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ABSTRACT. The divergent supramolecular behavior of a series of tripeptide stereoisomers was 

elucidated through spectroscopic, microscopic, crystallographic and computational techniques. 

Only two epimers were able to effectively self-organize into amphipathic structures, leading to 

supramolecular hydrogels or crystals, respectively. Despite the similarity between the two 

peptides’ turn conformations, stereoconfiguration led to different abilities to engage in 

intramolecular hydrogen bonding. Self-assembly further shifted the pKa of the C-terminal side 

chain. As a result, across the pH range 4-6, only one epimer predominated sufficiently as a 

zwitterion to reach the critical molar fraction allowing gelation. By contrast, the differing pKa 

values and higher dipole moment of the other epimer favored crystallization. The four 

stereoisomers were further tested for gold nanoparticle (AuNP) formation, with the supramolecular 

hydrogel being key to control and stabilize AuNPs, yielding a nanocomposite that catalyzed the 

photodegradation of a dye. Importantly, the AuNP formation occurred without the use of 

reductants other than the peptide, and the redox chemistry was investigated by LC-MS and NMR. 

This study provides important insights for the rational design of simple peptides as minimalistic 

and green building blocks for functional nanocomposites. 

Materials play a crucial role in human progress, as demonstrated by the fact that many historical 

periods are named after them (e.g., the stone, iron, and bronze ages). In particular, gels are soft 

materials that are extremely versatile, for they can adapt1 and respond2 to external stimuli, while 

providing confined media for chemical reactions to occur.3 Applications are vast, spanning from 

biomedical uses4 and bioelectronics,5 to art conservation,6 anti-ice coatings,7 and environmental 

remediation.8 A versatile class of gels comprises supramolecular gels that are formed by weak 

interactions between small-molecular-weight gelators, which can easily be assembled and 
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disassembled on demand.9 Amongst the various gel components, peptides have long fascinated 

chemists for being widely used by nature as building blocks in both structural and functional 

roles.10-11 Tripeptides are particularly interesting because they are simple enough to be made on a 

large scale by low-cost liquid-phase methods, while exerting bioactivity.12-13 Examples include 

Arg-Gly-Asp14 and Leu-Asp-Val15 that mediate cell adhesion also in heterochiral peptide 

sequences,16 whereby Asp is key for function,17 or Asp-Leu-Phe18 that inhibits bacterial 

replication, potentially useful to develop antibiotics. Asp was shown to be critical also for sweet-

tasting dipeptides, e.g., aspartame (Asp-Phe-OMe).19 Strikingly, the non-proteinogenic D-Asp is 

an endogenous neurotransmitter20-21 that was proposed to treat cognitive defects, as it stimulates 

myelin repair,22 and affects testosterone levels.23  

Short-peptide nanofibrils are convenient adjuvants for bioactives.24-26 However, design rules 

remain elusive for gelling di- and tri-peptides featuring Asp.27-28 Seminal work by Reches and 

Gazit on Phe-Phe nanotubes enabled the search for other self-assembling sequences.29 

Hydrophobicity is a key driver of self-association in water, as demonstrated by a pioneering 

collaboration between Tuttle’s and Ulijn’s teams.27 A successful approach thus includes using 

hydrophobic Phe-Phe, as in Asp-Phe-Phe and Phe-Phe-Asp that were studied as emulsifiers. They 

were predicted in silico to assemble into bilayers, although neither gels nor fibrils were observed 

at neutral pH.30 Conversely, the more hydrophobic Fmoc-Phe-Phe-Asp assembled at pH 5-7 into 

nanofilaments.31 Terminal modifications yielded gels from Ac-Phe-Leu-Asp-NH2, Ac-Ile-Val-

Asp, and related sequences,32-33 but subtle structural changes often hamper hydrogelation for 

reasons that remain unknown.34 Therefore, the elucidation of the exact processes that enable 

hydrogelation of Asp-bearing tripeptides is of high value, and it is provided in the present work, 

as we analyze the effects of conformation and assembly on pKa values, and, thus, on the speciation 
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diagram that revealed the requirement of a critical amount of the zwitterionic species for gelation 

to occur. 

An alternative approach to design gelling di- and tri-peptides features heterochirality, i.e., the 

inclusion of D- and L-residues at specific locations to direct the spatial positioning of side-chains 

within amphiphilic superstructures.35 Heterochirality has enabled the design of supramolecular 

nanotubes,36-37 gels,38 2D-sheets,39 helical tapes40 and fibrils.41 In the case of Phe-Phe, 

heterochirality did not impact the backbone conformation or hydrogen-bonding pattern in the 

nanotubes, surprisingly.42 However, it profoundly affected the orientation of Phe side-chains, 

leading to intra- instead of inter-molecular interactions that hindered hierarchical bundling into 

toxic microtubes, yielding instead biocompatible, gelling nanotubes.42  Besides providing 

cytocompatibility and better control over self-assembly of minimalistic sequences such as Phe-

Phe,42 heterochirality is useful to increase peptides’ resistance against enzymatic hydrolysis,43 and 

to increase the durability of their assemblies in vivo too.44 

In light of the importance of hydrophilic residues such as Asp in bioactive motifs, here we analyzed 

the supramolecular behavior of the four stereoisomers of Phe-Phe-Asp (Chart 1), featuring a C-

terminal Asp to promote intermolecular ionic interactions.27 Single-crystal X-ray diffraction 

(XRD) structures of the four stereoisomers, as well as all-atom molecular dynamics (MDs), 

spectroscopic and microscopic analyses, provided a detailed picture, generating new 

understanding of the divergent behavior observed between stereoisomers upon application of a pH 

trigger. Surprisingly, subtle changes in stereoconfiguration stabilized conformers through 

intramolecular H-bonding, which in turn shifted pKa values to drive assembly to different 

outcomes. Furthermore, each peptide was tested for gold nanoparticle (NP) formation without 

adding further reductants, with only one stereoisomer yielding a hydrogel that enabled control over 

NP size and stability, yielding a nanocomposite that effectively catalyzed the photodegradation of 
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a dye. Liquid-chromatography coupled to mass spectrometry (LC-MS), accurate MS, NMR, and 

infrared scattering-type near field optical microscopy (IR s-SNOM) analyses enabled the 

elucidation of the redox reaction. 

  

Chart 1. The four Phe-Phe-Asp stereoisomers. 

Results and Discussion 

Peptide self-assembly 

There are eight stereoisomers of Phe-Phe-Asp: four enantiomeric pairs, which display identical 

supramolecular behavior in achiral environments. Compounds 1-4 (Chart 1) were prepared in 

solid-phase, HPLC-purified, and freeze-dried. They were fully characterized as described in ESI 

sections S1-S4. Self-assembly was triggered by switching from pH 12 to pH 5-6 using phosphate 

buffers. First, the anionic peptides were dissolved in phosphate buffer at alkaline pH thanks to 
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intermolecular repulsion, then protonation of their N-termini at lower pH enabled the formation of 

intermolecular salt bridges (ESI section S5).35 An acidic pH was required to protonate only one of 

the two carboxylic groups, so that each zwitterionic molecule carried a neutral charge. The Asp 

side-chain pKa is known to be influenced by its position along a peptide sequence (pKa=5 was 

reported when C-terminal),45 and its embedding in hydrophobic environments.46  

Upon application of the pH trigger to 1-4, only epimers 1 and 4 efficiently self-organized into 

hydrogels and crystals, respectively, whereas 2-3 yielded amorphous precipitates at concentrations 

above their solubility limit. The different macroscopic behavior of the four stereoisomers was 

rationalized in terms of each compound’s ability to generate ordered amphiphilic superstructures, 

as confirmed by single-crystal XRD analyses (Figure 1 and ESI section S5). All crystal structures 

show the presence of one deprotonated and one protonated COOH group, with similarity between 

the packing of 1 and 4. In each a single peptide molecule is present in the asymmetric unit, with 

3.5 or 1 solvent (water/methanol) molecules, respectively.  
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Figure 1. Single-crystal XRD structures of 1 (A), 2 (B), 3 (C), and 4 (D) show segregation of 

hydrophobic (yellow background) and hydrophilic (cyan background) moieties. Carbon atoms are 

shown in green, oxygen in red, nitrogen in blue, hydrogen in grey. E) Ramachandran plot of the 

dihedral angles of the central residue for 1-4. Ten crystallographic independent molecules are 

shown for 2. The inverted dihedral angles are reported for 3 as in this compound the central residue 

has a D-configuration (*denotes the enantiomer). F) Superimposition of the backbones of 1 (white) 

and 4 (light grey) with an ε-turn from PDB structure 2RA6 (dark grey).47 Backbone atoms of all 

peptides are shown as spheres. Side chains of the 2RA6 structure have been removed for clarity. 

 

In 4, a strong intramolecular interaction is present, between the N- and C-termini. This 

backbone-to-backbone H-bond (NH(i)···CO(i+2)), which runs in opposite direction relative to - 

(CO(i)···NH(i+4)), β- (CO(i)···NH(i+3)) and ϒ-turns (CO(i)···NH(i+2)), is a key feature of ε-
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turns.48 This turn type, rare in proteins, is more common for cyclopeptides and heterochiral 

peptides. The backbone conformation of 4 is consistent with the family 4 of ε-turns (Figure 1F), 

which display Gly in position i+2, as recently reported by Toniolo et al.47 Thus, the D-configuration 

of Asp in 4 appears crucial to form this ε-turn. The L-peptide 1 assumes an analogous conformation, 

however, a switch between the L-Asp terminal and side-chain carboxylates is necessary to retain 

the intramolecular interaction with the N-terminus (Figure 1F). In proteins, the side chain–main 

chain interaction is quite common for Asp. Over 16% of Asp is involved in the Asx-turns 

mimicking the -turns.49 However, the reverse direction of the H-bond observed in 1 is quite rare.50 

Geometrical considerations on the chemical environment, supported by electron density maps, 

suggest the deprotonated state of the carboxylate involved in the intramolecular interaction in both 

1 and 4. The two epimers display different protonation states, with 4 being protonated on the Asp 

side-chain (as in 3), and 1 on the C-terminal COOH. The described intramolecular salt-bridge 

appears a key determinant of the peptide conformation and protonation state.  

Conversely, the crystals of 2 and 3 displayed commensurately modulated structures (Figure 1B-

C) with 10 and 3 peptide molecules in the asymmetric unit, respectively. The conformations of 

crystallographic independent molecules are similar for the backbone, but different for the side-

chains (ESI section S5). Overall, we inferred that the higher order and efficient amphiphilic 

packing of 1 and 4 agreed with their effective self-assembly. 

We investigated the tendency of 1 to gel, and 4 to crystallize, under the same conditions, through 

all-atom MD simulations. Similar conformers were adopted by 1 and 4, although the acidic groups 

of the former engaged in intramolecular H-bonding to a greater extent than the latter (Figure 2A-

B and ESI section S6). As a result, 1 displayed a higher pKa for the Asp side-chain COOH, as 

confirmed by ab initio quantum-mechanical calculations (ESI section S6), and experimentally by 

pH titrations (ESI section S7). 
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Figure 2. A-B) All-atom MDs in solution for 1 (A) and 4 (B). C-D) Speciation diagrams51 for 1 

(C) and 4 (D) at 20 mM revealed that only 1 was present as a zwitterion at ≥0.8 mole fraction 

(cyan) at pH 4-6, which gave stable gels. E-F) All-atom MDs of the zwitterions of 1 (E) and 4 (F) 

revealed nanofibrils, in agreement with TEM measurements. The molecular surfaces of peptide 

assemblies are shown, colored by atom type (C, N, and O in white, blue, and red, respectively). 
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The brightest surfaces identify the original simulation box. The solid dark colored and semi-

transparent grey surfaces represent 8 and 18 additional boxes, respectively. 

 

pKa shifts to higher values were noted for 1 as its concentration increased, especially for the Asp 

side-chain COOH (ESI section S7). This phenomenon was reported for self-assembling peptide 

derivatives, though never before linked to stereochemical effects, being ascribed to the non-

covalent interactions and hydrophobic environment engendered during fibrillation.52-55 1 displayed 

the widest separation between the pKas of its two COOH groups, resulting in an optimal pH range 

of 4-6 at which the neutral zwitterion represented ≥0.8 of 1 mole fraction (Figure 2C, cyan area), 

yielding stable gels. 

By contrast, 4 exhibited closer values for the pKas of the two COOH groups, thus never reaching 

0.8 molar fraction of the neutral zwitterion at any given pH, and not undergoing gelation (Figure 

2D). Further, the dipole moment for 4 (24.8 Db) was greater than for 1 (20.9 Db) in the crystal 

(ESI section S6). This observation, as well as the dipole orientation perpendicular to the peptide 

backbone, may explain the marked tendency of 4 to crystallize.56  

All-atom MD simulation of both 1 and 4 confirmed their tendency to form fibrils (Figure 2E-F 

and ESI section S6) with diameters consistent with TEM measurements (Figure 3 and ESI section 

S8). Analyses of the dihedral angles of the conformations sampled by 1 and 4 zwitterions during 

assembly, and of their ability to engage in H-bonding and salt bridges, did not reveal significant 

differences (ESI section S6). We inferred that gels were not observed for 4 because the neutral 

species never reached the critical threshold of 0.8 molar fraction (Figure 2B), in contrast to 1, due 

to their differing pKas.  
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Figure 3. Nanostructured hydrogel 1. A) Photograph of the gel. B) TEM micrograph reveals a 

nanofibrillar network. C) Gelation kinetics rheometry data. D) CD heating ramp reveals a Tm of 

50 °C. E) Fibril diameter distribution (n = 150). 

The nanostructured hydrogel of 1 (Figure 3) displayed an elastic modulus G’ of 1 kPa after one 

hour of self-assembly, displaying a Tm of 50 °C. TEM analyses revealed homogenous fibrils with 

a diameter of 2.7 ± 0.5 nm (n = 150), in agreement with MDs (Figure 2E). Nanofibrils of 

analogous size were rarely observed for 2-4 (ESI, section S8), with 4 consistently crystallizing 

(Figure 4A-B). We inferred a general tendency for this sequence to fibrillate, as noted by MDs. 

CD spectra of 1-4 in solution (Figure 4C) were reminiscent of those assigned to a population of 

conformers featuring predominantly β-structures and turns.35 The signs of the spectral features 

were dictated by the chirality of the central residue, hence negative at 200-240 nm for 3, 

analogously to reports on stereoisomers of similar sequences.57 At the higher concentrations 

needed for self-assembly, spectra could be acquired above 210 nm (Figure 4D). Significant 

differences were noted for 1 and 4, with a sign inversion occurring, and overall signatures 

reminiscent of turns. 
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Figure 4. A) Gelation test for 4. B) Microcrystals as seen by light microscopy. C-D) CD spectra 

of 1-4 in solution (C) and under self-assembly conditions (D). E) Amide region of the ATR-IR 

spectra of 1-4 under self-assembly conditions. 

The amide region of Attenuated Total Reflectance infrared (ATR-IR) spectra under self-

assembly conditions (Figure 4E) revealed broad signals for 2-3, suggesting highly heterogeneous 

conformations. By contrast, sharper peaks arose for assembling 1 (1660, 1599, and 1536 cm-1) and 

4 (1674, 1660, 1599, and 1531 cm-1), respectively, which fall in the regions of turns/left-handed 

helices.47, 49 The absence of typical β-sheets formed by assembling peptides was confirmed by 

negligible fluorescence with the Thioflavin T amyloid stain (ESI section S11).58  

Gold nanoparticle (AuNP) templating and size control 

The use of synthetic59-61 or natural62 polymers (sometimes combined together)63 to form AuNPs 

in situ has attracted researchers’ attention, as a way to gain control over their size, morphology, 

and distribution with definition at the nanoscale and microscale. However, despite the vast efforts 

in this area, the understanding of the mechanistic details of these processes remain far from being 

understood.64 Furthermore, peptide gels embedded with AuNPs bear potential for many uses, 
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spanning from wound healing,65 to cancer therapy with sustained and targeted delivery,66 and for 

various applications as green catalysts.67  

The four stereoisomers’ assemblies were tested as templates for AuNPs, using the peptide as 

reducing agent. Self-assembling peptides are widely used as supramolecular templates for AuNPs 

growth usually in the presence of a chemical reductant – unlike this work – and to our knowledge 

no studies thus far have investigated stereochemistry effects by selectively changing amino acid 

chirality from L- to D- within the peptide sequence.68 In this work, we tested the ability of the 

peptide to act as green reductant in situ for HAuCl4, which was added to each peptide after self-

assembly.  

Interestingly, AuNPs formed rapidly only within the homochiral 1 gel, which provided a 

supramolecular architecture that stabilized the AuNPs over time, impeding their aggregation. 

Conversely, over time, AuNPs formed also with the other stereoisomers, but with poor AuNP size 

and geometry control, and issues of aggregation (Figures 5A-B, S45-S48). The formation of 

AuNPs within the hydrogel of 1 displayed the typical rise of the absorbance peak at 538 nm 

(Figure 5C), corresponding to crystalline, polygonal, quasi-spherical AuNPs with an average 

diameter of 5.6 ± 2.6 nm (Figure 5D-E), similarly to those obtained in other peptide gels.69 The 

hydrogel nanocomposite successfully catalyzed the complete photodegradation of the organic dye 

methylene blue (MB) within 1 hour using a solar simulator (Figure 5F). The photocatalytic 

performance of the nanocomposite gel was superior to other green systems with AuNPs (e.g., that 

displayed negligible MB photodegradation,70 18% MB photodegradation in 16 min.,71 80% MB 

photodegradation over 2 hours72). Dye removal is just one example of catalytic application of the 

nanocomposite, and further uses can be envisaged that go well beyond water purification,73-74 for 

instance towards enantioselective catalysis,75-78 or sensing.79   
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Figure 5. A) AuNPs form readily within the hydrogel of 1, whose architecture provides stability 

against aggregation, contrarily to samples 2-4 (O/N = overnight; MB = methylene blue). B) 

Transmission electron microscopy (TEM) of AuNPs formed with peptides 1-4, scalebar = 50 nm. 

C) UV-absorbance of AuNPs formed within 1 hydrogel. D) Diameter distribution of AuNPs 

formed within 1 hydrogel (n = 100 counts). E) HR-TEM of AuNPs formed with 1. F) 

Photocatalytic degradation of methylene blue (MB) in the presence of the composite hydrogel of 

1 with AuNPs. 

 

The conditions for AuNP formation were selected from a series of experiments that revealed that 

mild heating to 40 °C accelerated the process, yielding clusters of nanocrystallites during the first 

30 minutes (Figure 6A-D), which then fused in polygonal nanoparticles over an hour (Figure 6E-

G). However, heating the hydrogel immediately after HAuCl4 addition, and/or using a peptide 

concentration >30 mM, resulted in inhomogeneous distribution of AuNPs within the gel, with their 

consequent aggregation, and bigger AuNPs (16.2 ± 4.9 nm, n = 100), while peptide fibrils and 
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their bundles were maintained (Figure 6F, 6H). Conversely, working at the minimum gel 

concentration (mgc) and incubating the gel with HAuCl4 at room temperature for 30 minutes prior 

to heating, enabled the diffusion of the reagent within the gel, leading to a homogenous 

nanocomposite with good control over AuNP size, as shown in Figure 5. Rheological analyses 

confirmed the stability of the nanocomposite gel, although it displayed ~34% reduction in the 

elastic modulus relative to the gel without AuNPs (ESI, Fig. S49). Addition of precious metal ions 

and growth of AuNPs within gel matrices and films usually change the properties of the bulk 

material.80-81  

 

 Figure 6. Study of AuNP formation within the hydrogel of 1 at 40 °C. A-D) During the first 30 

minutes, polycrystalline AuNP clusters were found by TEM (A, B) and selected area electron 
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diffraction, SAED (C), with energy-dispersive X-ray analysis (D) confirming presence of gold. E-

H) Within an hour, the clusters merged into quasi-spherical AuNPs (E-G), dispersed in the 

hydrogel matrix (F), with peptide fibrils and their bundles present (H).  

 

Furthermore, the reaction mixture was analyzed by LC-MS, HR-MS, and NMR (Figure 7A-C 

and ESI, Section S13), enabling identification of the unreacted peptide and two other species, one 

corresponding to the peptide-gold (III) complex, and another one corresponding to the oxidized 

peptide byproduct. The tetradentate coordination with gold (III) occurred in a classical mode (see 

Figure 7A and ESI, Section S13, as demonstrated for both peptides 1 and 4), via the N-terminal 

neutral amine, two deprotonated amide nitrogen atoms, and one carboxylate, as already reported 

for other tripeptides devoid of coordinating groups in their sidechains.82-84 Interestingly, in those 

cases the complexes were stable and could be isolated for structural elucidation, while gold 

reduction to Au(0) required the introduction of amino acids with gold-chelating, and oxidation-

prone, functionalities on the sidechain, i.e., Tyr85 or Cys.86 We attributed the difference in 

reactivity to the presence of Asp, whose oxidized dehydroderivative (ΔAsp) can undergo Michael 

additions more promptly than Phe,87-88 thus driving the redox reaction towards product formation. 

Indeed, the oxidized tripeptide byproduct displayed a mass corresponding to ΔPhe-ΔPhe-ΔAsp 

added with water (see ESI, Section S13). The product was further confirmed by accurate MS of 

the sample prepared in deuterated water, which yielded the corresponding deuterated product with 

the expected increase in mass (see ESI, Section S14). The reduction potential for ΔPhe and similar 

analogues was determined to be 1.8 V,89 analogously to that of Au(I) to Au(0), whilst lower values 

were found for the reduction of Au(III) to Au(I) (i.e., ~1.4 V) and for the overall reduction of 

Au(III) to solid Au (i.e., ~1.5 V).90 Clearly, the process is affected by experimental conditions, and 

new mechanistic insights continues to emerge, such as the finding that the rate limiting step can 



 17 

be the reduction of Au(I) to Au(0).91 Interestingly, peptide ligands have been reported to favor the 

reduction of gold,92 and whilst peptides 1-4 reduced Au(III) to Au(0) proceeding through the 

tetradentate Au(III) complexation, when a water-soluble Au(I) salt was used, no AuNPs could be 

formed (see ESI Fig. S67). We inferred that the tetradentate coordination is a crucial step, and the 

reaction stoichiometry would provide six electrons for each tripeptide oxidation, whilst each gold 

atom would require three electrons to be reduced from Au(III) to Au(0). In addition, a control 

experiment in the dark (see ESI, Fig. S68) allowed us to exclude a photochemical mechanism.69    

Furthermore, full-atom molecular models of the Au(III) complex of the four stereoisomers 

(Figure 7D) did not reveal any significant structural and energetic difference between them. The 

Au(III) complex We inferred that the amino acid nature is key in the redox process, as opposed to 

the stereoconfiguration, in agreement with the observed formation of AuNPs in the presence of 

any peptide 1-4. Conversely, chirality effects determine the peptides’ self-assembly macroscopic 

outcome, thus their ability to stabilize AuNPs within a supramolecular gel architecture against 

their aggregation.  
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Figure 7. A) LC-MS chromatographic trace of the reaction mixture. B) HR-MS spectrum and 

C) gCOSY NMR spectrum of the isolated Au(III)-peptide 1 complex. D) Structural differences 

between the Au(III) complexes with peptide 1 (light blue), 2 (green), 3 (yellow), and 4 (red). Atoms 

of the backbone (including the COO terminus) are shown by thicker sticks to highlight the 

structural similarity of the complexes. The inset table shows differences in the free energies of 

formation (kcal/mol) of peptides 2-4 relative to 1. See ESI Section S6 for methodological details. 
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Figure 8. A) AFM topography map of 1 nanocomposite with AuNPs. B) Height distribution of 

1 with AuNPs calculated on a representative region of isolated fibrils (with topography shown in 

the inset). C) PCA scores (left) and PC1 loading (right, accounting for 38% of the variance) on 1 

(black) and 1 nanocomposite with AuNPs (red). D) IR s-SNOM average spectra of 1 (black) and 

1 nanocomposite with AuNPs (red), with standard deviation shown as a shadow. 

 

Finally, we exploited infrared scattering-type scanning near field optical microscopy (IR s-

SNOM)93 on the supramolecular gel of 1 without and with AuNPs (Figure 8) with the aim to link 

the composite nanomorphology with its chemistry. Atomic force microscopy (AFM) imaging of 

the gel nanocomposite of 1 with AuNPs (Figure 8A) confirmed the expected fibrillar 

nanomorphology with a fibril height distribution (Figure 8B) matching the fibril width observed 

by TEM (Figure 6H). TEM results were also confirmed for sample 1 (See ESI Section 13, Fig 

S69). 



 20 

Principal component analysis (PCA) of the infrared spectral data revealed a clear separation of 

the two samples along the principal component 1, PC1(Figure 8C, left panel), that accounted for  

38% of the total variance of the system. PC1 loading (Figure 8C, right panel) showed that the 

discrimination was mostly driven by the spectral components centered at 1648 cm-1 and 1636 cm-

1, these moieties being more prominent in the nanocomposite. This information could be also 

drawn out by comparing the average spectra of 1 gel without and with AuNPs, shown in Figure 

8D, left and right panel respectively. Point spectra for a selected region of each sample were 

reported and correlated to the sample morphology at ESI, Section S13 Fig. S670. The peak 

centered at 1651 cm-1 (1648 cm-1 in PC1 loading) for the nanocomposite, and at 1660 cm-1 for 

sample 1 without AuNPs, could be associated to the peptide backbone amide I vibration. Since 

this mode is strongly affected by transition dipole coupling between adjacent peptide bonds, the 

difference observed in the amide I spectral position reflected differences in the backbone 

arrangement in the two samples. In addition, the prominence of the peak centered at 1636 cm-1 in 

the nanocomposite supported the formation of the dehydropeptide byproduct, since it could be 

ascribed to the Cα=Cβ stretching vibration frequency, as reported for ΔPhe.94 The ATR-IR spectra 

for the gel of 1 without and with AuNPs (Fig. S71, in ESI Section S13) revealed signals for the 

latter in agreement with the nano-resolved IR spectra. 

Finally, the generality of this approach was tested with other sequences. Substitution of Asp for 

Glu led to analogous results, i.e., gels with LLL stereoconfiguration and crystals with LLD 

stereoconfiguration (see ESI, Section S15). Next, we focused on the LLL streoconfiguration, and 

reasoned that also amino acids with amidic sidechains (i.e., Asn, Gln) could engage in the 

intramolecular H-bond similarly to peptide 1 and yield gels. Indeed, all the tested L-tripeptides 

Phe-Phe-Glu, Phe-Phe-Asn, and Phe-Phe-Gln formed gels in the same buffer used to trigger self-
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assembly of peptide 1, and they all successfully templated the AuNP formation to yield 

nanocomposites (see ESI, Section S15). 

 

Conclusions 

This work unraveled the fine details that lead four peptide stereoisomers towards different 

macroscopic outcomes as a result of self-assembly, and how they can be applied to template AuNP 

formation. The tripeptides were synthesized, purified, and characterized by LC-MS, 1H- and 13C-

NMR. Single-crystal XRD analysis using synchrotron radiation revealed a higher supramolecular 

order for 1 and 4, both of which adopt a rare turn conformation that was supported by circular 

dichroism and infrared spectroscopy. Both 1 and 4 tend to fibrillate, as shown by TEM 

micrographs and all-atom MD studies, while testing negative to amyloid staining for β-sheets. 

Interestingly, experimental pKa titrations and ab initio quantum-mechanical calculations showed 

how 1 engages in intramolecular H-bonding in solution that shifts its acidic pKa to enable 

sufficient formation of the zwitterionic species that gels at mildly acidic pH, contrarily to the other 

stereoisomer.  

All four tripeptides could be used as mild reducing agents to convert Au(III) to AuNPs, through 

the generation of structurally and energetically similar tetradentate gold complexes. The reaction 

could further proceed to yield the oxidized dehydropeptides that underwent Michael addition of 

water on the Asp residue, as confirmed by several spectroscopy techniques and a control 

experiment with deuterated water. However, the presence of a supramolecular gel architecture for 

1 proved key to control the growth of AuNPs and avoid their aggregation. The resulting 

nanocomposite was successfully used for the photocatalytic degradation of a dye using a solar 

simulator. 
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In conclusion, this work allows extension of self-assembly rules for heterochiral minimalistic 

peptides35 to sequences with hydrophilic side-chains, as often found in bioactive motifs. 

Understanding regarding to how to modulate the pKa values of ionizable groups may enable the 

design of self-assembling short motifs into bioactive hydrogels.5-13 Furthermore, we studied 

stereochemical effects on AuNP formation and stabilization in a nanocomposite, and provided 

insights into the redox reaction mechanism and products with aspartic acid playing an elected role. 

Amino acids and their amphiphilic derivatives are raising considerable interest for the templation 

of gold chiral nanostructures, with elegant examples exploiting cysteine as ligand being reported 

by Nam’s95 and Liz-Marzan’s96 groups. Therefore, the knowledge gathered in this work could 

potentially expand the amino acid toolbox in the supramolecular templation of gold nanostructures 

via self-assembly. We showed that the concept can be extended to other sequences, for instance 

by substituting Asp with Glu, Asn, or Gln. 

We anticipate biological applications, whereby subtle pH differences between pathological and 

physiological states can be a convenient trigger to selectively achieve fibrillation, e.g., in the acidic 

environment of cancer cells.97-99 The ability to attain fine control over peptide self-organization 

opens new horizons in theranostics, and to direct cell fate.100-105 Further work will address 

applications of these materials, to unlock their potential to interfere with biological systems in 

useful ways.  

 

Materials and Methods 

Peptide synthesis, purification, and molecular spectroscopic characterization. All chemicals 

(analytical grade) were acquired from Merck. Compounds 1-4 were obtained by solid-phase 

synthesis using standard protocols.106 The products were purified using HPLC (Agilent 1260 

Infinity system) with a C-18 column (Kinetex, 5 microns, 100 Å, 250 x 10 mm, Phenomenex) and 
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a gradient of acetonitrile (MeCN) / water with 0.05% TFA as follows: t = 0- 2 min. 30% MeCN; t 

= 10 min. 70% MeCN; t = 12-15 min. 95% MeCN (Rt= 10-12 min). Fractions with the pure 

products were lyophilized and characterized by Electron Ionisation-Mass Spectroscopy (ESI-MS) 

and by Nuclear Magnetic Resonance Spectroscopy (1H-NMR and 13C-NMR). Spectra are provided 

in the ESI Sections S1-S4. In particular, the ESI-MS analyses were performed on samples 

dissolved in mixture 50:50 H2O/MeCN with 0.1% of Formic Acid (FA), using an analytical C-18 

column (Luna, 5 µm, 100 Å, 150 x 2 mm, Phenomenex) and Quadrupole LC-MS (6120). The 1H-

NMR and 13C-NMR spectra were recorded in Dimethyl sulfoxide (DMSO-d6), using 

tetramethylsilane (TMS) as internal standard, with a Varian Innova spectrometer at the frequency 

of 400 and 100 MHz, respectively. General methods are described in the ESI. 

Self-Assembly Protocol. Each peptide was dissolved at 70 mM in 0.1 M sodium phosphate at pH 

11.8. Subsequent dilution with an equal volume of 0.2 M sodium phosphate at pH 4.5 led to 

samples with a final concentration of 35 mM and a pH of 5.9 and 0.15 M sodium phosphate. 

Compound 1 formed self-supporting hydrogels, which formed also in deionized water (at 

concentrations ≥ 20 mM, and final pH values 4.5-5.5), or with 0.1M sodium phosphate (at final 

pH values 4.5-5.8). Compounds 2-3 led to clear solutions, and at higher concentrations (40-45 

mM) amorphous precipitates were formed. Compound 4 formed microcrystals (35-40 mM). 

Crystallization. Compound 4 crystallized within minutes using the self-assembly protocol 

described above. Single crystals of peptides 1-3 were grown by vapor diffusion by dissolving 1-3 

at 2 mM in 2 mL of MeOH inside a reservoir with 3 mL of a mixture of methanol/water (80:20). 

The peptides crystallized over a month. Crystallographic details are provided in ESI Section S5.  

Gold complex synthesis and purification. Peptide 1 was dissolved at 60 mM in 0.1 sodium 

phosphate at pH 11.8. The subsequent dilution with an equal volume of 0.2 M sodium phosphate 

at pH 4.5 led to sample solution with final concentration of 30 mM at pH 6.00. A stock solution 
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of AuCl4
- at 294.3 mM was added to peptide solution reaching a final concentration of 25 mM. 

The yellow solution was stirred at 40 °C overnight, after 1 h the solution turned to purple because 

of the AuNPs formation. The crude was centrifuged to remove the nanoparticles and the 

supernatant freeze-dried. The powder was dissolved in a solution 20:80 MeCN:H2O and purified 

through reverse phase HPLC on an Agilent 1260 Infinity system equipped with a gradient pump, 

C-18 column (Kinetex, 5 microns, 100 Å, 250 x 10 mm, Phenomenex), autosampler, and 

photodiode array detector. The gradient consisted of MeCN / H2O with 0.05% TFA as follows: t 

= 0- 2 min. 20% MeCN; t = 38 min. 95% MeCN; t = 40 min. 95% MeCN (Rt= 13.95-14.50 min). 

The product was freeze-dried and characterized by Electron Ionisation-Mass Spectroscopy (ESI-

MS) and by Nuclear Magnetic Resonance Spectroscopy (1H-NMR and 13C-NMR). Spectra are 

provided in the ESI Section S13. In particular, the accurate mass analysis was performed on sample 

dissolved in mixture 5:47.5:47.5 DMSO:H2O:MeCN with 0.1% of FA, using a Bruker micrOTOF-

Q with ESI source. For the acquisition the instrument was set as follows: scan begin 50 m/z, scan 

end 1500 m/z, ion polarity Negative, set Capillary 3200 V, set Nebulizer 0.4 Bar, set Dry Heater 

200 °C, set Dry Gas 4.0 l/min. The 1H-NMR and 13C-NMR spectra were recorded in Dimethyl 

sulfoxide (DMSO-d6), using tetramethylsilane (TMS) as internal standard, with a Varian Innova 

spectrometer at the frequency of 500 and 125 MHz. 

Nanocomposite formation in deuterated water. Peptide 1 was dissolved in D2O at concentration 

30 mM and the pH was adjusted to 5.8, to trigger the gel formation, with a solution of NaOD 20 

wt%. After 1 hour a stock solution of AuCl4
- (294.3 mM) was added to the gel in order to have a 

final ratio peptide:gold of 10:1. The samples was heated at 40°C for 1 hour and the AuNPs 

formation was confirmed by the purple color of the gel. (ESI Section S14, Fig. S66). 

Generation of tripeptide structural models. Models of zwitterionic tripeptides 1 and 4 were built 

upon the experimental structures. The sidechain of the C-terminal L/D aspartic acid was protonated 
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on one of the two oxygens. All other hydrogens were added by loading the 3D structures into the 

tleap module of the AMBER20 package,107 which was also used to perform all MD simulations.  

MD simulations. For each tripeptide, we performed one MD simulation of a single molecule in 

water and multi-copy (three) MD simulations of the self-assembly process for 216 tripeptides. 

Simulations were performed following the protocol described previously.25 Further details can be 

found in the ESI section S6.  

Gold complexes in silico studies. Structural models and formation free energies of all tripeptides 

in complex with Au(III) were estimated using Gaussian16 in the presence of implicit solvent. 

Further details can be found in the ESI section S6. 

Gold NP templating. 100-μL samples of peptides 1-4 were prepared at 30 mM according to the 

self-assembly protocol described above in triplicates of 96-well plates. After 1 hour, 1.02 μL of an 

aqueous solution of HAuCl4 (300 mM) was gently added on top, and samples were incubated first 

at room temperature for 30 min., then at 40 °C for various times as indicated in the text.  

Methylene Blue Dye Degradation. Nanocomposites with gold NPs were prepared as described 

above using a final incubation at 40 °C for 90 minutes to complete the process of NP formation. 

Then, 10 μL of an aqueous solution of methylene blue dye (0.5 mM) were added on top to reach a 

final concentration of 0.05 mM, and samples were transferred inside a Lot-Oriel Solar Simulator 

equipped with a 150 W Xe lamp and an Atmospheric Edge Filter with a cut-off at 300 nm, with 

irradiation for 1 hour. Readings at 664 nm were carried out at various timepoints inside a Tecan 

Infinite Pro Plus. 

Infrared nanoscopy. Infrared analysis at the nanoscale was performed at the SISSI-Bio 

(Synchrotron Infrared Source for Spectroscopy and Imaging, life science branch) beamline of 
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Elettra Sincrotrone Trieste thanks to the use of a IR s-SNOM (IR scattering-type scanning near 

field optical microscopy) instrument (Attocube Systems AG, Munich GE),108 coupled with a DFG 

(Difference Frequency Generation) laser operating in the region between 1300-1900 cm-1. Samples 

were prepared as describe din the above sections, dropped on a clean silicon wafer substrate and 

dried overnight in vacuo. A conductive tip (Neaspec) was used, with nominal tip radius of 20 nm 

working at a tapping frequency of 240 kHz. A tapping amplitude of 100 nm was exploited for 

spectroscopy measurements that were acquired a 7 cm-1 spectral resolution by accumulating 5 

interferometric scans. Sample spectra were referenced with the spectrum acquired on clean silicon 

substrate. 2nd-harmonic of the imaginary part of the signal was used as representative of nano-

FTIR absorption, according to published procedures.93, 109 The experimental setup allowed to 

acquire topographic maps with lateral resolution of 20 nm, comparable with the tip radius, and 

punctual infrared spectra on sample surfaces of the lateral resolution. A random sampling on fibers 

in dry samples were performed by acquiring a minimum of 20 spectra per sample. Principal 

Component Analysis (PCA) was performed (Quasar 1.7.0) with the aim to discriminate key 

features occurring in the spectra of the nanocomposite, compared with sample 1 as control.110 

Spectra were first cut (1495-1700 cm-1) and baseline corrected (positive rubber-band filter). A 

vector normalization was then applied to eliminate possible data separations due to differences in 

sample thickness. Last, a Savitsky-Golay filter, with 17 smoothing points was applied prior to PCA 

processing. Average spectra were calculated by following the same processing employed for PCA 

analysis, but no smoothing filters were applied on spectra. 
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