
Plasmonic Chirality Imprinting on Nucleobase-Displaying 
Supramolecular Nanohelices by Metal--Nucleobase Recognition

Dr Yiyang Lin[a], Dr E. Thomas Pashuck[a], Dr Michael R. Thomas[a], Dr Nadav Amdursky[a], 
Shih-Ting Wang[a], Dr Lesley W. Chow[a], and Prof Molly M. Stevens*,[a]

[a]Department of Materials, Department of Bioengineering, Institute of Biomedical Engineering, 
Imperial College London, SW72AZ, London, UK

Abstract

Supramolecular self-assembly is an important process that enables the conception of complex 

structures mimicking biological motifs. Herein, we constructed helical fibrils through chiral self-

assembly of nucleobase--peptide conjugates (NPCs), where achiral nucleobases are helically 

displayed on the surface of fibrils, comparable to polymerized nucleic acids. Selective binding 

between DNA and the NPC fibrils was observed with fluorescence polarization. Taking advantage 

of metal--nucleobase recognition, we highlight the possibility of deposition/assembly of plasmonic 

nanoparticles onto the fibrillar constructs. In this approach, the supramolecular chirality of NPCs 

can be adaptively imparted to metallic nanoparticles, covering them to generate structures with 

plasmonic chirality that exhibit significantly improved colloidal stability. The self-assembly of 

rationally designed NPCs into nanohelices is a promising way to engineer complex, optically 

diverse nucleobase-derived nanomaterials.
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Chirality is an essential property of biological building blocks, including L-amino acids, 

DNA, and collagen helices, for example, with effects that scale from microscopic viruses to 

macroscopic sea shells and beyond. One example is the DNA double helix formed by 

Watson--Crick base pairing, which serves as the structural basis for genetic information 

storage. Advancements in oligonucleotide design have taken this biological motif and 

enabled the generation of programmable materials with controlled valency using directional 

DNA bonding.[1] Self-assembled DNA scaffolds have been utilized to precisely organize 

metallic particles, generating discrete periodic chiral nanostructure arrays and plasmonic 

chiroptical response.[2] Inspired by the intrinsic structural properties of the DNA helix, 

chemists have aimed to design DNA-mimicking molecules or structures with helically 

arranged nucleobases/nucleotides with sub-nanometer spatial precision.[3] For example, 
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peptide nucleic acids (PNAs)[4] are DNA analogues that have a covalent pseudopeptide 

backbone with high chemical and enzymatic stability. Alternatively, non-covalent self-

assembly of nucleotide-containing molecules into complex structures can partially lead to 

the functions of naturally occurring DNA.[5]

Herein, we seek to construct supramolecular helices by the chiral self-assembly[6] of 

nucleobase--peptide conjugates (NPCs) in which achiral nucleobases are helically presented 

on the surface (Figure 1). The amphiphilic NPCs, consisting of a hydrophobic 

diphenylalanine (Phe-Phe) conjugated alkyl tail and a hydrophilic peptide head group 

containing a terminal nucleobase, were synthesized by solid-phase peptide synthesis with 

Fmoc-protected amino acids and nucleobases (Figure 1a, see also the Supporting 

Information, Figures S1 and S2). The Phe-Phe moiety, inspired by the KLVFF sequence in 

amyloid-β, provides directional π-π stacking and hydrogen bonding, which promote the 

self-assembly of fibrillar structures.[7] The hydrocarbon tail strengthens the self-association 

of NPCs by hydrophobic collapse and chain crystallization.[8] Owing to their hydrophilic 

nature, the nucleobases are exposed on the surface of the fibrils, equivalent to a polymerized 

nucleic acid. Based on the metal--nucleobase recognition/affinity, such fibrils have been 

exploited as ideal templates for the deposition of plasmonically chiral nanoparticles.

NPC self-assembly occurred above a critical aggregation concentration (0.01-0.04 mM; 

Figures S3 and S4), and hydrogelation was noted above a concentration of 5 mM (Figure 

S5). Transmission electron microscopy (TEM) confirmed the formation of ribbons with a 

diameter (d) of approximately 18 nm and a regular pitch (p) of about 70 nm in a solution of 

thymine-containing NPCs (T-NPCs; Figures 1b and S6). Atomic force microscopy (AFM) 

showed the uniform structure of the helical ribbons with a thickness (h) of approximately 

6^^nm, indicating a bilayer structure (Figure 1c,d). The pitches obtained from the cross-

section profiles were measured to be about 75 nm (Figure 1e), which is in agreement with 

the TEM results. The supramolecular helicity was investigated by circular dichroism (CD); a 

negative peak was observed at 208-211 nm, which is due to π-π stacking of the aromatic 

side chains and to the distortion of the β-sheets (Figure 1f).[9] A weak peak was also 

observed at approximately 275^^nm, revealing the helical stacking of thymine.

Self-assembled helical fibrils from adenine-, cytosine-, and guanine-containing NPCs were 

also studied by TEM (Figures S6 and S7) and AFM (Figures S8-S11). The AFM height 

profiles showed that the fibrils had a thickness (h) of about 6 nm, suggesting a bilayer 

structure. All of the NPC fibrils presented CD peaks at 260—280 nm, confirming the chiral 

packing of the nucleobases (Figure S12). The presence of β-sheets and highly ordered 

amyloid structures was confirmed by a thioflavin T assay (Figure S13), NMR (Figure S14), 

and FTIR spectroscopy (Figure S15), where a strong amide I absorption at 1635 cm-1 was 

noted.[10]

Considering the chiral stacking of the nucleobases, the NPC fibrils can be regarded as a 

versatile yet simple self-assembled mimic of DNA. The recognition of NPC fibrils by 

complementary DNA via base pairing was evaluated by fluorescence polarization (FP), 

which provides information on the molecular rotation dynamics of a dye. As shown in 

Figure 2a, when excited by polarized light, fluorescence depolarization of fluorophore-
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tagged ssDNA occurs by rapid molecular rotation while the adsorption of ssDNA to NPC 

fibrils restricted its rotation and therefore increased the FP. In Figure 2b, the FP value of 

fluorescein-labeled oligonucleotides containing twelve cytosines (FAM-C12) was found to 

be the highest in the presence of G-NPC fibrils, indicating the strongest binding of FAM-

C12 onto guanine-containing fibrils via C-G interactions. The binding of FAM-T12 to A-

NPC fibrils was not observed, possibly owing to the weakness of A-T interactions.

Nucleic acids exhibit sequence-specific binding affinities towards metal ions and particles, 

which have been exploited to mediate DNA-guided nucleation in the synthesis of fluorescent 

Ag clusters and plasmonic materials.[11] As nucleobases are repeatedly displayed at the 

fibril surface, we studied the ability of the NPC fibrils to nucleate and bind metallic 

nanoparticles (NPs). Indeed, AgNPs of 2—10 nm were observed to be deposited on T-NPC 

fibrils after reduction of the Ag ions with NaBH4 (Figures 3a,b and S16). Interestingly, the 

AgNPs were distributed at the edge of the fibrils following the helical arrangement of 

nucleobases where the particles exhibited the typical plasmonic response of non-aggregated 

AgNPs at 430 nm (Figure S17). Small angle X-ray scattering (SAXS) analysis showed that 

the scattered X-ray intensity of T-NPC fibrils as a function of the scattering vector Q could 

be effectively fitted using simulations of the scattering form factor of isotropically oriented 

infinite cylinders with a radius of 5.7 nm (Figure 3c). Following Ag deposition, the 

scattering profile exhibited a diffuse structure peak in the region of Q=0.12 Å-1, which 

corresponds to the inter-AgNP correlation length of 5 nm when bound to the planar surface 

of the fibrils, consistent with the TEM measurements.

Interestingly, the helical patterning of AgNPs on T-NPC fibrils generates a plasmonic 

chirality in the CD spectrum, with a negative Cotton effect at 500^^nm and a positive Cotton 

effect at 425 nm (Figure 3d). Increasing the concentration of Ag ions progressively 

increased the CD signal before reaching a plateau (Figure 3e). Meanwhile a red shift of the 

peak was observed, indicating the growth of AgNPs (Figure S18). We also studied the 

chirality transfer to plasmonic AgNPs from supramolecular fibrils of A-NPC, C-NPC, and 

G-NPC (Figure 3e). We found plasmonic chirality for in situ synthesized AgNPs on T-NPC 

and C-NPC fibrils but not on G-NPC or A-NPC fibrils, which might be due to the stronger 

binding of cytosine and thymine with Ag. Moreover, the chirality of supramolecular fibrils 

can be readily switched by changing the molecular chirality, that is, by adjusting the 

stereochemistry of the amino acids. As shown in Figure 3f, the use of D-amino acids (i.e., 

aspartic acid and phenylalanine) in the T-NPC resulted in inversed CD signals for the fibrils. 

With D-form NPC fibrils as the templates, AgNPs with inversed plasmonic chirality were 

deposited (Figure 3g).

To highlight the versatility of the NPC templates, Au and Pd were nucleated at the surface of 

NPC fibrils (Figure 3h-k), and 2-5nm Au and Pd nanoparticles were helically deposited on 

the G- and C-NPC fibrils. The as-synthesized AuNPs were well dispersed as evident from 

the reddish color of the solution with an LSPR peak at 520 nm (Figure S19). The size of the 

metallic NPs was well controlled, and they were located in close proximity to the fibrils 

owing to fibril-mediated nucleation via metal-nucleobase affinity. We propose that the 

repetitive nucleobases at the surface tend to concentrate the cations (e.g., Ag, Au, and Pd), 

creating local supersaturation followed by oriented nucleation of the crystal. Although 
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mineralization occurring on peptide systems has been investigated in other contexts,[12] the 

nucleation of metallic NPs by nucleobase patterns is less studied.

Physical adsorption of DNA onto Au by metal--nucleobase affinity stabilizes the 

nanoparticles, and this property has previously been utilized to design plasmonic biosensors 

for the detection of nucleic acids.[13] Herein, we demonstrate the binding of AuNPs (12 

nm) to NPC fibrils to generate "pearl chain" structures (Figure S20), which enhanced the 

colloidal stability of the AuNPs. As shown in Figure 4a,b, the addition of 0.05M NaCl 

solution resulted in the aggregation of citrate-capped AuNPs as shown by the change in the 

ratio of the absorbance at 650 nm and 525 nm (A650/A525), which increased from 0.32 to 

1.0, and the distinct color change to brown. In the presence of NPC fibrils, the AuNP 

solutions remain reddish (A650/A525=0.2). Surprisingly, the fibrils stabilized AuNPs even at 

a NaCl concentration of 0.75M (Figure S21). This is likely because multivalent gold--

nucleobase binding can "lock" AuNPs to the fibril surface and prevent salt-induced 

aggregation. An exception was noted for T-NPC fibrils where an obvious peak red shift in 

the LSPR spectra was observed. Moreover, the immobilization of AuNPs on NPC fibrils 

helps overcome another challenge of AuNPs, which are known to irreversibly aggregate 

when frozen, as indicated by a red-to-blue color change (Figure 4c,d). Consistent with the 

salt stability investigations, fibrils from A-NPC, G-NPC, and C-NPC were found to stabilize 

AuNPs much better than T-NPC. We propose that the varied capacities of NPCs to stabilize 

AuNPs originate from the different gold nucleobase affinities; it was previously reported that 

homo-oligonucleotides adsorb on Au with the affinity decreasing in the order A>C≥G>T.

[14] Current approaches to maintain colloidal stability typically involve surface modification 

with charged and often bulky ligands to ensure sufficient particle separation. Alternatively, 

NPC fibrils can serve as a soft dynamic scaffold to physically immobilize AuNPs by gold--

nucleobase interactions and impede irreversible particle contact while maintaining the bulk 

mobility of the fibril-AuNP constructs.

In conclusion, we have designed a new class of supramolecular fibrils that present 

nucleobases in helical patterns on the fibril surface. We capitalized on the chirality of NPC 

fibrils to organize plasmonic nanomaterials by both in situ nucleation and assembly of 

metallic nanoparticles (i.e., Ag, Au, Pd) through metal--nucleobase recognition. Multivalent 

gold nucleobase interactions at the interface of the NPC fibrils and AuNPs also offer a new 

strategy to increase the colloidal stability of AuNPs in a nucleobase-dependent manner. We 

expect that this system can be further engineered to create DNA-like structures that exert 

control over the crystal nucleation and growth of inorganic components. The recognition 

between NPC fibrils and nucleic acids could also be explored for DNA/RNA-templated self-

assembly and the design of novel biomaterials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Amyloid fibrils were constructed through the self-assembly of nucleobase-peptide 

conjugates that were designed to repeatedly organize achiral nucleobases into helical 

patterns on the surface. The fibrils were utilized for the in situ nucleation and assembly of 

metallic nanoparticles through metal-nucleobase recognition.
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Figure 1. 
a) Self-assembly of hybrid T-NPC into helical fibrils in the form of nanoribbons with 

nucleobases displayed at the surface. b) TEM and c) tapping-mode AFM images of T-NPC 

fibrils. d) The height profile across the marked section indicated by * in (c), showing the 

uniform height (h) of the fibrils. e) Cross-sectional analysis of the marked section indicated 

by # in (c), showing the uniform pitch (p) of the nanohelices. f) CD spectrum of the T-NPC 

fibrils, where the chirality signals from the peptide segment and thymine were observed at 

206 nm and 275 nm, respectively.
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Figure 2. 
a) Detection of ssDNA binding to NPC fibrils by fluorescence polarization (FP). When a dye 

is excited with polarized light, it will fluoresce with the same polarization. Depolarization 

occurs when the dye rotates during its emission lifetime. The adsorption of fluorophore-

labeled ssDNA to NPC fibrils restricts the molecular rotation of the fluorophore and 

therefore decreases the FP. b) FP of FAM-C12 with or without NPC fibrils.
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Figure 3. 
a,b) TEM images of Ag-decorated T-NPC fibrils (Scale bar: 100^^nm). c) SAXS profiles for 

T-NPC fibrils and AgNP-loaded fibrils. d) CD spectrum showing the plasmonic chiral signal 

from the AgNPs. e) CD peak intensity (425 nm) for AgNPs on NPC fibrils. f) CD spectra 

highlighting the chirality inversion of T-NPC fibrils when using the L- and D- enantiomers of 

amino acids. g) Chiral signal of AgNPs synthesized on T-NPC fibrils with L/D-NPC. h-k) 

TEM images of metallic nanoparticles synthesized in situ on the NPC fibrils: h) Au on G-

NPC; i) Au on C-NPC; j) Pd on C-NPC; k) Pd on G-NPC. Scale bars: 100 nm.
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Figure 4. 
a,c) Macroscopic appearance and b,d) corresponding LSPR spectra of citrate-capped AuNPs 

with or without 0.2 mM NPCs. a,b) AuNPs with 50 mM NaCl. c,d) AuNPs after freeze-thaw 

cycles.
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