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Abstract

Self-assembly is a process of key importance in natural systems and in nanotechnology. Peptides 

are attractive building blocks due to their relative facile synthesis, biocompatibility, and other 

unique properties. Diphenylalanine (FF) and its derivatives are known to form nanostructures of 

various architectures and interesting and varied characteristics. The larger triphenylalanine peptide 

(FFF) was found to self-assemble as efficiently as FF, forming related but distinct architectures of 

plate-like and spherical nanostructures. Here, to understand the effect of triaromatic systems on the 

self-assembly process, we examined carboxybenzyl-protected diphenylalanine (z-FF) as a minimal 

model for such an arrangement. We explored different self-assembly conditions by changing 

solvent compositions and peptide concentrations, generating a phase diagram for the assemblies. 

We discovered that z-FF can form a variety of structures, including nanowires, fibers, nanospheres, 

and nanotoroids, the latter were previously observed only in considerably larger or co-assembly 

systems. Secondary structure analysis revealed that all assemblies possessed a β-sheet 

conformation. Additionally, in solvent combinations with high water ratios, z-FF formed rigid and 

self-healing hydrogels. X-ray crystallography revealed a “wishbone” structure, in which z-FF 
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dimers are linked by hydrogen bonds mediated by methanol molecules, with a 2-fold screw 

symmetry along the c-axis. All-atom molecular dynamics (MD) simulations revealed 

conformations similar to the crystal structure. Coarse-grained MD simulated the assembly of the 

peptide into either fibers or spheres in different solvent systems, consistent with the experimental 

results. This work thus expands the building block library for the fabrication of nanostructures by 

peptide self-assembly.

Keywords

diphenylalanine; self-assembly; structural polymorphism; self-assembly mechanism; toroids; 
peptide nanotubes

Assembly of building blocks into supramolecular structures is a key process in nature. Many 

natural building blocks, such as nucleic acids, peptides, and phospholipids, undergo self-

assembly to form functional structures through noncovalent interactions, including van der 

Waals (vdW) interactions, π−π stacking interactions, hydrogen-bonding, and electrostatic 

interactions.1,2 Although each of these forces is rather weak individually, the sum of 

molecular interactions is sufficient to form a stable self-organized system. For example, C−C 

and O−H covalent bonds have energies of 347−356 and ~110 kJ/mol, respectively. In 

comparison, OH⋯N, OH⋯O, and NH⋯O hydrogen bonds have energies of 29, 21, and 8 kJ/

mol, respectively, and π−π stacking interactions have energies in the scale of several kJ/mol.

1 Unlike covalent polymers, self-assembled materials are highly dynamic due to the 

noncovalent forces, resulting in a myriad of properties, such as dynamic structural transition, 

self-healing, and macro-structure phase separation.3–10 Self-assembly thus presents a 

relatively simple and easy method for the formation of nanomaterials of different 

architectures and “bottom-up” fabrication of supramolecular polymers with diverse physical, 

chemical, and biological properties.

Specifically, proteins and peptides are the main structural and functional compounds in 

nature. They self-assemble and serve as biological building blocks and molecular scaffolds 

in numerous processes, such as the organization of microtubules for cellular transportation,

11 production of spider silk with extreme mechanical properties,12,13 fabrication of 

structural proteins in hair and nails, and the biomineralization of teeth and bone that is 

mediated by protein templates.14,15

Aromatic groups, together with hydrogen-bonding moieties (peptide bonds, N- and C-

termini), present an attractive combination of molecular conditions for self-assembly. 

Diphenylalanine (FF), the core recognition motif in Alzheimer’s disease β-amyloid (Aβ) 

polypeptide, self-assembles into nanotubes when dissolved in 1,1,1,3,3,3-hexafluoroisopro-

panol (HFIP) and diluted with water.16,17 The nanotubes show extraordinary rigidity, 

thermal and chemical stability, and interesting electronic and optical properties, such as 

semi-conductivity, blue luminescence, and piezoelectric and pyroelectric characteristics.18–

25 The properties of FF and its analogs have been extensively studied toward utilization of 

self-assembly of short aromatic peptides into structures at various scales and for different 

applications, such as drug delivery, nanofabrication, energy storage and production, optical 

wave-guides, and piezoelectric sensors.4,6,24,26–33
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The process of self-assembly is governed by both kinetics and thermodynamics, as the 

different states of the system, or phases, represent local minima in the potential energy. An 

assembly of many molecules will have a different potential energy profile than that of a 

monomer, and the different phases of the assembly might be kinetically trapped, even though 

they are energetically metastable.34 Therefore, the many parameters involved in the self-

assembly process render the understanding of the effects of initial conditions and molecular 

interactions on the final structures highly challenging. For example, derivatives of FF were 

found to form different nanoscale morphologies under varying initial self-assembly 

conditions.3,23,35–41 Therefore, in order to design nanostructures by self-assembly, it is 

imperative to understand the underlying forces and dynamics that drive the process.

This increasing interest in self-assembly processes has also been noticed in the 

computational community, with numerous studies on the self-assembly of phenylalanine (F),

42,43 FF,21,44–46 FFF,44,47 and the co-assembly of FF and FFF.37 These studies provided 

insights into the mechanism of short aromatic peptide (and amino acid) self-assembly. Other 

studies explored the di- and tripeptide space, examining aggregation and gelation properties,

39,48 pointing to the important role of aromatic moieties in peptide aggregation, mainly 

phenylalanine and FF peptides, and also tryptophan-based peptides and FFF analogs.

From all the studies noted above, it becomes clear that aromatic groups, together with 

hydrogen-bonding moieties (peptide bonds, N- and C-termini), present an attractive 

combination of molecular interactions for self-assembly. An interesting open question is 

related to the control of the self-assembly process toward different nanostructure 

architectures by a simple tuning of the assembly conditions, other than changing the 

molecular structure of the building blocks.

In this work, we focused on a tri-aromatic peptide system, comprised of a carboxybenzyl 

(Cbz)-protected diphenylalanine (z-FF, Figure 1a), as a minimal member of the tri-aromatic 

peptide family and as a building block for bottom-up nanofabrication. We examined the 

effects of initial self-assembly conditions on the resulting structures and their properties by 

changing the stock solvent (ethanol, HFIP, and acetic acid), ethanol−water ratios in the 

diluting solvent, as well as peptide concentration. We also explored the self-assembly 

mechanism of z-FF assemblies.

Results and Discussion

Nanostructure Formation

Several self-assembly conditions known to affect the resulting structures, namely stock 

solution, final peptide concentration, and ethanol−water solution ratio, were examined 

(Figure S1). High-resolution scanning electron microscopy (HR-SEM) imaging showed that 

in ethanol, spheres ~1 μm in diameter were formed at various z-FF concentrations and 

ethanol−water ratios, without any recognizable consistency (Figure 1b). Noncanonical 

toroids 100−1000 nm across were formed in ethanol stock at a peptide concentration of 0.5 

mg/mL diluted with 100% ethanol (Figure 1c). These findings were further examined under 

high-resolution transmission electron microscopy (HR-TEM, Figure S2). Nanofibers 

50−1000 nm across were also formed at peptide concentrations of 1 and 5 mg/mL, in 75 and 
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50% ethanol (Figure 1d,e). Higher water ratios resulted in the formation of hydrogels, 

regardless of peptide concentration (Figure 1f).

To the best of our knowledge, toroids formed from short aromatic peptides were only 

documented in the co-assembly of FF and FFF.37 The z-FF toroids are made up of a ring of 

nanofibers (Figure 1c), implying that the fibers are first formed and are subsequently 

assembled into the macrostructures. This mechanism has been previously demonstrated for 

various FF derivatives.29,36

HFIP stock shows similar spherical and nanofibrillar structures, at slightly different 

conditions. Similar to the ethanol stock, hydrogels were also formed at all peptide 

concentrations at high water ratios. The use of acetic acid as a stock solvent resulted in a 

similar pattern to the ethanol stock, except that the toroids were formed at higher peptide 

concentrations and in a 75% ethanol−water ratio.

Taken together, similar spherical (~1 μm in diameter) and nanofibrillar (50−100 nm in 

width) structures are observed in all stock solutions under different conditions. Hydrogels 

are formed in high water ratios, regardless of the stock solution type and peptide 

concentration. Toroids are formed under different conditions in either ethanol or acetic acid 

stock, but not in HFIP stock. We therefore hypothesize that ethanol and acetic acid stock 

solutions promote the formation of a mixed population of z-FF monomers, dimers, and 

higher oligomers, which then assemble into the various nanostructures. However, HFIP 

stock solution may promote the formation of a different population of oligomers, or mainly 

monomers. These differences in the initial building blocks formed in the stock solvents may 

result in the different nanostructure architectures.

Secondary Structure Analysis

The secondary structures of the peptide assemblies were analyzed by circular dichroism 

(CD) and Fourier-transformed infrared (FTIR) spectroscopy.

FTIR spectroscopy applied for all samples resulted in two major amide-I peaks at 1660 and 

1694 cm−1 (Figure 2a). Second derivative analysis revealed additional peaks at 1624 and 

1636 cm−1. These peaks are indicative of a β-sheet secondary structure.49,50 CD spectra 

showed peaks at 202 and 222 nm, corresponding to π−π* and n−π* transitions (Figure 2b).

51,52 These peaks were previously reported for phenyl-alanine-based compounds, such as 

FF and its analogs, and Phe-Glu-Phe.22,53

Hydrogel Rheology

As noted above, z-FF was found to form hydrogels when all stock solutions were diluted to 

a solution of 75−100% water, in all peptide concentrations (Figure 1f). The gels became 

white and opaque as peptide concentration was increased (Figure 3a).

To determine the effect of peptide concentration on the viscoelastic properties, rheology was 

employed. In a time-sweep measurement, the elastic response of the gel (G′) exceeded the 

viscosity response (G″) by at least 1 order of magnitude after full gelation, indicating the 

formation of a solid-like hydrogel supported matrix (Figure 3b). The storage modulus of the 
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10 mg/mL gel reached a plateau slightly higher than 105 Pa after about 2000 s. However, for 

the 5 mg/mL gel, a consistent increase of G′ was observed throughout the experiment, until 

reaching a value slightly lower than 105 Pa, indicating that the final peptide concentration 

affects the gel stiffness. When compared to G′ of Fmoc-FF, a well-studied short-peptide-

based hydrogelator,23 the final 5 mg/mL z-FF gel is of similar stiffness, about 104 Pa, while 

the 10 mg/mL z-FF gel is stiffer by about 1 order of magnitude. Frequency and strain 

sweeps were conducted to examine the performance of the gel, showing that in frequencies 

of 1−100 Hz, the gel remained intact. At strain values higher than about 1%, the gels broke, 

regardless of the peptide concentration (Figure S4).

The thixotropic properties were measured in a time sweep experiment. Increased strain 

resulted in gel breakage, as indicated by the immediate and significant decrease and 

inversion of G′ and G″ values, showing the domination of the viscous response, implying 

the liquid state of the system. Decreased strain resulted in immediate restoration of the G′ 
and G″ values observed before the gel breakage, indicating thixotropic properties and self-

healing (Figure 3c), which are important for tissue engineering as cell culture scaffolding.

41,54

Crystal Structure

We next aimed to characterize the structure of z-FF assemblies by X-ray diffraction. After 

examining various crystallization conditions, single z-FF crystals were obtained by slow 

evaporation of a z-FF solution in methanol. X-ray diffraction analysis of the crystal structure 

revealed two independent z-FF molecules per asymmetric unit, showing different 

conformations with the carboxylic termini pointing toward each other. The two z-FF 

molecules are linked by methanol-bridged hydrogen bonds (Figure 4a). The molecules’ 

conformation alternates along the c-axis, and the opposing z-FF molecules inhabit the 

opposite conformation (Figure 4b,c), corresponding to a space group symmetry of P 212121, 

resembling a “wishbone-shaped” organization. An alternative explanation for the lattice 

organization would be that the basic dimeric unit-cell repeats along the c-axis, in 180° 

rotations along the axis, effectively generating a 2-fold screw symmetry. The β-sheet 

structure is stabilized by face-to-edge π−π interactions with minimal distances of 3.8−4.3 Å 

(Figure 4d), consistent with the FTIR and CD studies.

Ramachandran plot analysis indicated that the z-FF crystal lattice had a β-sheet structure 

with torsion angles of ϕ = −126.5° and ψ = 108.0° for one conformer (Figure S3) and ϕ = 

−151.2° and ψ = 108.0° for the other conformer. This is also in agreement with the FTIR 

and CD spectra.

All-Atom Molecular Dynamics Simulations

MD simulations were performed to understand the dynamics and thermodynamics of the 

building blocks assembly into ordered structures. Two independent all-atom MD simulations 

were carried out for z-FF oligomers (20-, 27-, and 50-mer) in methanol, and quantitatively 

similar results were obtained for each system. The probability distribution of the end-to-end 

distance of z-FF revealed two peaks: a small peak located at 0.60 nm and a dominant peak 

centered at 0.77 nm (Figure 5a). The latter peak is close to the end-to-end distance (0.82 nm) 
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of the z-FF peptide in the wishbone crystal organization. To examine whether the stacking 

patterns of the intermolecular rings in the z-FF oligomers are similar to those in the 

wishbone structure, we calculated the free energy surface of z-FF oligomers as a function of 

the centroid distance and the angle between intermolecular aromatic ring pairs of the Z1−Z1 

(Cbz protecting group), F2−F2 (N-terminus Phe), and F3−F3 (C-terminus Phe) groups, and 

projected the stacking patterns of the aromatic rings in the crystal structure onto the free 

energy surface (black dots in Figure 5b). The aromatic rings were arranged in conformations 

similar to those in the wishbone crystal structure, except for the F3−F3 ring pairs, indicating 

that the conformations of the z-FF peptide in the crystal were sampled in the MD 

simulations, even though the well-organized wishbone structure was not observed. This can 

be explained by the relatively short simulation time scale and the small number of 

molecules, compared to those of the experimental system.

Coarse-Grained Molecular Dynamics (CG-MD) Simulations

To understand the self-assembly of larger sizes of z-FF architectures, we performed multiple 

microsecond CG-MD simulations on systems consisting of 300, 600, or 900 z-FF molecules 

in ethanol and a 1:1 ethanol:water mixture. Starting from a disordered state, z-FF self-

assembled into solid spheres in ethanol at all peptide concentrations, whereas in the ethanol

−water mixture, z-FF assembled into solid spheres at low peptide concentrations and into 

fibrils at high concentrations (Figure 6). Nine hundred z-FF molecules assemble into spheres 

in ethanol (Figure 6b) and into fibrils in an ethanol−water mixture (Figure 6c). The 

mechanism of assembly begins by rapid aggregation into clusters of various sizes, within 60 

ns. Following the aggregation, after 200 ns, the clusters start to fuse and merge into one 

large aggregate. Finally, after 1 μs, spherical or cylindrical structures are formed in ethanol 

or in the ethanol−water mixture, respectively. This self-assembly process is quite similar to 

the process previously reported for FFF peptides,37 indicating that z-FF may be used as a 

minimal member of the tri-aromatic peptide family. The simulated z-FF spheres and fibrils 

have a similar topology to the assemblies obtained experimentally. However, toroids were 

not observed in the CG-MD simulations. Again, this discrepancy might be due to the short 

time scale and smaller number of molecules in the simulations, compared to those of the 

experimental system, as the toroids are several micrometers in diameter and are composed of 

bundled fibers. Thus, a much larger number of z-FF molecules is needed for the formation of 

toroids, which is not feasible with the currently available computational power.

Previous experimental and computational studies reported that aromatic stacking 

interactions may play an important role in peptide self-assembly.45,55–57 To investigate the 

aromatic stacking interactions in the z-FF assemblies, we calculated the free energy surface 

of z-FF structures as a function of the centroid distance and the angle between two aromatic 

rings of intermolecular ZZ (Z1−Z1), ZF (Z1−F2 and Z1−F3), and FF (F2−F2, F2−F3, and 

F3−F3) pairs and intramolecular ZF (Z1−F2 and Z−Figure) and FF (F2−F3) pairs (Figure 

6d). There are many possible stacking patterns between these aromatic ring pairs, and the 

exact stacking orientation depends on their centroid distance. Interestingly, we found that the 

interpeptide ZZ, ZF, and FF ring pairs have an almost identical free energy surface, 

indicating that all interaromatic ring pairs have similar stacking patterns. The parallel/T-

shaped stacking pattern between two inter/intra-molecular FF aromatic rings is shown in a 
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parallel z-FF dimer (bottom right of Figure 6d) from the z-FF spheres/fibrils. We also 

investigated the self-assembly dynamics by calculating the normalized solvent accessible 

surface area (SASA) of the z-FF assemblies in ethanol and in an ethanol−water mixture as a 

function of simulation time. The time evolution of normalized SASA indicated that 

hydrophobic interactions played an important role in the early stage of z-FF peptide self-

assembly (Figure 6e,f), as the hydrophobic SASA decreased rapidly during the assembly 

process. Notably, the slopes of the SASA curves in the ethanol−water mixture were steeper 

than those in ethanol, indicating that the self-assembly in the ethanol−water mixture is faster 

than in ethanol. A possible explanation for this effect is that the ethanol−water mixture is 

more polar than ethanol, resulting in stronger aromatic and hydrophobic interactions 

between the z-FF molecules.

Conclusions

In this work, we explored the self-assembly process of the z-FF peptide, an FF derivative 

and a minimal member of the triaromatic peptide family, as a building block for 

nanostructure fabrication. By altering the solvent composition and peptide concentration, we 

revealed that z-FF assembles into various architectures, including nanowires, nanospheres, 

fibers, and noncanonical toroids. Toroid formation is especially intriguing as toroids made of 

short aromatic peptides were previously obtained only by co-assembly of FF with FFF.34

The z-FF building block was also found to form hydrogels, regardless of stock solution type 

and peptide concentration, as long as the water ratio in the solution was 75% or higher. The 

z-FF hydrogels were found to be slightly stiffer than those formed by Fmoc-FF. 

Additionally, self-healing properties were observed, even after several cycles of breakage 

and relaxation.

The secondary structure of the various nanostructures, including the hydrogels, is 

predominantly β-sheet stabilized by π−π interactions between the aromatic rings in the 

peptides. The crystal structure supports the secondary structure studies, as indicated by 

plotting the torsion angles in a Ramachandran plot. All assembly architectures are governed 

by the same thermodynamic forces, namely π−π stacking and hydrogen bonds, resulting in 

a similar secondary structure. However, due to the different initial conditions, the various 

assembly architectures are formed as different products, kinetically trapped in different local 

minima of the potential energy profile.

The crystal structure is bridged by two methanol molecules, forming hydrogen bonds 

between two z-FF molecules, in different conformations and with their carboxylic termini 

pointing toward each other. The peptide conformations alternate along the c-axis so that 

opposing z-FF molecules inhabit the opposite conformation, resulting in a “wishbone” 

structure. To the best of our knowledge, this is the first report of such a lattice organization 

of short peptide crystals.

All-atom and CG-MD simulations revealed that the z-FF molecules occupy conformations 

similar to those observed in the crystal structure. The z-FF peptide assembles into spheres in 

ethanol and into fibers in a 1:1 ethanol:water mixture, regardless of the peptide 

Brown et al. Page 7

ACS Nano. Author manuscript; available in PMC 2019 January 15.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



concentration. The assembly mechanism includes initial aggregation into amorphous 

clusters, which then form the larger, ordered spheres and fibers. Toroid formation was not 

observed in the simulations, which can be explained by the relatively short time scales and 

number of molecules simulated, compared to the experimental system.

This work extends the scope of bioinspired building blocks for self-assembly and 

nanostructure fabrication, gaining insight into the mechanism and theory behind 

nanostructure formation.

The study implies that simple triaromatic systems contain all the necessary information to 

form noncanonical supramolecular assemblies, such as toroids. It will be interesting to 

explore other triaromatic systems, as well as tetra-aromatic systems, including z-FFF, to 

learn about the role of aromatic moieties and to increase the possible structural space for 

nano-assemblies.

Materials and Methods

All solvents were purchased from Bio-Lab Ltd. (Israel), unless otherwise stated. The z-FF 

peptide was purchased from Bachem (Switzerland).

Nanostructure Formation

Stock solutions of z-FF were prepared by diluting the lyophilized form of the peptide in 

ethanol, HFIP (Sigma-Aldrich, Israel), and glacial acetic acid, at a concentration of 50 

mg/mL (112 mM). The solutions were sonicated to solubilize the peptide and to break 

preformed aggregates. To avoid pre-aggregation of the peptide in the stock solutions, fresh 

stock solutions were prepared for each experiment. The stock solutions were then diluted in 

ethanol−water solutions with ethanol ratios of 100, 75, and 50% to final concentrations of 

0.5, 1.0, 5.0, and 10 mg/mL. Hydrogels were prepared similarly to nanostructures, with 

ethanol contents of 25 and 0% in the ethanol−water solution.

High-Resolution Scanning Electron Microscopy (HR-SEM)

The samples were prepared by drop casting on siliconized glass and drying in room 

temperature overnight. The samples were sputtered with chrome and imaged using a 

JSM-6700F high-resolution field emission SEM (Jeol, Japan), operating at an acceleration 

voltage of 10 kV.

High-Resolution Transmission Electron Microscopy (HR-TEM)

Samples were prepared on 400-mesh copper grids, stained with 2% uranyl acetate, and 

imaged using a FEI F20 field emission gun transmission electron microscope (Tecnai, USA), 

operating at an acceleration voltage of 80 kV.

Circular Dichroism Spectroscopy (CD)

Samples were prepared in a 0.1 mm optical pathway cuvette by ×10 dilution of the examined 

peptide nanostructure solution. CD spectra were recorded using a Chirascan CD 

spectrometer (Applied Photophysics, UK), equipped with a temperature-controlled cell. The 
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spectra were obtained with a resolution of 1 nm and were averaged from 3 separate 

measurements. Spectra were subtracted and smoothed using the Pro-Data software (Applied 

Photophysics, Leatherhead, UK).

Fourier-Transform Infrared Spectroscopy (FTIR)

Samples of 30 μL were deposited onto polyethylene IR sample cards (Sigma-Aldrich, 

Israel). The samples were dried overnight in vacuo. IR spectra were collected using a Nexus 

470 FTIR spectrometer (Nicolet, Offenbach, Germany) with a deuterated triglycine sulfate 

(DTGS) detector. Measurements were made using the atmospheric suppression mode, 

averaging 64 scans at 2 cm−1 resolution. Subtraction and smoothing were performed using 

the OMNIC software (Nicolet, Offenbach, Germany). A second derivative calculation and 

curve fitting were then performed using the Peakfit software, version 4.12 (SYSTAT, 

Richmond, CA, USA).

Hydrogel Rheology

Hydrogels were prepared in situ and characterized using a Discovery HR-3 rheometer (TA 

Instruments, New Castle, DE, USA), operating with a 40 mm parallel plate geometry at a 

600 μm measuring gap. Time-sweep oscillation tests were first performed at 0.5% strain and 

5.0 Hz frequency. The linear viscoelastic region, at which the time-sweep tests were 

conducted, was examined by frequency-sweep (1.0−100 Hz) and strain amplitude-sweep 

tests (0.01−16.67%) after a 1200 s soak time to ensure gelation. Examination of thixotropic 

properties of the gels was done by periodically alternating strain from 0.1 to 100% in a time-

sweep test.

X-ray Crystallography

Crystals suitable for X-ray diffraction were obtained by slowly evaporating a 25 mg/mL 

solution of z-FF in methanol at room temperature. A crystal was transferred to Hampton 

Paratone oil (Hampton Research) as a cryoprotectant, mounted on a MiTeGen loop, and 

flash frozen in liquid nitrogen.

X-ray diffraction data were collected at 100(2)K on a Rigaku XtaLabPro diffractometer 

equipped with a microfocus sealed tube and Max-Flux optics, Cu Kα1 (λ = 1.54184 Å) and 

a Dectris PILATUS S200 detector. The data were processed with CrysAlisPro 1.171.39.4c 

(Rigaku OD, 2015). The structure was solved by direct methods, using SHELXT-16. Full 

matrix least-squares refinement based on F2 with SHELXL-13 on 637 parameters gave a 

final R1= 0.0750 (based on F2) for data with I > 2σ(I) and R1= 0.2198 on 10182 

reflections/Å−3. The crystallographic data of z-FF are given in Table S1 and the cif file in the 

Supporting Information.

The crystal structure was illustrated using Mercury 3.9 (Cambridge Crystallographic Data 

Centre, Cambridge, UK).

All-Atom Molecular Dynamics (MD) Simulations

All-atom MD simulations were carried out using the GROMACS 4.5.4 software package.58 

The z-FF monomer was structurally optimized by Spartan’1059 and then energy minimized 
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by the GAMESS software.60 Atomic partial charges were derived using the R.E.D III 

package.61 Other z-FF parameters were assigned based on the AMBER99SB force field.62 

The z-FF molecules were randomly placed in a cubic 5 nm3 box and fully solvated with pre-

equilibrated methanol,63 using the GAFF64 force field. z-FF systems (20-, 27-, and 50-mer) 

were simulated containing 1436, 1321, and 1037 methanol molecules, respectively. The 

concentrations used here were high compared to those of the experimental procedure in 

order to accelerate the assembly process and reduce the computational cost. Simulation 

length was 20 ns. Bond lengths within z-FF and methanol molecules were constrained by the 

LINCS65 and SETTLE algorithms,66 allowing an integration step of 2 fs. Electrostatic 

interactions were calculated using the particle mesh Ewald (PME) method with a real space 

cutoff of 1.0 nm. vdW interactions were calculated using a cutoff of 1.4 nm. The solute and 

solvent were separately coupled to an external temperature bath using a velocity rescaling 

method67 and a pressure bath using the Parrinello−Rahman method.68 The temperature and 

pressure were maintained at 298 K and 1 bar using coupling constants of 0.1 and 1.0 ps, 

respectively.

Coarse-Grained MD (CG-MD) Simulations

All MD simulations were performed using the GROMACS 4.5.3 software69 in combination 

with the MARTINI coarse-grained model, version 2.1.70,71 One phenylalanine residue was 

represented by four beads: one bead for the main chain (SC4 interaction) and three beads for 

the side chain ring (P5 interaction). The Cbz protecting group at the N-terminus of a z-FF 

molecule was represented by four beads: one bead for the C−O−C═O (the interaction type 

is Na according to Zheng et al.72) and three beads for the benzene ring. One ethanol 

molecule was represented by one bead (Figure S5). Using a P3 interaction type for the 

ethanol bead, we performed multiple microsecond time scale CG-MD simulations. Systems 

(300-, 600-, and 900-mer) were simulated in ethanol and a 1:1 ethanol−water mixture 

corresponding to concentrations of ~40, ~80, and ~120 mg/mL, respectively. The z-FF 

peptides were randomly placed in a 17.7 nm3 cubic box. Four independent microsecond MD 

simulations were carried out for each peptide concentration and solvent system, using 

similar temperature and pressure parameters as those used for the all-atom MD simulations, 

with integration steps of 20 fs. Electrostatic and vdW interactions were treated in their 

shifted forms with a cutoff of 1.2 nm. The neighbor-list was updated every 10 steps with a 

cutoff distance of 1.4 nm.

MD Simulations Analysis

The trajectory analyses were performed using in-house-developed codes and tools 

implemented in the Gromacs software package.58,69 The angle between two benzene rings 

was obtained by calculating the angle between the normal vectors of the two rings. If the 

angle was larger than 90°, the supplementary angle was used as the angle between the two 

benzene rings. Two benzene rings were considered only if their centroid distance was within 

1.0 nm. The two-dimensional potential mean force (PMF) was constructed using the relation

−RTln H x, y
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where H(x,y) is the probability of a conformation having a certain value of two selected 

reaction coordinates, x and y. In this work, the angle and centroid distance between two 

benzene rings were chosen as x and y, respectively. The data in the last 10/700 ns of all-

atom/CG MD trajectories, respectively, were used to construct the PMF. The end-to-end 

distance of a z-FF molecule was defined as the distance between the alkyl carbon of Cbz and 

the carbonyl carbon of the C-terminal phenylalanine residue. Trajectory visualization and 

graphical structure analysis were performed using the VMD software suite.73
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Structural analysis of z-FF assemblies. (a) Chemical structure of the z-FF molecule. (b-f) 

HR-SEM imaging of z-FF assemblies formed in (b) ethanol stock, 5 mg/mL, 50% ethanol; 

(c) ethanol stock, 0.5 mg/mL, 100% ethanol; (d) HFIP stock, 10 mg/mL, 50% ethanol; (e) 

methanol stock, 5 mg/mL, 50% methanol; and (f) methanol stock, 5 mg/mL, 25% methanol. 

Scale bar: 1 μm.
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Figure 2. 
Secondary structure analysis of z-FF assemblies. (a) FTIR spectra of z-FF at representative 

conditions. (b) CD spectra of z-FF at representative conditions.
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Figure 3. 
Rheological properties of z-FF hydrogels. (a) z-FF gels. (b) Time sweep rheology showing 

G′ and G″ (solid and dashed lines, respectively) of 10 and 5 mg/mL gels (black and gray 

lines, respectively). (c) Time sweep for thixotropic properties.
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Figure 4. 
z-FF crystal structure. (a) A z-FF dimer with H-bonds bridged by methanol. (b) “Wishbone” 

structure stacking between unit cells. (c) Schematic representation of the “wishbone” 

structure. (d) View down the c-axis, rotated by 10°, of a high-order assembly. A 2-fold screw 

axis symmetry element is seen in light blue.
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Figure 5. 
All-atom MD simulations of the self-assembly of 20, 27, and 50 z-FF molecules in methanol 

(left panel, middle panel, and right panel, respectively). All simulations started from 

disordered states. (a) The probability density function (PDF) of end-to-end distance of z-FF 

molecules. The structures of two representative z-FF peptides with their end-to-end distance 

located at the two peaks are also shown. (b) The free energy surface of z-FF oligomers as a 

function of the centroid distance and the angle between two aromatic rings of intermolecular 

Z1−Z1, F2−F2, and F3−F3 pairs.
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Figure 6. 
Multiple microsecond CG-MD simulations of the self-assembly of 300, 600, and 900 z-FF 

molecules in ethanol and an ethanol−water mixture. All simulations were initiated from 

disordered states. (a) The z-FF assemblies generated at t = 1 μs of CG-MD simulations in 

ethanol (upper panel) and in an ethanol−water mixture (lower panel). (b,c) Representative 

CG-MD self-assembly process of 900 z-FF molecules leading to (b) the formation of 

spheres in ethanol and (c) the formation of fibrils in an ethanol−water mixture. (d) The free 

energy surface of z-FF assemblies as a function of the centroid distance and the angle 

between two aromatic rings of inter/intra-molecular ZZ, ZF, and FF pairs. A parallel z-FF 

dimer from the z-FF spheres/fibrils in the bottom right shows the parallel/T-shaped stacking 

pattern between two inter/intra-molecular FF aromatic rings. (e,f) Normalized solvent 

accessible surface area (SASA) of z-FF assemblies in (e) ethanol and (f) an ethanol−water 

mixture as a function of simulation time. The SASAs include total, hydrophobic, and 

hydrophilic SASA.
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