications, and in line with other contemporary efforts to explore therapeutic applications of pi-

peptide constructs in general,75 we initiated in vitro cell studies showcasing how pi-peptide 

hydrogel mechanics can influence neurite extension among human neural stem cells.76  We also 

explored the first in vivo deployment of these types of triblock peptide-pi-peptide molecules in the 

context of hydrogel formation in the brain following stroke,77 where we could include low-energy 

dyes to facilitate fluorescence imaging without complications from biological autofluorescence.  

Our future efforts will entail understanding how the electric field creation within these 

nanomaterials can further influence in vitro cell physiology or other in vivo outcomes.  We envision 

these materials as potentially serving as a next generation substrate for energy harvesting, 

transport, and semi-conducting applications in biological environments, and we believe the 

coming years will capitalize on foundational molecular understanding to drive both new basic 

science and translational applications.  
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An integrated program of chemical synthesis, spectroscopic and functional characterization, 
multi-scale simulation, and machine learning has advanced understanding and control of the 
assembly of synthetic pi-conjugated peptides into supramolecular nanostructures with energy and 
biomedical applications. 
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