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ABSTRACT 

Coassembly of peptide biomaterials offers a compelling avenue to broaden the spectrum of 

hierarchically ordered supramolecular nanoscale structures that may be relevant for biomedical 

and biotechnological applications. In this study we present a comprehensive exploration of 

binary coassembly leveraging amphiphilic and oppositely charged, anionic and cationic, -sheet 

peptides, which may give rise to a diverse range of coassembled forms. Mixtures of the peptides 

exhibit a notably diminished critical assembly concentration (CAC), in comparison to the 
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corresponding values of the pure peptides. Intriguingly, the sweet spot for coassembled fibril 

formation was found to require excess of the cationic peptide whereas equimolar mixtures of the 

peptides exhibited the maximum folding into β-sheet structures. Mixtures of the peptides 

coassembled sequentially from solutions at concentrations surpassing each peptide's intrinsic 

CAC, were also found to require a higher portion of the cationic peptide to stabilize hydrogels. 

This study illuminates a systematic exploration of complementary charged -sheet peptides. The 

results may be relevant to the fundamental understanding of such intricate assembly systems and 

to the formulation of peptide-based nanostructures with diverse functionalities.  

 

KEYWORDS: Peptide biomaterials, coassembly, charged peptides, β-sheet peptides, peptide 

hydrogels 

 

Introduction 

Biological systems can enhance their functionality by forming complex structures through 

precise and hierarchically ordered molecular assemblies. Recent studies have adopted a 

supramolecular approach to develop multi-component systems comprising of small molecules1,2, 

polymers3–5 and nanoparticles6–8. Peptides were designed as building blocks of synthetic 

nanomaterials with molecular precision and controllability resembling those found in nature9,10.  

The biological functionality of peptide and protein assemblies is strongly dependent on multiple 

intermolecular interactions9,11–13 that are influenced by pH, ionic strength, specific small 

molecules, as well as on kinetic factors that may play a role during folding and stabilization14–

16. The formation of designed β-sheet structures was demonstrated in various systems of peptides 
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with amphiphilic patterns of alternating polar and non-polar residues along the backbone17–20. 

The stacking of aromatic residues was also shown to contribute to hydrophobic interactions in 

β-sheet assemblies21,22 and coiled-coil amphiphilic assemblies23,24. Peptides can also coassemble 

with nucleotides25, sugars26, polymers27, inorganic nanoparticles28,29, small molecules30, and 

other proteins and peptides31–33. Peptide-polymers coassemblies were shown to form dynamic 

materials34 with unique mechanisms of controlled drug release from molecular complexes3 and 

gels35. Some of the inhibitors of amyloid aggregation can be considered disrupting agents 

through coassembly36,37. β-sheet peptides were found to coassemble with blood-clotting proteins 

in a manner that may be relevant to coagulation38. Coassemblies of peptide mixtures (PM) were 

explored with collagen-like short motifs39,40, -helical41, and chiral dependent β-sheet 

structures42–44. These PM coassemblies exhibited various morphologies, like flat and twisted 

ribbons, sheets and fibrils31,32. Structurally tunable PM have shown increased peptide catalytic 

activity45 and templating of amino-acid condensation46, multi-strand catalytic activity by 

tripeptides47, electron transfer reactions48 and increased specificity49. Other PM were designed 

to incorporate integrin binding sequences to improve cell culture experiments50,51.  

One of the important forces that may govern the PM coassembly are electrostatic interactions. 

We have shown that such forces may play a prominent role in membrane-peptide interactions 

and enhance -sheet assembly and fibrillation52. Additionally, several studies have tracked the 

initial steps of coassembly of anionic and cationic peptides under diluted conditions, showing 

that electrostatic interactions stabilize β-sheet oligomers and fibrils in a concentration-dependent 

fashion and in a microsecond timescale53–55. Multicomponent peptide hydrogels can be formed 

by mixtures of pH-responsive peptides with opposite charges56–61. Likewise, side-chain 

specificity was shown to influence the coassembly of charge-complementary β-sheet-forming 
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peptide pairs54,62. Although direct observation of the peptide distribution within oligomers is 

experimentally challenging, molecular dynamics predict that mixtures of such peptides do not 

necessarily coassemble into heteromeric oligomers but may also form homomeric ones53.  

In this study we systematically explored binary assemblies of two amphiphilic β-sheet peptides, 

displaying the same structural motif Pro-X-(Phe-X)5-Pro, in which the backbone consists of 

hydrophilic amino acids (X) alternating with the hydrophobic, Phe, amino acid and the Pro 

termini were shown to induce -sheet formation63. One of these is an anionic peptide with X = 

Asp, and the other is cationic with X = Lys, denoted An-FD and Cat-FK, respectively. An-FD 

was shown to assemble into -sheet structures at the air-water interface, pointing the 

hydrophobic side-chains to the air and the acidic residues to the aqueous solution, and also form 

bilayer-fibril in solution64–67. This anionic peptide was previously shown to exhibit unique 

biologically relevant properties including the stabilization of a hydrogel phase at near neutral 

pH15, induce biomineralization and bone tissue regeneration in-vivo14,68, serve as a scaffold for 

cell culture51 and drug delivery66, and at certain concentrations retard blood clotting38. Cat-FK 

was designed for the generation of nanofiber gold mesh and later was employed in the 

formulation of drug-loaded nanoparticles that were found to effectively target drugs in cell 

culture and in-vivo, toward mitochondria  3,69–71. Cat-FK was found to interact with anionic lipid 

bilayers52 and at certain concentrations destabilize blood plasma38. Here we envisoned that 

zwitterionic assemblies of An-FD and Cat-FK could form coassemblies and possibly create 

stable hydrogels that will expand the realm of their potential biological applications. Hence we 

explore PM of An-FD and Cat-FK in different concentrations, below and above their critical 

assembly concentration (CAC) and at concentration that were expected to stabilize a hydrogel 
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phase, while also screening the effect of different pH values and mixing order to elucidate the 

structure and composition of the various mixtures.  

 

 

 

Results and Discussion 

Coassembly in solutions 

CAC was measured for the pure peptides and for several of their PM compositions that comprise 

25, 50 and 75 % An-FD, using 8-Anilino-1-naphthalenesulfonic acid (ANS) as a reporter of 

hydrophobic niches that are expected to be formed, upon assembly of these amphiphilic peptides 

(Figure 1A and Figure S1). The CACs of the pure An-FD and Cat-FK were found to be in the 

millimolar range, 2.3 and 10.1 mM, respectively. In contrast, the CAC values of the PM were 

much lower, 0.096, 0.058 and 0.14 mM for the 25, 50 and 75 % An-FD, respectively, as could 

be expected for peptides interacting by complementary electrostatic charges. The minimal CAC 

value that was detected for the PM with the 50 % An-FD, appeared to suit the expected 1:1 

mol:mol ratio for most favorable electrostatic interactions. Next, the ANS fluorescence analysis 

was used to evaluate the hydrophobic niches presumed to be formed upon PM's coassembly, at 

a total concentration of 0.3 mM. At this concentration the pure peptides, both below their own 

CAC value, showed no significant increase in the ANS fluorescence (Figure 1B, samples 0 % 

and 100 %). The ANS of the 0.3 mM PM showed a bell-shaped behavior (Figure 1B) with a 

surprising maximum signal for the 40 % An-FD, rather than for the equal ratio of the two 

peptides. This unique behavior suggests that excess of Cat-FK may play a role in enhancing the 

solubility or dispersity of the PM coassemblies. The coassembly of these 0.3 mM PM was also 

evident by an increase in the turbidity of these solutions (Figure 1B inset and Figure S2). As a 
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control, a scrambled analog of An-FD, denoted Sc-FD (lacking the ability to adopt -sheet 

conformation38), that was also mixed with Cat-FK under similar conditions, generated similar 

pattern of increased ANS fluorescence intensity, with a maximal at 40 % Sc-FD. The fact that 

both An-FD and Sc-FD show similar trends of ANS fluorescence as a function of the anionic 

peptide % may suggest that the solubilization role of cat-FK in excess, is preferred for the system 

regardless of the peptide's ability to adopt a -sheet structure. The interaction of the scrambled 

version of the peptides can shed light on the mode of action of unoredered charged components 

like other electrolyte polymers.  

In order to assess the secondary structures of the 0.3 mM PM coassemblies, circular dichroism 

(CD) spectroscopy data were acquired. The pure An-FD and Cat-FK solutions (Figure 1C, red 

and blue spectra, respectively) show low intensity spectra in which Cat-FK appears with a 

minimum at ~203 nm and maximum at 218 nm and An-FD seems to also exhibit these features 

but possibly with a contribution from an additional structural feature. Previous studies 

demonstrated the CD spectra of polyproline exhibits a large negative peak at 206 nm, and a weak 

maximum at 228 nm72,73. As both peptides contain Pro termini, we aimed at exploring the 

possibility that the spectra are showing a polyproline II (PPII) conformation. Molecular 

dynamics simulations (see Supporting Information, Figure S3) of Cat-FK in dilute aqueous 

solution provided supporting evidence for this assumption following a 100 ns simulation at 

which the secondary structure, as calculated using DSSP, exhibited predominantly PPII 

conformations, whereas Phi and Psi angles analysis suggest the coexisting of PPII and a-helix 

conformations. Figure 1C shows that the PM exhibit both a pronounced -sheet contribution and 

the predominantly PPII conformations that was observed for the pure peptides, indicated by the 

ellipticity minima at 215-218 and 203 nm, respectively. To estimate the apparent tendency of 
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An-FD and Cat-FK PM to coassemble in β-sheet structure versus the predominantly PPII 

conformations, the ratio between the ellipticities, at their corresponding minima, were calculated 

(θ218 nm/ θ203 nm, Figure 1D, see Figure S4 raw spectra), as a function of the An-FD %. The 

highest β-sheet to the predominantly PPII conformations ratio appeared in this analysis for the 

40-50 % An-FD composition. To assess whether the maxima in β-sheet content of this PM was 

a result of the two peptides coassemblies, or a result of each peptide's organization in β-sheets, 

we examined the CD spectra of a reference PM system, composed of Sc-FD mixed with Cat-FK 

(Figure 1E). Yet, since PM of Sc-FD and Cat-FK at 0.3 mM could not be monitored by CD due 

to aggregation, the measurements were performed with 0.1 mM PM. These Sc-FD PM showed 

weak CD signal that resemble the predominantly PPII conformations, according to the minima 

at 203 nm (Figure 1E). This result indicates that at 0.1 mM PM the Cat-FK solely cannot form 

β-sheet structures, by a mere screening effect of the anionic Sc-FD peptide. On the contrary, the 

opposite control-experiment, in which a scrambled version of Cat-FK, Sc-FK, was mixed with 

An-FD (Figure 1F), showed an increase in -sheet content as a function of the An-FD percentage 

(Figure 1E, inset) suggesting that Sc-FK (similarly to Cat-FK) may act as a screening agent for 

-sheets structures formed by a majority of An-FD. In general, the lower ellipticity observed for 

the Cat-FK:An-FD PM, in comparison to the Sc-FK:An-FD, is most probably a result of large 

coassembled aggregates that precipitate out of the solution (in accordance with the detected 

turbidity, Figure 1B inset), and do not contribute to the CD signal.  
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Figure 1. PM coassemblies in HEPES pH = 7.4 solutions. A. Critical Assembly Concentration 

(CAC) of the PM as function of the An-FD %, measured by ANS fluorescence (see also Figure 

S1). Mixtures were prepared by mixing the solutions of each peptide in its unassembled state, at 

concentrations ranging from 1 M to 1 mM, at different volumetric ratios followed by the 

addition of ANS and then subjected to fluorescence measurements. B. ANS fluorescence of 0.3 

mM PM, as a function of An-FD or Sc-FD %. Data (dots) were fitted to a Lorentzian function 

(lines) indicating the maximal signal is at 40 % ratio of both these anionic peptides. Inset shows 
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representative pictures of the PM solutions showing mild turbidity. C. CD spectra showing 

normalized ellipticity versus wavelength, of 0.3 mM Cat-FK, An-FD, and their PM at selected 

An-FD %. D. Ratio of β-sheet ellipticity minimum (218 nm) to that of the mixed conformations 

phase (203 nm) as a function of An-FD % for different PM and the pure peptides. E. CD spectra 

of PM composed of Sc-FD and Cat-FK at a total peptide concentration of 0.1 mM since higher 

concentrations could not be measured due to excessive aggregation and turbidity that is affecting 

the spectra at the shorter wavelengths. F.  CD spectra of 0.3 mM PM of Sc-FK and An-FD, 

showing increased β-sheet content up to the 50 % An-FD, see inset representing ratio of 

ellipticities as in D. In B. and D. values represent an average ± SD, n = 3.   

  

Coassemblies of fluorescently labeled An-FD and Cat-FK peptides were then visualized by 

fluorescence microscopy. First, each peptide solution was prepared at a concentration of 0.1 mM 

in HEPES 50 mM buffer at pH 7.4 (with 1 % mol/mol of the labeled peptide). Next, these 

solutions were mixed to form 0.1 mM PM with 25, 50 and 75 % An-FD. Figure 2 shows 

aggregates of the two peptides as observed by the fluorescence microscopy with images of FITC 

labeled Cat-FK (green color), Rhodamine-red labelled An-FD (red color) and merged images in 

which a yellow color indicates colocalization. Aggregates in the PM of the 25 and 50 % An-FD 

are ~ 10 m in size, with the latter mixture showing also coassembled fibrils, and the 75 % An-

FD shows larger clusters. This trend in aggregates size is in accordance with better dissolution, 

i.e., smaller aggregates, in PM with excess of Cat-FK compared to An-FD.  
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Figure 2. Fluorescently labeled PM coassemblies formed at a total concentration of 0.1 

mM. Each row shows a certain PM, represented by the An-FD % in the mixture. FITC-labelled 

Cat-FK solution and Rhodamine-red labelled An-FD solution were mixed and incubated at a 

total concentration of 0.1 mM in HEPES 50 mM, pH=7.4 (each peptide contained 1% mol/mol 

of its covalently-labelled fluorescent version). The samples were imaged separately for the FITC 

fluorescence (left), Rhodamine-red fluorescence (middle) and the merged image of the same 

area were created using ImageJ software to demonstrate the coassembly of the two peptides 

(right). The bars correspond to 10 µm.  

  

Figure 3 presents the cryogenic transmission electron microscopy (Cryo-TEM) micrographs of 

the pure peptides, An-FD and Cat-FK, at concentrations below and above their CAC values 

(Figure 3A and 3B, respectively). Below the CAC, at 0.05 mM, no structure was observed for 

each of the pure peptides (0 and 100 %, respectively) and the 50 % sample (PM 50% An-FD) 

shows  a network of short fibrils' assemblies (Figure 3A, 50 %). This mixture contains 

heteromeric coassemblies, as appeared in MALDI-ToF analysis (Figure S5) and as evident in a 
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sample prepared with biotin-labeled Cat-FK to which Avidin-labeled gold nanoparticles were 

attached (Figure S6). Notably, below the CAC the effect of each peptide component on the 

morphology is not symmetrical, where PMs with excess of Cat-FK are smaller in the cluster 

dimensions and have only short fibrillar structures, and PM with excess of An-FD (> 50%) tend 

to have longer fibrils (Figure S6). Above the CAC, each of the pure peptides forms unique 

fibrillar structures (Figure 3B). An-FD forms micrometer long ones that are on average 7.6 ± 1.1 

nm in width, and Cat-FK forms thinner, 4.4 ± 1.1 nm width fibrils that are sub-micron scale in 

length (resembling the assemblies reported previously for Cat-FK, dissolved in DIW, which 

were shown to elongate and align over a time-scale of several days)74. The frequencies of the 

fibrils' widths above the CAC was summarized in the histogram in Figure 3B. These TEM 

images suggest that above the CAC, the spontaneous self-assembly of each peptide occurs 

immediately following dissolution. These distinct morphologies of the pure peptides above the 

CAC point to differences in their assembly mechanism and the stability of the produced fibrillar 

structures. 
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Figure 3. Cryo-TEM images of An-FD, Cat-FK and PM. A. Below the CAC, each peptide at 

0.05 mM does not show notable assembly, in contrast to PM of 50% An-FD, that show nest-

morphology of short entangled fibrils. Inset show a higher magnification of the 50% PM fibrils. 

B. Above the CAC, each peptide at 22.7 mM (4 % w/v) shows fibril formation. Insets show 

higher magnification of the fibrils. Cryo-TEM image for PM of 50 % at this total concentration 

could not be achieved due to excessive aggregation (Cryo-SEM analysis is shown in Figure 7). 

Figure on the right shows the frequency of fibrils widths above the CAC of the Cat-FK (0%) and 

the An-FD (100%), in which the average widths are 7.6 ± 1.1 and 4.4 ± 0.5 nm (Avg. ± SD, n = 

104 and 98) for An-FD and Cat-FK, respectively. Scale bars correspond to 200 nm (white) and 

in inset to 50 nm (black).  

 

To quantify the PM tendency to assemble into fibrils, the 0.3 mM mixtures were also 

characterized by Thioflavin T (ThT) fluorescence (Figure 4A). ThT is an indicator of β-sheet, or 

amyloid-like, fibrils that preferably binds to negatively-charged ones due to its cationic charge75. 

The PM showed a relatively weak ThT signal up to ~ 37 % An-FD, followed by a steep increase 
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of 4-folds at ~ 40 % An-FD. This step change in the ThT signal may be attributed to the PM 

fibrils net charge, that is positive up to the 40 % An-FD and negative for PM with higher % An-

FD thus the latter may show more excessive ThT signal due to supporting electrostatic 

interactions. Indeed, the charge of these PM that was also monitored by ζ-potential 

measurements (Figure 4B), provided evidence for a net positive charge for PM with < 45 % An-

FD (+16.3 mV) and a net negative charge for PM with higher % An-FD and (-6.4 mV) assuring 

the hypothesized charge inversion. Next, the PM were also examined with the β-sheet staining 

agent congo-red76,77(CR), that unlike ThT is negatively charged at neutral pH77 (Figure 4C). Its 

signal increased moderately with the increase in the anionic peptide content up to 40 % An-FD 

as function of the expected increase in fibrils formation and the net positive charge of these 

assemblies. It then showed a step increase in the CR signal, at the 40 % An-FD PM, possibly 

reflecting the formation of nearly equal in charge β-sheet fibrils, decorated by an excess of Cat-

FK to which the CR molecules preferably bind to. In the region of PM > 40 % An-FD, the CR 

showed a decrease in intensity, in accordance with the formation of fewer β-sheet fibrils and its 

expected repulsion from the fibril's net negative charge. Based on the behavior of the two β-

sheet fibrils markers, the ThT and the CR, it can be concluded that these PM fibrils are limited 

by An-FD in the mixtures up to 40 % and by Cat-FK at the higher % mixtures. These results 

corroborate the maximum hydrophobic interactions detected by the ANS for the 40 % An-FD 

PM. The scheme in Figure 4D summarizes the observations in which maximal -sheet 

assemblies and stabilizing hydrophobic forces are found in ~40 % An-FD. Ingterestingly, this 

mixture exhibits increase in -sheet structures toward nearing the stoichiometrically equality but 

the maxima appears at an excess of Cat-FK. The 40 % optimum in -sheet content teaches that 

the excess Cat-FK, acts as an efficient solubilizing agent to the  -sheet assemblies, whereas the 
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An-FD is not acting similarly in this respect (note that the 60 % An-FD PM shows a significant 

reduction in -sheet content in the congo red measuremtns and the supporting evidences in 

Figure 1). Nonethelss, the excess of each peptide contributes to the surface potential perhaps in 

a partially folded state. This type of interactions between folded -sheet structure, at the core of 

fibrils, and unfolded ones at the periphery is common in native amyloids, known as the "fuzzy 

coat effect" 78–80.   

 

Figure 4. ThT, CR, and charge of 0.3 mM PM coassemblies. A. ThT signal (dots) fitted to a 

sigmoidal function (line). B. ζ-potentials (dots connected by a line to guide the eye). C. CR 

absorbance (dots) and lines to guide the eye. D. Scheme representing the fibrils formed by An-

FD (red color arrow) and Cat-FK (blue color arrow) coassemblies, arranged along an arrow that 

highlights the fibril's charge. The distribution of both peptides within the PM was asseseed by 

MALDI-ToF that also supports the presence of heteromeric oligomers (see Figure S5). 
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Effect of pH on PMs coassembly in solution 

Figure 5A shows the formal charge of the PMs, as calculated using Protein Calculator (version 

3.481), according to the amino acid sequence of each peptide, taking into account all residues and 

their relative molar ratio while ignoring possible pKa shifts due to assembly15,63,82,83. For An-FD 

the pKa of the C-terminal Pro and the side chains of Asp residues are ~3.16 and ~3.43, 

respectively, and the pKa of the amine deprotonation of N-terminal Pro and Lys side chains are 

~7.64 and ~10.68 respectively84. Hence the pH range in which the two peptides can interact by 

complementary electrostatic interactions may extend from ~3.5 to ~10.5. For the 50 % An-FD 

PM the nearly zero charge range (see bold line Figure 5A) is relatively wide 5 < pH < 9.   

CD spectra of 0.3 mM 50 % An-FD PM as a function of pH, was measured to assess the influence 

of the peptides' net-charged on their assemblies' structures (Figure 5B). The PM show a 

combined -sheet and PPII structure with differences in the overall intensity as a function of the 

pH of the solutions. At pH = 2, the PM showed PPII structure with a minimum at 203-205 nm 

and a shoulder at 215 nm indicative of β-sheet forms. At pH = 3 a major effect on the spectrum 

intensity is noted, suggesting that the sample contains insoluble forms. Further increase to the 

zwitterion range, where the two peptides exhibit their fully charged state (pH = 5 - 9) resulted in 

increased signals of -sheet content compared to the PPII (see the ratio of -sheet to PPII, θ218 

nm/ θ203 nm, Figure 5B). At this range where both peptides are in their fully charged state, 

maximal electrostatic attractions stabilize the zwitterionic mixture. Thus, not only electrostatic 

equivalence appears in these conditions, but also induction of the β-sheet conformation that 

might even induce synergistic seeding of the two peptides. This result was confirmed also using 

FTIR spectroscopy (Figure S7), considering the lyophilization of the sample prior to FTIR 

measurement that may enhance the tendency to form ordered structure such as -sheet (special 
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caution was taken to minimize this effect using snap freezing in liquid-nitrogen and 

lyophilization at -30 ºC).When uncharged, both peptides may adopt -sheet conformation due 

to their intrinsic amphiphilic sequence3,15, while in their charged state the repulsion between 

their own side chains induces maximal distance between these residues and a resultant PPII 

conformation. Hence, outside of the zwitterionic range (pH < 3 or pH > 9) only one peptide 

component is charged while the other is uncharged. Under these conditions it can be expected 

that the uncharged peptide will undergo self-assembly while the other charged peptide will 

remain soluble in solution. The results indeed indicate that at pH = 2 and 3 An-FD is folded into 

-sheet while Cat-FK is probably responsible for the PPII signal. The opposite occurs at pH = 

11, where Lys side chains are uncharged and Cat-FK is organized in -sheets whereas An-FD is 

charged and soluble.   

Figure 5. The effect of pH on PM structures. A. Calculated formal charge of the PM as 

function of the pH considering the amino acids in the sequence (the bold line of 50 % An-FD 

refers to the samples of part B). B. CD spectroscopy of 50 % An-FD (molar ratio of 1:1 An-

FD:Cat-FK) at different pH values showing a combination of -sheet and PPII structures (see 

inset). In addition, secondary structure analysis of the PM which was performed by Fourier 

Transform Infrared Spectroscopy (FTIR) showed amide-I vibration typical to antiparallel β-

sheet structure (Figure S7). 
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Figure 6A shows the Isothermal Titration Calorimetry (ITC) curves produced by titrating Cat-

FK to either An-FD or Sc-FD. Titration of Cat-FK to An-FD produced a dominant exothermal 

interaction with positive values starting from ~7 µJ and decreasing after saturation to the blank 

value (~ 0.4 µJ). This pattern is typical to a single mode interaction85, which is associated with 

the electrostatic complementary interactions between the Lys and Asp resides of the two 

peptides. The titration of Cat-FK to Sc-FD (Figure 6A, turquoise curve) showed an endothermal, 

negative values, at the beginning of the measurement which becomes weakly exothermal, after 

nine injections, at close to the equimolar ratio between the peptides. Figure 6B shows the fitting 

of the heat pattern of Cat-FK titrated into An-FD in Figure 6A, to unspecific single-type 

interactions' model between the two components, that results in a high coupling enthalpy (H = 

-35 kJ mol-1), with n = 1.12 corresponding to close to equimolar interactions, with a small excess 

of Cat-FK over an-FD in accordance with the excess of the cationic peptide in the maximally 

detected hydrophobic assemblies by ANS and fibrillar assemblies detected by ThT and CR (see 

Figure 1B and Figure 4A and 4C, respectively). The Gibbs free energy was calculated to be G 

= -36.65 kJ mol-1 with an entropy change of S = 5.871J mol-1 K, assuring that this complexation 

is spontaneous. The enthalpy is expected to be negative thanks to the cross-strand β-sheet 

hydrogen bonds and the interactions between the electrostatically complementary peptides. The 

positive entropy could be associated with the release of counter ions from each of the peptides 

upon the formation of the charge-complementary interactions. Based on the data analysis, the 

dissociation constant, Kd, for Cat-FK:An-FD complexes was determined to be ~ 40 μM, with a 

confidence interval in the same range. An additional analysis of the dissociation constant that 

was performed by microscale thermophoresis (MST) revealed value in the same order of 
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magnitude (50 ± 8 µM, Figure S8). In comparison, the titration of Cat-FK to Sc-FD by ITC 

resulted in a positive enthalpy value, H = 6 ± 12 kJ mol-1 with a G = -35.39 kJ/mole and S 

= 138.9 J mol-1 K-1. Interestingly, both coupling of Cat-FK with either An-FD or Sc-FD is 

favorable as indicated by the negative Gibbs free energy values. Yet, while for An-FD the 

interaction is primarily enthalpy-driven, for Sc-FD it is entropy-driven. The binding of Cat-FK 

to Sc-FD apparently does not yield an overall favorable intermolecular interactions contribution, 

but rather an increase in entropy due to probable release of counterions from each of the peptides 

following their complexation. Likewise, similar processes were detected using ITC in systems 

of polyelectrolyte complexes, where complexation and release of  ions were competing 

processes86,87.  

Figure 6. ITC measurements of Cat-FK titrated into An-FD. A. Titration of Cat-FK into An-

FD (pink), Sc-FD (turquoise) solutions and to a buffer (grey). B. Enthalpy versus mole-ratio 

(dots) with a fit to unspecific single-type interactions' model (colour scheme as in A). Table inset 

shows the parameters fitted to Cat-FK titrated into An-FD. Data was fitted using NanoAnalyze 

software, to the independent model ± confidence interval. *The entropy and free energy values 

are derived from the fitted model rather than from the collected points.  
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PM prepared from stock peptide solutions at above CAC 

PM prepared from stock solutions of the peptides at above their individual CAC values, 22.7 

mM (4 % w/v), generated in some cases a hydrogel phase. Figure 7A shows the vials containing 

100 µL of the 4 % w/v PM. The vials positioned in upside down orientation (poor man rheology) 

demonstrate for the hydrogels the self-supporting solid like appearance88. Pure An-FD and the 5 

% An-FD PM did not form a hydrogel phase whereas the PM with 8 to 33 % An-FD stabilized 

hydrogel phases. At higher An-FD percentages the PM formed viscous and turbid solutions. 

Furthermore, turbidity was apparent in all PM with > 13 % An-FD with a noticeable maximal 

aggregation at 50 % An-FD. Figure 7B shows the cryogenic scanning electron microscopy 

(Cryo-SEM) images of the 5 and 50% PM solutions and the 33 % PM hydrogels, all presented 

with dense fibrillar morphologies, confirming that fibrillar assemblies are present in both the 

solution and hydrogel phase samples. The hydrogels of PM with 25-35 % An-FD were also 

characterized by rheological measurements that showed soft viscoelastic behavior with G' 

greater than G", with the 35 % An-FD exhibiting the highest values (Figure S9).  
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Figure 7. PM above the 4 % w/v CAC. A. Vials with PM at different % An-FD with such 

turned upside down to demonstrate hydrogel formation. B. Cryo-SEM images of hydrogel (33 

%) and PM solutions (50 and 5 % An-FD); Bar corresponding to 200 nm.  

 

SAXS and XRD of PM below and above CAC   

The pure peptides and the PM prepared at above CAC concentration, 4 % w/v (22.7 mM) were 

characterized by SAXS (in soluble and hydrogel states), and XRD (following lyophilization at -30 ºC). 

The XRD of the different An-FD % PM (Figure 8A) revealed Bragg peaks corresponding to the repeat 

distances 23, 11.6, 5.8, and 4.8 Å. SAXS of the same PM measured in their solution state, showed a 

46 Å spacing, in addition to the 23 and ~12 Å spacing (Figure 8B). All these peaks can be associated 

with a unit cell of a = 9.6 , b = 46 Å (and a c axis which corresponds to the thickness of the well-

known peptide bilayer packing, Figure 8C74). The XRD peak at 4.8 Å which was observed for all PMs 

and the pure peptides, is typical for the hydrogen bond spacing within the -sheet structure89,90. The 

46 Å spacing observed by SAXS corresponds to the axial length of both An-FD and Cat-FK peptides 

in the -sheet conformation (the distance between C atoms along a peptide in -sheet conformation 

is 3.45 Å, hence, a 13 amino acids peptide extends to ~ 45 Å)65,74 The unit cell which is presented in 
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Figure 8C, may accommodate each of the peptides and their mixtures, comprises of four molecules, 

two of which are related by the common antiparallel -sheet arrangement and linked by inter-strand 

hydrogen bonds (defining the a axis). The fibril bilayer exhibits a two-fold-like symmetry along the c 

axis whereby the hydrophobic Phe side chains, from each layer point at each other to create a 

hydrophobic core. In this low-resolution X-ray scattering measurements, the 11.6 and 12 Å peaks may 

correspond both to a higher order of the 46 Å peak noted as (0,4,0), and to the thickness of one peptide 

layer in laminated bilayer fibrils as noticed in SAXS measurements above the CAC (Figure 8B). Of 

note, the XRD patterns suggest enhanced crystallinity of the PM systems compared to the pure 

peptides evident by the enhanced intensity of the XRD peaks. Similar peaks to those detected above, 

appeared also in PM formed at concentrations below the CAC of the parent peptides (Figure S10), 

suggesting that even below CAC fibrils may exist or that in the lyophilization process coassembly of 

the two peptides into fibrils with same unit cell may occur.  

Furthermore, the SAXS curves of the different PM above the CAC (Figure 8B) provide additional 

information on the different assemblies in solution and hydrogel phase. Cat-FK solution shows a 

moderate slope at low q values, representing assemblies with a finite sub-micron size, as was 

previously reported74. The SAXS curve of An-FD solution corresponds to long one-dimensional 

assemblies (in which the limiting slope of the intensity is I(q) ~ q-1). These findings could support a 

model in which short fibrils of Cat-FK (as detected by cryo-TEM, Figure 3 above) stabilize long fibrils 

of An-FD (illustrated schematically in Figure 8C,D).  

https://doi.org/10.26434/chemrxiv-2024-jztjq ORCID: https://orcid.org/0000-0002-0802-0079 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0

https://doi.org/10.26434/chemrxiv-2024-jztjq
https://orcid.org/0000-0002-0802-0079
https://creativecommons.org/licenses/by-nc/4.0/


22 
 

 

Figure 8. Structural analysis of PM by XRD and SAXS. A. XRD pattern of lyophilized An-

FD, Cat-FK and their PM, at a total concentration above the CAC, 22.7 mM, B. SAXS of these 

pure peptides and PM at 22.7 mM (above CAC). C. A scheme of the proposed unit cell 

comprising the fibrils; inset Table assigning the detected repeat distances to Miller indices. D. 

A scheme of the PM fibrils above the CAC (including cryo-TEM images from Figure 3, of the 

pure peptides at 22.7 mM, and cryo-SEM image of 33% An-FD gel; bar corresponds to 50 nm).   
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Conclusions 

The results of this study can be summarized in the scheme shown in Figure 9. Upon mixing 

solutions of each peptide below its CAC concentration, these unfolded peptides in the PM system 

may undergo a cooperative coassembly process and form -sheets with each other (Figure 9, 

right side).  

Figure 9. The main pathways in coassembly of the charged -sheet forming peptides Cat-

FK and An-FD. Below the CAC (right side of the scheme) the unordered peptides can undergo 

cooperative heteromeric coassembly, particularly including hydrophobic interactions and 

formation of -sheet (seen in Figure 1 and Figure S3-4). Maximal assembly to -sheet is 

achieved in contribution of both peptides (Figure S4, S6), while excess of either of them can 

influence the surface charge of the fibril and dominate the outer layer of the assembly (Figures 

4 and Figure S5). Incorporation of scrambled sequence leads to binding entropically-driven 

disruptive coassembly, avoiding the fold into precise ordered structure (down arrow, based on  

Figures 1,6 and Figure S5). Above the CAC (left side of the scheme) the peptides first undergo  

homomeric self-assembly (based on Figure 1,3 and 8) which is followed by their orthogonal 

coassembly into either viscous solution or a hydrogel phase (as seen in Figure 7-8 and Figure 

S9).  

 

Previous studies indicated that system lacking charges, either due to the peptide concentrations 

or the amount of charged residues, tend to allow "self-association" rather than co-association, 
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leading to combinations of coassembled oligomers and homogeneous self-assembled ones53,54. 

Yet, higher charge systems tend to favor co-association of multicomponent oligomers, leading 

to cooperative assemblies. Echoing these observations, here we demonstrate these two types of 

coassemblies; Up to the 40 % An-FD there is an increase in the formation of hydrophobic niches 

of coassemblies that bind ANS and form -sheets as evident by CD. The -sheets may also 

coassemble into small fibrils (Figure 2 and 4) that are detected by ThT and CR markers. The 40 

% An-FD appears to be the sweet point of -sheet-fibrils formation, whereby the small excess 

of Cat-FK is possibly used by the system, to decorate the assemblies and enhances their 

solubilization. Interestingly, the CD measurements indicated a maximum of -sheet formation 

at 50 % An-FD suggesting that the PM solution holds various forms of -sheet coassemblies, 

that are possibly undetected by ANS nor by ThT and CR. These different experimental assays 

may be utilized in future studies to reveal the detailed kinetic mechanism of formation of these 

soluble PM coassemblies. 

Upon mixing of stock solutions, of each peptide at above its CAC, a coassembly did occur which 

led to either precipitation or to hydrogel formation (Figure 9, left). Our observations indicate 

that hydrogel phase is formed when PM enabled coassembly with excess of the cationic peptide. 

These hydrogels probably consist of An-FD long fibrils that are physically crosslinked by short 

Cat-FK fibrils. On the contrary, excess of An-FD relative to Cat-FK results in insoluble 

macroscopic aggregates that are formed probably by An-FD intermingled with Cat-FK. These 

experimental results underscore the elusive optimum point for maximizing coassembled 

structures by electrostatic interactions; neither maximal assembly, folding or the strongest 

interaction between the components can guarantee specific physical characteristics, as the 
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cooperation between the components should be experimentally verified to reveal the various 

soluble and insoluble assembly forms. 

Experimental 

Materials: 

The peptides Pro-Asp-(Phe-Asp)5-Pro, An-FD (Mw of 1638.65), Rhodamine-red N-terminal-

labeled An-FD, Rhod-FD (Mw = 2063.47 ), Asp-Phe-Phe-Pro-Asp-Asp-Pro-Phe-Asp-Phe-Phe-

Asp-Asp,  Sc-FD (a scrambled version of An-FD), Pro-Lys-(Phe-Lys)5-Pro, Cat-FK (Mw of 

1717.16),  FITC N-terminal-labeled Cat-FK, FITC-FK (Mw = 2219.72) and Lys-Phe-Phe- Pro-

Lys-Lys-Pro-Phe-Lys-Phe-Phe-Lys-Lys, Sc-FK (a scrambled version of Cat-FK) were all custom 

synthesized, purified by high performance liquid chromatography to >95% and supplied as 

lyophilized powders (An-FD by American Peptide, Sunnyvale, CA, Rhod-FD by Caslo, Lyngby, 

Denmark and Cat-FK by GenScript, Piscataway, NJ). Peptide content was adjusted following 

removal of the residual anions trifluoracetic acid (TFA), acetic acid and hydrochloric acid by ion 

exchange chromatography to 77.7 % for Cat-FK and 92.0 % for An-FD. Briefly, peptides 

aqueous solutions at 1, 0.1 and 0.01 mg/mL concentration were injected (500 µL) into an anion 

exchange column (Dionex IonPAcTM AS9-SC, 4x250 mm) that ran continuously with 2 ml/min 

of the isocratic solution 2 mM Na2CO3 and 0.75 mM NaHCO3.  Concentrations were calibrated 

using reference solutions containing the three ions prepared by dissolving glacial acetic acid, 

TFA and hydrochloric acid (%) in DIW and serial dilution thereof.  

Hydrochloric acid (35%), sodium hydroxide (99%), 8-Anilino-1-naphthalenesulfonic acid 

(ANS), Thioflavin T (ThT), Congo-Red (CR) were purchased from Sigma-Aldrich (Rehovot, 

Israel). Au-streptavidin nanoparticles, 10 nm colloidal suspension in tris buffered glycerol 

https://doi.org/10.26434/chemrxiv-2024-jztjq ORCID: https://orcid.org/0000-0002-0802-0079 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0

https://doi.org/10.26434/chemrxiv-2024-jztjq
https://orcid.org/0000-0002-0802-0079
https://creativecommons.org/licenses/by-nc/4.0/


26 
 

aqueous solution (OD520 nm = 2.5) was purchased from Sigma-Aldrich (LOT #SLCB9629). 

HEPES buffer powder (Mw of 238.3) was purchased from Holland-Moran (Yehud, Israel).   

Peptide solutions: 

Peptide solutions, at concentrations of 0.05-22.7 mM (~0.009 - 4% w/v), were prepared by 

dissolving lyophilized peptide powders in deionized water (DIW, 18.2 MΩ cm, Thermo 

Scientific) followed by the addition of concentrated HEPES buffer (1M stock solution, pH=7.4) 

to a final buffer concentration of 50 mM. Next, solutions were sonicated for 30 seconds by a 

probe-sonicator operated at 40 % amplitude (Sonics Vibra-cell VCX-130, Newtown, CT, USA), 

to accelerate dissolution and assure the homogeneity of the sample. The peptide solutions were 

then diluted to the required actual concentration, while taking the peptide purity and content into 

account, using the same buffer (HEPES 50 mM, pH=7.4). Following the dilution, the pH was 

measured and corrected when necessary, using aliquots of 5 M or 1 M NaOH or HCl aqueous 

solutions. Peptide samples were then vortexed in the desired ratio of An-FD to Cat-FK. For 

example, 0.3 mM sample of 75% An-FD is prepared by mixing different 3:1 v/v  An-FD:Cat-

FK, of each of the peptides' 0.3 mM solution.  

For the pH-dependent measurements, the peptides were dissolved as described above in DIW 

(70% of the total volume), samples were titrated with NaOH and HCl (5M, 1M and 0.1M 

solutions) to the desired pH and then diluted with DIW to the final volume. Last, the samples 

were sonicated, and the pH was measured and corrected again if necessary (allowed deviation 

of < 0.1 pH unit). PM at different pH values were prepared by adjusting the pH of each peptide 

solution followed by their mixing together.   

Confocal fluorescent microscopy 
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FITC-labelled Cat-FK and Rhodamine-red labelled An-FD were co-incubated in PM at 

concentration of 0.1 mM (HEPEs 50 mM, pH=7.4). The content of fluorescently labelled 

peptides was 1% (molar ratio) in both An-FD and Cat-FK separate solutions prior mixing. The 

PM were prepared as described above and let incubate at RT for one-hour prior imaging, and 

placed on confocal dish (Nest, China). The samples were imaged on high resolution confocal 

fluorescence microscopy (LSM880 Axio-Observer Z1 microscope, Zeiss, Germany, equipped 

with Z-Piezo Stage Controller).  The samples were imaged separately for FITC fluorescence, 

Rhodamine red fluorescence and the merged picture of the same area was created using ImageJ 

software to estimate the co-localization of the two peptides. 

ANS fluorescence 

Peptide mixtures were prepared as described above in 50 mM HEPES buffer solution. ANS is a 

useful label of unspecific hydrophobic proteinaceous aggregates formed through liquid-liquid 

phase separation (LLPS)91,92, a process that is taking place at early stages of assembly in 

solution93. A solution of ammonium 1-anilino-8-naphthalene sulfonate (ANS) was prepared with 

1 mg ANS in 50 mL DIW (equal to 63.2 µM). This stock solution was kept protected from light 

at room temperature (RT). The peptide/ANS samples were equilibrated at RT for one hour. Next, 

54 µL of peptide solution (either mixture or one peptide, in concentration of 0.3 mM) were mixed 

with 6 µL of the ANS solution (final ANS concentration of 6.3 µM) and the samples were 

incubated for two hours prior measurement. The samples were placed in 384-well black plate 

(Greiner bio-one) with each 60 µL per well, in three technical replicas. The fluorescence was 

measured on Biotek Synergy H1 plate reader (Biotek, Winooski, VT, USA) at 25 °C (λEX = 350 

nm, λEM = 500 nm)91. The error bars represent three independent PM samples that were measured 

at the same time. 
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Circular Dichroism (CD) Spectroscopy 

CD spectra were recorded in a range of 190-260 nm on a Jasco J-715 spectropolarimeter (Tokyo, 

Japan), with 0.01 cm quartz cuvettes. All samples were prepared in diluted 5 mM HEPES buffer 

to minimize CD background noise. Spectra were recorded at a final PM concentration of 0.3 

mM. PMs at different pH values were prepared at 0.4 mM titrated with NaOH 0.1M and 5 M or 

HCl 0.1 M and 5 M to the desired pH, then further diluted with DIW to the final concentration 

of 0.3 mM. CD spectra were recorded at 0.5 nm wavelength data pitch at 25 °C and represented 

as an average of four scans. CD signals of the buffer were recorded and subtracted as background 

from the corresponding spectra. The CD scans are presented in mean reside ellipticity as function 

of wavelength. Further analysis presents the ratio between the mean residue ellipticity minima 

of the -sheet at 218 nm to that of polyproline type II at 205 nm.  

Measurement of the Critical Aggregation Concentration (CAC) 

Peptide samples were prepared as described above in final peptide concentration of 22.7 mM in 

HEPES 50 mM, pH 7.4. Then, the samples were serially diluted in Eppendorf tubes by 

transferring 400 µL of peptide solution, complemented by 200 µL for 15 times. The samples 

were then sonicated in a bath sonicator for 10 minutes. Samples were placed in 384 well black 

plate, 54 µL in each well with three technical replicas and each well was supplemented with 6 

µL of the ANS solution (described above). The samples were protected from light, incubated at 

RT for two hours and then the ANS fluorescence was measured as described above. The 

fluorescence was analyzed as a function of the total peptide concentration. The CAC was 

determined as the point at which the slope of the fluorescence increases by one order of 
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magnitude from the intercept of two linear trends of the fluorescence, at low and high 

concentrations91.   

Congo Red (CR) labeling 

Similar peptide mixtures that were prepared for ANS fluorescence assay were also labeled with 

Congo Red (CR) as fibril labeling agent94. A solution of CR 10 mM in DIW was prepared and 

used as a stock solution. Prior to each experiment the solution was diluted with HEPES 50 mM 

buffer to final CR concentration of 100 µM. Peptide samples of 54 µL (either PMs or each 

peptide, at a total concentration of 0.3 mM) were mixed with 6 µL of the CR solution (final CR 

concentration of 10 µM). The samples were incubated for ten minutes, and then placed in 384-

well flat bottom clear plate (Greiner bio-one). Each well was filled with 60 µL of the peptide/CR 

sample, and measurements were carried with three technical replicas. Optical absorption (OD) 

of CR was collected between 400-600 nm on a plate reader (Multiskan GO, Thermo scientific, 

Waltham, MA). The CR-fibril-related OD maxima was found to be at 533 nm and that was used 

as a measure of fibril assembly.  

Thioflavin T (ThT) Fluorescent labeling 

Peptide coassemblies were prepared in solution as described above, in total peptide 

concentration of 0.3 mM at the desired peptide ratio, all in HEPES buffer (pH=7.4, 50 mM). The 

samples were let to stabilize for one hour at RT. Then, three technical replicas of 54 µL of each 

sample were placed in 384-well flat bottom black plates (Greiner Bio-one), supplemented with 

Thioflavin T (ThT), 6 µL, 10 µM (from stock aqueous solution of 100 µM) and complemented 

to a final volume of 60 µL. The samples were shaken for 10 seconds. ThT fluorescence from the 
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dye supplemented peptide solution was measured on Biotek Synergy H1 plate reader (Biotek, 

Winooski, VT, USA) at 25 °C (λEX= 440 nm, λEM = 490 nm). 

ζ-Potential 

ζ potential values of peptide buffered solutions (PMs 0.3 mM) were measured by Zetasizer 

(Zetasizer Nano ZS, Malvern, Worcestershire, UK). The samples were allowed to stabilize for 

60 seconds and then the ζ-potential was measured in DTS1080 U-type polystyrene cuvette in 

three separate scans, each with three technical replicas.  

Formal Charge calculation 

The sequences of An-FD and Cat-FK were analyzed using Proteopedia encyclopedia for 

biomolecules81,95. The formal charge of each peptide sequence was calculated at various pH 

values, ranging from 0 to 14 in 0.1 pH unit steps. The peptide mixtures' formal charge was then 

calculated as the linear combination of the formal charge of each peptide in accordance with its 

fraction. These calculation do not take into account assembly aspects and related pKa shifts. 

Isothermal Titration Calorimetry (ITC)  

Cat-FK (0.5 mM) was dissolved as reported above in HEPES buffer (pH = 7.4, 50 mM) and 

titrated into An-FD solution (0.05 mM in same buffer), using Nano ITC low volume cell (TA 

Instruments, Newcastle, DE, USA) applying 17 drops (3 µL each) after temperature stabilization 

to 25˚C. Following each drop the system was stabilized for 100 seconds. As a negative control, 

similar titration of Cat-FK was applied to Sc-FD (scrambled sequence of An-FD that does not 

form -sheet structure, prepared similarly to An-FD). Titration of Cat-FK to similar buffer was 
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used as a baseline. The resulted isotherm was analyzed using Nanoanalyze software using an 

independent interaction model with model fitting of 99%. 

Cryogenic Transmission Electron Microscopy (Cryo-TEM) 

Peptide solutions were prepared as mentioned above (total peptide concentration 0.05 mM) in 

buffer. Following 30 min of incubation at room temperature, 3 μL of the sample's solution was 

deposited on a glow-discharged TEM grid (300 mesh Cu Lacey substrate grid; Ted Pella). The 

excess liquid was blotted out with a filter paper and the specimen was rapidly plunged into liquid 

ethane precooled with liquid nitrogen in a controlled environment (Leica EM GP). The vitrified 

samples were transferred to a cryo-specimen holder (Gatan 70° FOV Cryo-transfer Holder) and 

examined at −181 °C with a FEI Talos F200C is a 200 kV FEG Transmission Electron 

Microscope operated at 200 kV in low-dose mode. Images were recorded with a Ceta 16M CCD 

Camera.  

Peptide hydrogel preparation 

Hydrogels (4% w/v, 22.7 mM) were prepared by mixing of the two peptide solutions. Each 

peptide was dissolved in HEPES 50 mM buffer, pH=7.4, applying 30 seconds sonication using 

probe-sonicator at 40% amplitude (Sonics Vibra-cell VCX-130, Newtown, CT, USA) to 

accelerate dissolution. The peptide solutions pH was measured and corrected using 5M or 1M 

NaOH or HCl aqueous solutions, followed by another 30 seconds sonication to increase the 

peptide solution homogeneity prior to gel formation. The two peptide solutions (4% w/v, An-FD 

or Cat-FK) were clear to naked eye. To prepare gels, the two peptide solutions were mixed using 

sterile syringe, An-FD solution to Cat-FK solution within Eppendorf plastic vial, and the mixture 

was mixed by a vortex. The mixture was transferred into the desired vial/plate, and stabilized 
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overnight at 4˚C. The hydrogels were brought back to room temperature prior to further 

characterization or any other experiment. Not all 4% w/v PM formed gel, and in some ratios 

forms viscous solutions or biphasic behavior with solid sediments. 

Cryogenic Scanning Electron Microscopy (Cryo-SEM) 

PM gels were placed between two aluminum discs (3mm in diameter, 25μm in thick each) and 

cryo-immobilized in a high-pressure freezing device (EM ICE, Leica). The frozen samples were 

then mounted on a holder under liquid nitrogen in a specialized loading station (EM VCM, 

Leica) and transferred under cryogenic conditions to a sample preparation freeze fracture device 

(EM ACE900, Leica). In that device the samples were fractured by a rapid stroke of a 

cryogenically cooled knife, exposing the inner part of the sandwiched discs. After fractured, the 

samples were etched at −100 °C for 10 minutes to sublime ice from the sample surface and 

coated with 3nm carbon . Samples were imaged in a Gemini SEM (Zeiss) by a secondary electron 

in-lens detector while maintaining an operating temperature of -120 °C . 

Small Angle X-ray Scattering (SAXS) 

The 22.7 mM (4% w/v) peptide samples, either hydrogels or solutions, were prepared as 

described above. SAXS patterns of the solutions and hydrogels were obtained with a SAXSLAB 

GANESHA 300-XL. CuKα radiation was generated by a Genix 3D Cu source with an integrated 

monochromator, three-pinhole collimation, and a 2D Pilatus 300K detector. Hydrogel specimens 

were placed in stainless steel sample cells with entrance and exit windows made of mica. 

Solutions (of the pure peptides) were placed into a 1.5 mm quartz glass capillary (wall thickness 

of 0.01 mm). The scattering spectra of the solvent were subtracted from the corresponding 

solution data using the Irena package for analysis of small-angle scattering data.  The scattering 
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intensity q was recorded in the range 0.02 < q < 1.4 Å−1 (corresponding to repeating lengths 4 – 

320 Å). Measurements were performed under vacuum at ambient temperature. The scattering 

curves were corrected for counting time and sample absorption.  

X-ray diffraction (XRD) 

Powder X-ray diffraction (XRD) measurements were performed on cryogenically-freezed and 

lyophilized peptide powders. PMs at 22.7 mM (4% w/v) were prepared as described above but 

for using the buffer ammonium acetate (10 mM, pH = 7.4) expected to evaporate off the sample 

under lyophilization. Following overnight stabilization of the hydrogels the samples were snap 

frozen in liquid nitrogen and then lyophilized in temperature-controlled protocol at -30˚C to 

minimize structural changes along the lyophilization. The relatively low concentration of buffer 

(10 mM) was used to minimize the buffer-salt XRD fingerprint. X-ray diffraction measurements, 

θ/2θ geometry, were performed on a powder diffractometer (Empyrean, Panalytical B.V., 

Almelo, the Netherlands) equipped with position sensitive detector X'Celerator, using Cu Kα 

radiation (λ= 1.5417 A) at 40 kV and 30 mA. Scans were acquired during ~15 min in 2θ range, 

2– 30°, at ~0.033° step size. 
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