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Abstract

The self-assembly of cyclodipeptides composed of natural aromatic amino acids into 

supramolecular structures of diverse morphologies with intrinsic emissions in the visible light 

region is demonstrated. The assembly process can be halted at the initial oligomerization by 

coordination with zinc ions, with the most prominent effect observed for cyclo-dihistidine (cyclo-

HH). This process is mediated by attracting and pulling of the metal ions from the solvent into the 

peptide environment, rather than by direct interaction in the solvent as commonly accepted, thus 

forming an “environment-switching” doping mechanism. The doping induces a change of cyclo-

HH molecular configurations and leads to the formation of pseudo “core/shell” clusters, 

comprising peptides and zinc ions organized in ordered conformations partially surrounded by 

relatively amorphous layers, thus significantly enhancing the emissions and allowing the 

application of the assemblies for ecofriendly color-converted light emitting diodes. These findings 

shed light into the very initial coordination procedure and elucidate an alternative mechanism of 

metal ions doping on biomolecules, thus presenting a promising avenue for integration of the 

bioorganic world and the optoelectronic field.
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aromatic cyclodipeptides; bioinspired LEDs; metal ion doping; supramolecular fluorescence; very 
initial oligomerization

1 Introduction

Bioinspired assembling materials have demonstrated promising potential to serve as the 

foundation for next-generation photoelectronics.[1–4] Among these materials, aromatic short 

peptides can self-assemble into nanostructures with remarkable photoactive features.[5–7] 

With extensive and directional hydrogen bonding and aromatic interactions serving as the 

driving forces,[8–11] aromatic short peptides can provide new frontiers of smart materials, 

allowing a better interface between photoactive constituents and sustainable optoelectronics. 

Hence, attempts are being made to utilize these properties toward developing bioorganic 

semiconductors.[12]

Aiming to modulate the properties and extend the applications of semiconductors, doping 

has been employed as an effective strategy.[13,14] For state-of-the-art organic 

semiconductors, the doping approaches generally include redox reactions (chemical or 

electrochemical) or complicated procedures (coevaporation or spin-coating), which involve 

relatively reactive materials or harsh experimental conditions.[15–17] In contrast, transition 

metal ions coordination can be utilized for peptide self-assembly, allowing the modulation of 

their supramolecular morphologies along with the corresponding properties in an 

ecofriendly manner.[18–21] For example, Zn(II) or Cu(II) coordination of the self-assembly 

of amyloid proteins and amyloid-like short peptides can result in structural polymorphism.
[22–26] Likewise, BFPms1 (a green fluorescent protein mutant)[27] and its derived aromatic 

short peptide tryptophan-phenylalanine (linear-WF)[28] show high binding affinity to Zn(II) 

and assemble into supramolecular structures with enhanced fluorescence emission. However, 

although extensive efforts have been made in order to clarify the coordination mechanisms 
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between metal ions and peptide assemblies,[29,30] the very initial interactions between the 

metal ions and the peptide molecules, which guide their association into oligomeric clusters 

and subsequently into larger supramolecular structures underlying the molecular mechanism 

of photoactive features, are still elusive.

Herein, we extensively studied the self-assembly and corresponding photoluminescent 

properties of all 10 cyclodipeptides composed of the natural aromatic amino acids,[31–33] 

including histidine (H), W, F, and tyrosine (Y) (Figure S1, Supporting Information), and 

studied the coordination mechanism between zinc ions and cyclo-HH, which shows the most 

effective doping consequence and photoluminescent enhancement. We demonstrate for the 

first time that following doping with Zn(II), the metal ions are initially attracted and pulled 

from the solvent to a more peptide-rich environment, as opposed to the currently accepted 

notion stating that the two entities directly assemble in the solvent, thus giving rise to an 

“environment-switching” doping mechanism. We suggest that the coordination leads to 

configurational changes of the peptide molecules and promotes the peptides to assemble into 

pseudo “core/shell” clusters. Each cluster comprises an ordered β-bridge like conformation 

as the core and a relatively amorphous surrounding aggregate as the shell (Scheme 1), 

thereby underlying the structural mechanism for photoluminescence enhancement.

2 Results and Discussion

2.1 Aromatic Cyclodipeptide Assemblies Show Intrinsically Visible Photoluminescence

Briefly, after dissolving the cyclodipeptide powder in methanol and heating to 80 °C, most 

peptides were dissolved (except cyclo-FF and cyclo-YY). Atomic force microscopy (AFM) 

analysis demonstrated that the cyclodipeptides self-assembled into diverse architectures with 

dimensions ranging from dozens to hundreds of nanometers, including nanospheres (cyclo-

WW),[31] nanofibers (cyclo-HH,[31] cyclo-FF, cyclo-HY, cyclo-WH, cyclo-WY, cyclo-HF, 

cyclo-FY) and platelets (cyclo-YY, cyclo-FW) (Table 1; Figure S2, Supporting Information). 

This implies that the supramolecular morphologies can be finely modulated by simply 

modifying the peptide residues.[34,35] High-magnification AFM revealed that alongside the 

larger supramolecular morphologies, nanoparticles of 2 to 10 nm were also present. For 

example, along with the nanofibers, discrete, dot-like nanoparticles could be detected in the 

cyclo-HY and cyclo-WH systems (Figure S2K,L, Supporting Information), implying the 

hierarchical assembly in these bio-organic architectures.[36] Thus, it could be concluded that 

the aromatic cyclodipeptides first oligomerize into nanodots, which comprise the 

intermediates to further assemble into larger nanostructures.[12,37]

Aromatic amino acids show intrinsic fluorescence with emission at 360 nm (Ex: 220 nm), 

348 nm (Ex: 280 nm), 282 nm (Ex: 257 nm) and 274 nm (Ex: 220 nm) for H, W, F, and Y, 

respectively.[38,39] These wavelengths are all in the UV light region (<400 nm), thus severely 

limiting their application in biological systems and for ecofriendly photoelectronics. Density 

functional theory (DFT) calculations demonstrated that although the spatial distributions of 

the highest occupied molecular orbitals were dispersed on both the backbone 

diketopiperazine and the side-chain aromatic rings, the electron clouds distribution was only 

concentrated on the side-chain aromatic rings for the lowest unoccupied molecular orbitals 

of the cyclodipeptides (Figure S3, Supporting Information), indicating that the aggregations, 
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along with the potential photoactive properties, were mostly driven by π–π interactions 

between aromatic side chains.[33] Specifically, the band gaps (ΔE) were calculated to be 

between 3.56 and 4.55 eV (Table 1), indicating the widegap semiconducting nature of the 

dipeptide assemblies.[40,41]

The aromatic interactions could decrease the electron transition energy and lead to the 

through-space conjugation of the electron clouds, thus inducing the red shift of the 

assemblies.[12,33,42] The excitation-resolved emission contour profiles were studied (Figure 

S4, Supporting Information) and the corresponding maximal excitation (λEx) and emission 

(λEm) wavelengths are summarized in Table 1. Except cyclo-YY, cyclo-FF (with no 

detectable emissions) and cyclo-HY (λEm at 390 nm), all other cyclo-dipeptide self-

assemblies showed fluorescence of no less than 400 nm (Table 1). Notably, cyclo-HH, cyclo-

WW and cyclo-WH self-assemblies showed two λEm each, namely 425 nm (Ex: 340 nm) & 

520 nm (Ex: 420 nm), 440 nm & 520 nm (Ex: 370 nm),[31] and 380 nm (Ex: 320 nm) & 465 

nm (Ex: 370 nm), respectively (Table 1, Figure S4A,C,F, Supporting Information). These 

spectroscopic findings indicated the hierarchical organization and the size-encoded 

photoluminescence of the assemblies, consistent with the AFM results. In addition, the 

photoluminescence of the self-assemblies showed remarkable stability, with fluorescence 

lifetimes (τ) of ≈5 ns and cyclo-WH showing the longest τ of up to 11 ns for the 465 nm 

emission (Table 1).

2.2 Zinc Ions Mediated Photoluminescence Enhancement

The dominant emissions of the peptide self-assemblies were between 400 and 465 nm, in the 

blue and blue-green region (Table 1). However, the photoluminescence efficiency of the 

peptide self-assemblies was low, with quantum yield (QY) of only 2–3% (with the exception 

of cyclo-HH, which showed a QY of 7% for the 520 nm emission) (Table 1). Aiming to 

increase the efficiency, Zn(II) was introduced to the aromatic cyclodipeptide solutions, 

thereby attempting to decrease the electron-transfer energy barrier and enhance the QY.[28] 

Fluorescence characterization demonstrated that the emission intensity of the cyclo-HH 

solution was significantly enhanced in the presence of Zn(II) (Figure 1A), with the λEm 

detected at 490 nm (Ex: 395 nm) (Figure 1B) and τ of 4.63 ns (Table 1). Simultaneously, the 

photoluminescence efficiency was improved, with an enhanced QY of 15% for cyclo-HH + 

Zn(II) (Table 1). The emission of the cyclo-HY solution was also enhanced to some extent in 

the presence of Zn(II), with the λEm detected at 490 nm (Ex: 380 nm) (Figure S5, 

Supporting Information), τ of 4.79 ns and a QY of 9% (Table 1), similarly to cyclo-WW, as 

we have previously published.[31] In contrast, the other dipeptides did not show any 

noticeable changes in the presence of Zn(II) (Figures S6 and S7, Supporting Information).

Since the most effective enhancement was observed for cyclo-HH, we next focused on 

studying the cyclo-HH self-assembly process, and specifically the very initial nucleation 

stage, in the absence or presence of Zn(II), in order to elucidate the mechanism underlying 

the metal ion doping mediated photoluminescence improvement. AFM characterizations 

demonstrated that only dot-like nanoparticles, several nanometers in height, were present in 

the cyclo-HH + Zn(II) solution (Figure 1C). Accordingly, dynamic light scattering (DLS) 

experiments revealed that the dominant particles in the solutions were only several 
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nanometers size, compared to dozens to hundreds of nanometers for the same peptides in the 

absence of zinc ions (Figure 1D). These results indicated that the coordination with Zn(II) 

inhibited the hierarchical organization of cyclo-HH, resulting in separation of the oligomers 

from each other, thereby leading to their stabilization.

2.3 Conformational Alternation Upon Zinc Ions Coordination

Fourier-transform infrared spectroscopy (FTIR) analysis indicated that after Zn(II) 

coordination, the −NH stretching vibration peaks of the cyclo-HH became narrower and 

sharper, indicating that less hydrogen bonds were formed and many −NH moieties remained 

free. In addition, the insert backbone C–C stretching vibration peaks became relatively 

stronger, indirectly confirming that the active nitrogen atoms extensively participated in 

complexation with Zn(II) and the coordination distinctly hindered the IR absorption of the 

relevant chemical bonds.[31] This confirmed that the active nitrogen atoms extensively 

participated in complexation with Zn(II) (Figure S8, Supporting Information),[43] as we 

previously demonstrated for cyclo-WW + Zn(II).[31]] 1H NMR was then utilized to study the 

mechanism underlying the complexation between peptides and metal ions. The chemical 

shifts (Δδ) of cyclo-HH hydrogen atoms revealed band broadening along with upfield 

shifting following coordination with Zn(II) (Figure 2A,B), especially for the imine protons 

of the side-chain imidazole ring (marked with b, Δδ = 0.11 ppm) (Figure 2C), indicating that 

the shielding effect of the electron clouds had become stronger. The results suggest that the 

imidazole ring, rather than the diketopiperazine rings in the cyclo-WW + Zn(II) case,[31] 

coordinated with Zn(II) through the imine nitrogen atom, thus decreasing the attraction of 

electrons outside the proton at the b position. Combining these findings, we hypothesize that 

the molecular configurations of the cyclo-HH molecules are different in the absence and in 

the presence of zinc ions.

Molecular dynamics (MD) simulations were further utilized to study the self-assembly of 

cyclo-HH. Across all simulations, visual inspection confirmed that highly disordered 

clusters of cyclodipeptides deformed and reformed, ensuring that the cyclodipeptides were 

not trapped in a local energetic minimum in a given simulation, while facilitating the 

formation of structures with higher order or symmetry (data not shown). First, we focused 

on the formation of the elementary interactions between a pair of cyclodipeptide molecules 

resulting in an ordered structure. In the cyclo-HH methanol solution, cyclo-HH dipeptides 

tended to form ordered conformations where both imidazole side chains were located on the 

same side of the backbone diketopiperazine rings, namely “Class 1” β-bridge like 

conformation (Figure 2D, left panel; Table S1, Supporting Information). In contrast, in the 

cyclo-HH + Zn(II) system, pairs of cyclo-HH dipeptides tended to form ordered 

conformations such that the imidazole side chains of the two interacting dipeptides were on 

the opposite sides of the backbone, namely “Class 2” β-bridge like conformation (Figure 

2D, right panel; Table S2, Supporting Information), as also confirmed by subsequent 

crystallographic characterization following the hierarchically oriented organization principle 

(data not shown).[7,21] The “Class 2” β-bridge like conformations were primarily observed 

only if Zn(II) was coordinated between two H imidazole rings belonging to opposite, β-

bridge bonded cyclo-HH dipeptides (Figure 2D). Otherwise, if the pair of cyclo-HH 

dipeptides was not coordinated with Zn(II), the molecules tended to form “Class 1” β-bridge 
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like conformations (Table S3, Supporting Information). These findings indicate that the 

introduction of Zn(II) indeed affected the association of cyclo-HH dipeptides and that the 

“Class 2” β-bridge like conformation was stabilized by Zn(II) through “locking” the pair of 

cyclo-HH molecules. These β-bridge like dimeric conformations are probably the basic units 

that act as the building blocks to self-assemble into clusters and subsequently into larger 

crystals,[36] thus implying the structural basis underlying the photoactive properties. In 

contrast, in the cyclo-HY + Zn(II) system, which showed weaker photoluminescence 

enhancement compared to cyclo-HH + Zn(II), the Zn(II) ions did not steer any 

conformational alternations, with both conformation types formed at a nearly equal 

proportion (Figure S10, Table S4, Supporting Information). In addition, the Zn(II) was 

primarily coordinated with only one H of two bonded cyclo-HY molecules independent of 

which class the dipeptide adopted, in contrast to the cyclo-HH + Zn(II) system where Zn(II) 

was coordinated with two H residues of opposing “Class 2” β-bridge bonded dipeptides 

(Figure 2D).

Interestingly, the ordered β-bridge like conformations of cyclo-HH mostly coexisted with 

relatively amorphous structures of cyclo-HH arranged in larger clusters (Tables S1, S2, and 

S3, Supporting Information), with the ordered conformations positioned in the core and the 

amorphous layers partially surrounding in the perimeter (Figure 3), reminiscent of pseudo 

“core/shell” architectures. According to our additional calculations, the outer amorphous 

layers can provide a stabilizing environment for the core ordered structures, thereby 

improving their durability. Notably, this type of architecture can stabilize the dots, thus 

enhancing the QY and the photoluminescence intensity.[44]

Within the clusters of cyclo-HH + Zn(II), the ratio of Zn(II) to cyclo-HH dipeptide was 

higher in the core (0.5–1.13) than in the shell layers (0.42–0.82) (Table S5, Supporting 

Information). The ratio of Zn(II) to cyclo-HH dipeptide is approximately 1:1 for two 

adjacent cyclo-HH molecules, while the ratio of Zn(II) to chloride ions is approximately 1:2 

(Table S5, Supporting Information), thus indicating that the Zn(II) involved in “Class 2” β-

bridge like conformations is coordinated with two imidazole rings of cyclo-HH dipeptide 

pairs along with the two chloride ions. The Zn(II) to cyclo-HH ratio was lower for the 

clusters comprising more adjacent peptides, while keeping the ratio of Zn(II) to chloride 

ions consistent (Table S5, Supporting Information). Nevertheless, elongated β-bridge like 

conformations comprising a 1:1 ratio of Zn(II) to cyclo-HH could still be observed. An 

example of a cluster containing seven cyclo-HH dipeptides and four Zn(II) ions is shown in 

Figure 3, where four adjacent cyclo-HH monomers formed an elongated “Class 2” β-bridge 

like conformation by coordinating with four Zn(II) ions at a 1:1 ratio (Figure 3D, dark blue 

region). For comparison, the ratio of Zn(II): cyclo-HY was less than 1:3 (Table S6, 

Supporting Information), notably lower than the 1:1 ratio observed for cyclo-HH + Zn(II). 

Additionally, the ratio of Zn(II): cyclo-HY did not differ in the core of the clusters versus the 

shell layers. These structural differences between cyclo-HH and cyclo-HY in the presence of 

Zn(II) suggest that the emission of the cyclodipeptide assemblies is influenced by their 

ability to coordinate with Zn(II). The presence of two H within cyclo-HH could allow for the 

Zn(II) ions to “lock” in elongated “Class 2” β-bridge like conformations, which finally 

enhanced the QY of the assemblies.
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Additional statistical analysis further focused on the structural and energetic properties of 

cyclo-HH self-assembly in the presence of Zn(II). Statistical analysis of all instances of 

cyclo-HH “Class 2” β-bridge like conformations, irrespective of whether the pair of cyclo-

HH was within a larger cluster or not, showed that the Zn(II) ion first coordinated with the H 

of one cyclo-HH dipeptide (Figure 2Ei). Then, the H of a second cyclo-HH monomer 

coordinated with the Zn(II) to form a dimer, at a statistical proportion of 47.2% (Figure 

2Eii). Following the coordination, the two cyclo-HH monomers began to form hydrogen 

bond interactions between their backbone atoms (Figure 2Eiii), at a statistical proportion of 

49.2%, to finally form β-sheet bridge-like configurations at a statistical proportion of 83.1% 

(Figure 2Eiv). The relatively low instances of the first two stages (<50%) indicate that a 

large proportion of cyclo-HH monomers remained separated in the solution, consistent with 

the DLS results. This analysis suggests that Zn(II) was not coordinated with preformed 

peptide structures, but rather drove the formation of the “Class 2” β-bridge like 

conformations following attraction to the peptide monomers at the very early stage of the 

assembly process. The aforementioned analysis focused on the Zn(II) ion simultaneously 

shared by two H side-chains. However, during the simulations, an additional Zn(II) ion was 

commonly present within the “Class 2” β-bridge like conformations, such that it was 

coordinated with one of the remaining H side-chains of the two β-bridge bonded cyclo-HH 

dipeptides. This is indicated by the ≈1:1 ratio of Zn(II) to cyclo-HH in the “Class 2” β-

bridge like conformations comprising two adjacent peptides (Table S5, Supporting 

Information).

2.4 “Environment-Switching” Doping Mechanism of the Metal Ions

Free energy calculations were further performed to elucidate the driving forces leading to the 

formation of clusters in the cyclo-HH + Zn(II) system. Upon the formation of clusters, the 

two entities were strongly attracted at an average of −10.0 kcal mol−1 per peptide, primarily 

due to polar attraction interactions (Figure S11A, Supporting Information). The formation of 

such clusters did not result from association of preformed assemblies of cyclo-HH and 

Zn(II), as depicted by an average unfavorable association free energy of 2.8 kcal mol−1 per 

peptide (Figure S11B, Supporting Information), thus confirming the previous conclusion 

that Zn(II) ions play an essential role in the dynamics of association to form “Class 2” β-

bridge like conformations. This can be further reflected by the free energy of cyclo-HH 

dipeptide association in the absence of Zn(II) (-6.7 kcal mol−1 per peptide), which was lower 

than in the presence of Zn(II) (−5.7 kcal mol−1 per peptide), with the contribution of Zn(II) 

neglected (Figure S11C, Supporting Information).

We next aimed to obtain further insights into the mechanism underlying the contribution of 

Zn(II) to the association of cyclo-HH. Assuming that all the assembling entities were 

immersed in the solvent prior to association, the calculated average association free energy 

per peptide was −0.7 kcal mol−1 (Figure S11D, Supporting Information), considerably less 

favorable than the corresponding energy when neglecting the contribution of Zn(II) (−5.7 

kcal mol−1 per peptide). Therefore, for the association to be thermodynamically driven, 

Zn(II) should be first surrounded by a lower dielectric environment. Finally, we recalculated 

the average association free energy assuming that Zn(II) ions were surrounded by the lower 

dielectric environment provided by the dipeptides prior to assembly. The resulting value, 
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−14.8 kcal mol−1 per peptide (Figure S11E, Supporting Information), indicates a strong 

energetically favorable association, primarily resulting from the polar solvation free energy 

component. Thus, it could be concluded that the doping of cyclo-HH association by Zn(II) is 

initially driven by a relatively small energetic penalty for the transfer of Zn(II) to a lower 

dielectric medium, counterbalanced by single or pairs of cyclo-HH monomers attracting and 

pulling Zn(II) from the solvent to the peptide-rich environment, thus comprising an 

“environment-switching” mechanism (Figure 3). This mechanism could be observed within 

MD simulations, with Zn(II) first coordinated with cyclo-HH monomers (Figure 3B), 

promoting their self-assembly (Figure 3C) into pseudo “core/sell” clusters (Figure 3D).

2.5 Bioinspired Light Emitting Diode Using Peptides Assemblies as Phosphors

The photoluminescent nature makes the bioinspired self-assemblies interesting candidates 

for ecofriendly optoelectronic applications.[45] By combining a mixture of dried cyclo-HH + 

Zn(II) dots and polydimethylsiloxane with a 420 nm emissive InGaN chip, a prototypical 

light emitting diode (LED) device using peptide self-assemblies as phosphors was 

fabricated. As shown in Figure 4A, bright green light with an emission around 565 nm 

(Figure 4B) was obtained when the LED operated under voltage of 3.0 V, with Commission 

Internationale de L’Eclairage (CIE) coordinates of (0.37, 0.40) and a color temperature of 

4415 K (Figure 4C). As a control, a LED comprising cyclo-HH alone showed the intrinsic 

blue emission of the chip (Figure S9, Supporting Information), thus confirming the 

requirement of Zn(II) for enhanced green photoluminescence. These results demonstrate that 

the aromatic cyclodipeptide self-assembling photoactive structures show a promising 

prospect for use in the ecofriendly optoelectronic field, potentially bridging between the 

optical world and biological systems.

3 Conclusion

By thorough analysis of aromatic cyclodipeptide self-assembly, we were able to demonstrate 

the enhancement of fluorescence via coordination with Zn(II). The combined Zn(II) and 

cyclo-HH assembly is energetically favorable through the initiation of interactions between 

the ions and peptides, allowing Zn(II) to be initially attracted and pulled from the solvent 

into a peptide-rich low dielectric environment. This mechanism can lead to the formation of 

the higher-complexity ordered structures and is termed “environment-switching” doping. As 

such, the initial nucleation process is presumably dynamic, where Zn(II) and peptides 

gradually and synergistically contribute to self-assembly.[46] Specifically, based on our 

simulations and free energy calculations, the process is driven by a continuous complexation 

of Zn(II) mainly to the ordered Zn(II)-triggered conformations and, to a lesser extent, to the 

amorphous peptide aggregate layers. The peptides from the amorphous layer could coalesce 

into the ordered structures, thus resulting in clusters growth. In parallel, the amorphous 

layers can facilitate the formation of multicomponent cyclo-HH + Zn(II) assemblies, as the 

energetic penalty for ion transfer from the methanol into a peptide-rich low dielectric 

environment can be counterbalanced by interactions between cyclo-HH and Zn(II), thereby 

favoring the subsequent formation of ordered structures. These bioinspired photoactive 

supramolecular structures could be used as bio-organic phosphors for the fabrication of 

ecofriendly lighting devices. Aiming to further exploit their potential for such applications, 
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diverse modulation strategies, such as the design of larger cyclooligopeptides, substitution 

with other side-chains, complexation with other metal ions, flexible assembly approaches, 

self-assembly in different solvents etc., can be employed to tune the cyclopeptides self-

assembly. This may result in diverse supramolecular structures with a rainbow of 

photoluminescence in the visible and even infrared region. With these goals achieved, 

aromatic peptide self-assemblies can be expected to serve as a new type of bio-organic, 

supramolecular photoluminescent materials to complement the currently used state-of-the-

art counterparts.

This combined theoretical and experimental study provides, for the first time, insights into 

the mechanism and driving forces leading to the doping of biomolecules by metal ions, thus 

elucidating the very first stages of self-assembly prior to the formation of highly-ordered 

structures. Importantly, the resulting architectures and the doping mechanism can be utilized 

as useful tools for further molecular design and virtual screening for advanced 

optoelectronic applications in similar systems. In addition, our studies suggest that such 

systems composed of small peptides can be used as models to provide insights into the role 

of metal ions in self-assembly, potentially also applicable for the in vivo organization of 

larger polypeptides or proteins.

4 Experimental Section

Materials

Aromatic cyclodipeptides were purchased from Bachem (Bubendorf, Switzerland), 

DGpeptides (Hangzhou, China) or GL Biochem (Shanghai, China). Zinc chloride (ZnCl2), 

anhydrous MeOH, and deuterated methanol (MeOH-d4) were purchased from Sigma 

Aldrich (Rehovot, Israel). All materials were used as received without further purification. 

Water was processed using a Millipore purification system (Darmstadt, Germany) with a 

minimum resistivity of 18.2 MΩ cm. Polydimethylsiloxane (PDMS) elastomer kits (Sylgard 

184) were purchased from Dow Corning (Midland, MI, USA). 420 nm emissive InGaN 

chips (emission peak at 420 nm, operation under voltage of 3.0 V) were purchased from 

Greatshine Semiconductor Technology Co. Ltd.

Sample Preparation

Cyclodipeptides were added to anhydrous MeOH or MeOH solutions of ZnCl2 to final 

concentrations of 5.0 × 10−3 M cyclodipeptides and 10.0 × 10−3 M metal salts, when used. To 

dissolve the peptides, the solutions were incubated in an 80 °C water bath for 5 min, after 

which most of the solutions became transparent.

Atomic Force Microscopy

4 μL of sample solution was dropped onto a freshly cleaved mica surface and was allowed to 

air dry. The mica was then rinsed with water and gently purge dried with nitrogen. A 

topographic image was recorded under a NanoWizard 3 BioScience AFM (JPK, Berlin, 

Germany) in the tapping mode at ambient temperature, with a 512 × 512 pixel resolution and 

a scanning speed of 1.0 Hz.
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Fluorescence

600 μL sample solution was pipetted into a 1.0 cm path-length quartz cuvette, and the 

spectrum was collected using a FluoroMax-4 Spectrofluorometer (Horiba Jobin Yvon, 

Kyoto, Japan) at ambient temperature. The excitation and emission wavelengths were set at 

300–450 and 380–600 nm, respectively, with a slit of 3 nm. According to the samples, 

anhydrous MeOH or MeOH solution of ZnCl2 was used as background and subtracted.

Quantum Yield Measurement

5 mL sample solution was pipetted into a 1.0 cm path-length quartz cuvette with a tube 

(Hellma, Müllheim, Germany), and the absolute QY was measured on an absolute PL 

quantum yield spectrometer C11347 (Hamamatsu Photonics, Shizuoka, Japan) at ambient 

temperature. The relevant solvents, namely anhydrous MeOH or MeOH solution of ZnCl2, 

were used as background and subtracted. At least five measurements were performed and 

averaged for accuracy.

Fluorescent Decay Measurement (Lifetime)

600 μL sample solution was pipetted into a 1.0 cm path-length quartz cuvette, and the 

spectrum was collected using a FluoroMax-4 Spectrofluorometer (Horiba Jobin Yvon, 

Kyoto, Japan) equipped with a NanoLED laser excitation source at ambient temperature. 

The wavelength was set to the maximal excitation and emission of the samples, and a 

LUDOX sample (silica beads, 2 μm) was used as the prompt. The lifetime was determined 

by fitting the fluorescent decay data from the DAS6 Analysis software (Horiba Jobin Yvon, 

Kyoto, Japan). Three measurements were performed and averaged for accuracy.

Nuclear Magnetic Resonance

Cyclo-HH or cyclo-HH + Zn(II) were dissolved in MeOH-d4 with tetramethylsilane as the 

internal standard to a final concentration of 5.0 × 10−3 M dipeptide and 10.0 × 10−3 M Zn(II), 

when used. 1H NMR spectra were recorded on a Bruker AV-400 NMR spectrometer with 

chemical shifts reported as ppm. The difference in the chemical shift values before and after 

the addition of Zn(II) into the cyclo-HH solution (Δδ = δcyclo-HH – δcyclo-HH + Zn(II)) was 

calculated in ppb and plotted as a function of amide, aromatic and aliphatic protons.

Dynamic Light Scattering

850 μL of the sample solution was introduced into a DTS1070 folded capillary cell 

(Malvern, Worcestershire, UK), and the size was measured using a Zetasizer Nano ZS 

analyzer (Malvern Instruments, Malvern, UK) at 25.0 °C and a backscatter detector (173°). 

Three measurements were performed and averaged for accuracy.

Fourier Transform Infrared Spectroscopy

750 μL of the sample solution was dropped onto polyethylene IR card (International Crystal 

Labs, Garfield, NJ, USA) and air dried. The FTIR spectra were recorded on a Nicolet 6700 

FTIR spectrometer (Thermo Scientific, Waltham, MA, USA), from 4000 to 400 cm−1 at 

room temperature. 128 scans were collected with a spectral resolution of 4 cm−1 in nitrogen 
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atmosphere. The corresponding reference spectra (anhydrous MeOH or MeOH solution of 

ZnCl2) were recorded under identical conditions and subtracted.

Theoretical Calculations of Molecular Orbital Amplitudes and Energy Levels

Density functional theory calculations were carried out based on the self-consistent solution 

of Kohn-Sham function and the projector augmented wave pseudopotential as implemented 

in the Vienna Ab-initio Simulation Package (VASP).

The exchange-correlation potential was in the form of Perdew-Burke-Ernerhof (PBE) with 

generalized gradient approximation (GGA). For the structural relaxation, the energy 

convergence threshold was set to 10−5 eV and the residual force on each atom was less than 

0.03 eV Å−1. The cut-off energy for the plane-wave basis was set to 500 eV. To eliminate 

interactions between the molecule and its periodic images, a vacuum distance larger than 15 

Å for each direction in the supercell geometry was used.

Molecular Dynamics Simulations and Free Energy Calculations: Modeling and Simulations

MD simulations were performed to investigate the self-assembly properties of three systems 

comprising cyclo-HH dipeptides, cyclo-HH dipeptides + Zn(II), and cyclo-HY dipeptides + 

Zn(II) in MeOH. Five MD simulation production runs were performed for each system. The 

duration of each run was 200 ns. All energy minimization and MD simulations were 

performed using the CHARMM36 force field, a Drude polarizable force field and periodic 

boundary conditions in CHARMM. Upon completion of the MD simulations, the five 

independent simulation trajectories were merged, resulting in a total of 5000 snapshots 

analyzed per system. The analysis was focused on elucidating the key interactions between 

cyclodipeptides in the absence or presence of Zn(II), and on uncovering the key driving 

forces leading to self-assembly. The details on the MD simulations are provided in the 

Supporting Information.

Characterization of the Interactions between Pairs of Cyclodipeptide Monomers, and 
between Cyclodipeptide and Zn(II)

During the simulations, the gradual formation of clusters by cyclodipeptides was observed, 

which can potentially correspond to the structures formed in the first instances of 

association. The clusters were defined to be formed by interactions between cyclodipeptides 

as well as between cyclodipeptides and Zn(II) for the simulated systems. Distance cutoffs 

were used to define the interactions between two cyclodipeptide monomers as well as 

between cyclodipeptides and Zn(II). These distance criteria are detailed in the Supporting 

Information. FORTRAN programs were developed to detect elementary structures 

comprising two interacting cyclodipeptides, based on the distance cutoffs. The elementary 

structures were then integrated to into clusters, such that a number of n cyclodipeptides were 

defined to form a cluster when each dipeptide was in the vicinity of at least another one 

based on any of the distance criteria defined in Supporting Information. The ratio of Zn(II) 

to cyclodipeptide within each cluster was additionally determined based on the distance 

criteria defined in Supporting Information.
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The criteria were further used to identify the ordered structures and the amorphous 

conformations, which could either be isolated entities, or entities within clusters; the latter is 

of particular interest in our analysis. Cyclodipeptides interacting through their backbone N 

or O atoms were classified as ordered β-bridge like conformations and cyclodipeptides 

interacting through any other interactions were classified as amorphous conformations. In a 

given simulation snapshot, a number of n cyclodipeptides were defined to form an elongated 

β-bridge like conformation when each dipeptide monomer formed backbone interactions 

with at least another. It should be noted that the ordered β-bridge like conformations of 2-, 

3-, or 4- (the maximum observed) adjacent cyclo-HH dipeptides were observed either as 

independent entities (i.e., as clusters comprising 2, 3, and 4 dipeptides, respectively) or 

within larger clusters, coexisting with the amorphous structures.

Structural and Energetic Analysis of Clusters Formed by Cyclo-HH in the Absence or 
Presence of Zn(II)

Structural analysis was used to identify the pathways leading to the formation of ordered 

structures coordinating with Zn(II) in comparison to structures in the absence of Zn(II). 

Additionally, interaction and association free energy calculations were performed using the 

MM-GBSA approximation to investigate the mechanism and driving forces leading to the 

association and stabilization of cyclo-HH dipeptides and Zn(II) within the clusters, in the 

first moments of self-assembly prior to the formation of highly ordered structures. Each 

calculation was performed for each individual cluster within the simulations; the resulting 

energy values were normalized by the number of cyclo-HH dipeptides within the cluster and 

decomposed into polar and nonpolar components. The methods used for the energy 

calculations are described in detail in the Supporting Information.

Fabrication and Characterization of LEDs

Commercially available InGaN chips were used at the bottom of the LED base. For the 

preparation of the color conversion layer, the cyclo-HH + Zn(II) MeOH solution was purge 

dried using ultrapure nitrogen, and then mixed with PDMS at a mass ratio of 1:1. The 

mixtures were applied on the InGaN chips and following curing at 80 °C for 1 h, the LEDs 

peptide phosphors were obtained.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Doping of cyclo-HH self-assemblies through coordination with Zn(II). A) Fluorescence 

contour profiles of cyclo-HH in the absence (left) or presence (right) of Zn(II). The contour 

profile of the peptide alone was extracted from Figure S4 (Supporting Information) for 

comparison. The insets show photographic pictures of the corresponding peptide solutions 

under UV light irradiation (365 nm). B) Extracted maximal emission spectra of cyclo-HH in 

the absence (black) or presence (red) of Zn(II) ions. C) AFM image of cyclo-HH + Zn(II). 

The height profile corresponds to the black line in the AFM image, showing dot-like 

nanoparticles of only several nanometers. D) DLS profile of cyclo-HH in the absence (black) 

or presence (red) of Zn(II) ions.
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Figure 2. 
Mechanistic analysis of cyclo-HH self-assembly doping by Zn(II). A) Molecular structure of 

cyclo-HH, with the hydrogen atoms in different chemical environments marked with 

italicized alphabet letters. B) 1H NMR spectrum of cyclo-HH in the absence (blue) or 

presence (red) of Zn(II). C) Chemical shifts of hydrogen atoms upon doping with Zn(II), 

compared to the peptide alone. D) Graphic images of “Class 1” and “Class 2” β-bridge like 

conformations of cyclo-HH dimers. E) Graphic showing the self-assembly procedure of 

cyclo-HH + Zn(II) into “Class 2” β-bridge like conformations, with the frequency 

percentage shown above the arrows. Note that in D,E), the cyclo-HH molecules and Zn(II) 

ions are shown in licorice and gray van der Waals representations, respectively. Hydrogen 

bonds and Zn(II) coordination are indicated with thin black lines.
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Figure 3. 
Representative graphic images of the progression of cyclo-HH + Zn(II) self-assembly as 

detected by MD simulations and structural analysis softwares. A) Cyclo-HH and Zn(II) are 

initially dispersed in methanol. B) Zn(II) ions are then pulled from the methanol solvent into 

the peptide-rich environment of single or pairs of cyclo-HH, allowing C) the cyclo-HH-

Zn(II) pairs to begin to self-assemble. D) Finally, cyclo-HH and Zn(II) form pseudo “core/

shell” clusters. The cyclo-HH monomers forming the partly surrounding section of the 

cluster (amorphous layer, hereby denoted as “shell”) are denoted with a light blue surface. 

The cyclo-HH monomers forming the elongated “Class 2” β-bridge like conformation (core 

region, hereby denoted as “core”) are denoted with a dark blue color. The four cyclo-HH 

molecules forming the elongated “Class 2” β-bridge like conformation coordinate with four 

Zn(II) ions at a 1:1 ratio. Note that the cyclo-HH molecules and Zn(II) ions are shown in 

licorice and grey van der Waals representations, respectively.
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Figure 4. 
Application of cyclo-HH + Zn(II) assemblies as phosphors for LED illumination. A) 

Photographic picture depicting the prototype, emitting bright green light upon excitation at 

420 nm. B) Emission spectrum of the LED operated under a voltage of 3.0 V. C) CIE 

coordinates of the operating LED and the corresponding color temperature.
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Scheme 1. 
Schematic presentation of the “environment-switching” doping mechanism. The association 

of cyclodipeptides in the presence of Zn(II) is driven by single or small pairs of dipeptides 

initially attracting and pulling Zn(II) from the solvent, allowing Zn(II) to be in a more 

peptide-rich environment, and promoting their association into a cluster.
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Table 1
Morphology and the corresponding fluorescence parameters of aromatic cyclodipeptide 
assemblies.

ΔE [eV] Structures λEx [nm] λEm [nm] QY
a)

[%] τ [ns]

cyclo-HH 3.61 Nanofibers 340 425 3 4.89 ± 0.02

420 520 7 6.48 ± 0.04

cyclo-YY 4.00 Platelets – – – –

cyclo-WW[31] 3.56 Nanospheres 370 440 (strong) 520 (weak) 2 5.45 ± 0.03

cyclo-FF 4.50 Nanofibers – – – –

cyclo-HY 4.00 Nanofibers 310 390 3 0.003 ± 0.034

cyclo-WH 3.56 Nanofibers 320 380 (strong) 3 0.07 ± 0.01

370 465 (weak) 2 11.37 ± 0.05

cyclo-WY 4.55 Nanofibers 320 400 3 0.232 ± 0.004

cyclo-HF 4.19 Nanofibers 340 410 2 3.29 ± 0.03

cyclo-FY 3.94 Nanofibers 350 430 3 0.022 ± 0.003

cyclo-FW 3.63 Platelets 370 465 2 4.52 ± 0.05

cyclo-HH + Zn(II) – Nanodots 395 490 15 4.63 ± 0.01

cyclo-WW + Zn(II)[31] – Nanodots 370 520 11 3.63 ± 0.01

cyclo-HY + Zn(II) – Nanodots 380 490 9 4.79 ± 0.01

a)
During QY measurements, due to the limitation of instrument parameters, the excitation was set to 350 nm if the maximal excitation wavelength 

of the samples was less than 350 nm.
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