
   
 

 

 

 

SCULPTING LIGHT  
USING DNA ORIGAMI-TEMPLATED  

NANOPARTICLE ASSEMBLIES 
 

MIHIR DASS 

 

 

 

 

 

 

 

Munich 2023 

 

 

 



   
 

 

 

SCULPTING LIGHT  
USING DNA ORIGAMI-TEMPLATED 

NANOPARTICLE ASSEMBLIES 
 

 

 

MIHIR DASS 

 

Dissertation 

durchgeführt an der Fakultät für Physik 

der Ludwig-Maximilians-Universität 

München 

 
vorgelegt von 

Mihir Dass 

aus Delhi, India 

 
München, 20.11.2023 

 

  



   
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Erstgutachter: Prof. Dr. Tim Liedl  

Zweitgutachter: Prof. Alexander Govorov  

Tag der Einreichung: 20.11.2023 

Tag der mündlichen Prüfung: 18.12.2023 



   
 

 

 

Science and everyday life cannot and should not be separated. Science, for me, gives a partial 

explanation of life. In so far as it goes, it is based on fact, experience and experiment. 

- Rosalind Franklin, in a letter to her father, 1940. 

 

It feels so nice to enjoy life. 

- Overheard in the Salinenhof, LMU. 
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ZUSAMMENFASSUNG  

Das optische Verhalten von Materialien auf der Makroebene wird durch ihre Nanostruktur 

beeinflusst. Die Fähigkeit, neue Nanoarchitekturen zu schaffen und zu gestalten, ermöglicht es 

uns, Materialien mit neuartigen Eigenschaften zu entwickeln. Die DNA-Nanotechnologie, 

insbesondere die DNA-Origami-Technik, ermöglicht es mittels Selbstorganisation, um 

nanoskopische Objekte in benutzerdefinierten Geometrien anzuordnen. In dieser Doktorarbeit 

nutzen wir dies Eigenschaft, um die optische Reaktion von plasmonischen Nanopartikel-

Assemblagen in zwei Bereichen zu steuern: chirale Plasmonik und physisch unkopierbare 

Funktionen (PUFs). Zunächst diskutieren wir Fortschritte bei der Verwendung mithilfe von DNA-

Origami entworfenen plasmonischen Materialien zur empfindlichen Biomoleküldetektion. Dann 

behandeln wir die Synthese und Eigenschaften von chiralen Nanostab-Dimeren, wobei wir uns 

auf Silber-Gold Kern-Schale-Nanostäbe konzentrieren. Durch die Verwendung einer neuartigen 

Ein-Topf-Methode erreichen wir monodisperse Nanostäbe mit präziser Kontrolle über Größe, 

Seitenverhältnis und Silberschalendicke. Diese Nanopartikel bieten abstimmbare optische 

Eigenschaften und sind mit DNA funktionalisiert, was ihre Organisation in spezifischen chiralen 

Geometrien durch DNA-Origami ermöglicht. Unsere Erkenntnisse erweitern die spektrale 

Kontrolle über das zirkulardichroische Signal und bieten potenzielle Anwendungen in der 

empfindlichen Biomoleküldetektion. 

 

Wir verwenden die Kern-Schale-Partikel und DNA-Origami in Kombination mit Nanosphären-

Lithographie, um ein neuartiges, unkopierbares Etikett zur Bekämpfung von Fälschungen zu 

schaffen. Traditionelle kryptografische Methoden, die auf Einwegfunktionen basieren, werden 

diskutiert, zusammen mit ihren technologischen und theoretischen Einschränkungen. Wir führen 

PUFs als Alternative ein, mit einem Schwerpunkt auf optischen PUFs, die gegen verschiedene 

Arten von Angriffen und Klonversuchen robust sind. Unsere PUFs weisen ein breites Spektrum an 

Farbtönen aufgrund starker plasmonischer Kopplung auf, was ihre Sicherheitsmerkmale 

verbessert. Darüber hinaus werden diese PUFs nahtlos mit einem kostengünstigen, 3D-

gedruckten Auslesewerkzeug integriert, wodurch die Lücke zwischen experimenteller 

Technologie und praktischer Anwendung geschlossen wird. 

 

Die Arbeit trägt somit wesentlich zur Weiterentwicklung der Verwendung von DNA-templierten 

optischen Materialien sowohl für die wissenschaftliche Forschung als auch für gesellschaftlich 

relevante Anwendungen bei. Sie zeigt die Vielseitigkeit und das Potenzial der DNA-Origami-

Techniken für die präzise Nano-Assemblierung und ebnet den Weg für praktische Anwendungen 

wie sichere Authentifizierungssysteme und empfindliche biochemische Sensoren. 

 



6   
 

ABSTRACT 

The optical behavior of materials at the macroscale is influenced by their nanoscale structure. 

Developing techniques to influence and create new nanoscale architectures can enable us to 

assemble materials with novel properties. DNA nanotechnology, and especially the DNA origami 

technique allows the use of self-assembly to arrange nanoscopic objects in user-defined 

geometries. In this doctoral thesis, we use this feature to engineer the optical response of 

plasmonic nanoparticle assemblies in two areas: chiral plasmonics and physical unclonable 

functions (PUFs). Initially, we discuss advances in the use of DNA origami-templated plasmonic 

materials to achieve sensitive biomolecule detection. We then explore the synthesis and 

properties of chiral nanorod dimers, focusing on silver-gold core-shell nanorods. Utilising a novel 

one-pot method, we achieve monodisperse nanorods with precise control over size, aspect ratio, 

and silver shell thickness. These nanoparticles offer tunable optical characteristics and are 

functionalized with DNA, enabling their organization into specific chiral geometries via DNA 

origami. Our findings extend the spectral control over the circular dichroic signal, offering 

potential applications in catalysis and biosensing. 

 

We use the core-shell particles and DNA origami in combination with nanosphere lithography to 

create a novel unclonable tag to combat counterfeiting. Traditional cryptographic methods based 

on one-way functions are discussed, along with their limitations, both technological and 

theoretical. We describe PUFs as an alternative, with an emphasis on optical PUFs, which are 

robust against various types of attacks and cloning attempts. Our PUFs exhibit a broad range of 

hues due to plasmonic coupling, enhancing their security features. Moreover, these PUFs are 

seamlessly integrated with a cost-effective 3D-printed read-out tool, bridging the gap between 

experimental technology and practical application. 

 

The thesis thus contributes significant advancements in using DNA-templated optical materials 

for both scientific inquiry and societal applications. It showcases the versatility and potential of 

the DNA origami technique for precise nanoscale assembly and paves the way for practical 

applications such as secure authentication systems and biochemical sensing. 
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1. INTRODUCTION 
 

1.1 Nanotechnology in brief 

The advent of civilization brought with it new needs to be addressed; tools suitable for 

harvesting crops, weapons for territorial defense, and fibres for clothing and sailing. The 

importance of advances in material science is highlighted in the use of metal ages: Copper 

Age, Bronze Age and Iron Age to classify human prehistory (Fig. 1). The use of copper marked 

the capability to smelt; bronze indicated the understanding and skill to create alloys. High 

temperatures, up to 1250oC, needed to smelt iron placed it outside of reach of common use 

until around 1200 BC. Access to a broader range of materials allowed early humans to build 

objects of greater complexity, usable for newer applications. Most materials used by humans 

were, and still are, macroscopic in nature. However, examples of nanomaterials appear as 

early as the 4th century AD. A notable example is the Roman Lycurgus cup; it contains colloidal 

gold and silver nanoparticles, making it appear green when lit from outside and red when 

illuminated through the inside. Ultimately, a material’s properties arise from its 

atomic/molecular structure. Understanding and manipulating matter at the nanoscale is the 

domain of the interdisciplinary field of nanotechnology.  

 

Figure 1. Metal Age artefacts. a) Reconstruction of the copper axe of Ötzi the Iceman, dating 

to between 3350 and 3105 BC. b) The Alaca Höyük disc bronze standard, dating to around 

2000 BC. c) The Wandsworth Shield, dated to the 2nd century BC. Permissions: All images are 

licensed under Creative Commons, a) CC BY 3.0, b) and c) CC BY-SA 3.0. 

Two paradigms for constructing nanoscale materials are widely accepted. The top-down 

paradigm starts with a bulk material and then miniaturises it to achieve finer features (Fig. 2a 

(left)). Lithographic techniques like photo- and e-beam lithography, used for nanofabrication 

of integrated circuits, exemplify this approach. These techniques are highly scalable and have 

reached a high level of sophistication, particularly in the semiconductor industry. However, 

limitations arise as feature size decreases; top-down techniques are serial in nature (Fig. 2b) 

and parallelization comes at significant costs.  
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The bottom-up paradigm relies on self-assembly. It engineers interactions between building 

blocks to establish a preferential minimal energy state for the assembled structure (Fig. 2c). 

While still under research and refinement for large-scale use, they offer two main advantages. 

They can position features with near-atomic precision and enable highly parallel fabrication, 

often fabricating trillions of structures simultaneously. 

 

Figure 2. Top-down vs. bottom-up fabrication. a) (left) Michaelangelo’s David, sculpted from a 

single block of marble, is an example of top-down fabrication. (right) A portion of Studies of 

the Fetus in the Womb by Leonardo da Vinci. A foetus is the result of cellular processes where 

biological materials are self-assembled with near-atomic precision, exemplifying bottom-up 

fabrication. b) IBM logo made from 35 Xenon atoms moved into position one-by-one using a 

scanneling tunnelling microscope. Each letter is 50 Å in height.1 c) Goodsell structure of an 

acetylcholine receptor. Its structure is made of five protein chains which self-assemble into a 

long tube that crosses the cell membrane (shown in grey). It changes its structure upon binding 

molecules like Coniine, found in Hemlock. Permissions: a) (left) CC BY-SA 4.0, (right) Public 

domain, b) Reprinted by permission from Springer Nature Limited, copyright (1990), c) CC BY 

4.0. Image credit: David S. Goodsell and RCSB PDB. 

1.2 Structural DNA nanotechnology 

Structural DNA nanotechnology is an interdisciplinary science that harnesses the molecular 

recognition and self-assembling properties of DNA to design and fabricate nanoscale synthetic 

structures, devices, and systems. Pioneered by crystallographer Ned Seeman in the 1980s, the 

field leverages the predictability of Watson-Crick base pairing. This feature, along with DNA 

sequence design, allows precise control over DNA interactions, allows precise assembly of DNA 

structures and patterns through spontaneous organization.  

In 1982, Ned Seeman introduced the rational design of an immobile Holliday junction (Fig. 3a)2, 

synthesising it a year later.3 He wrote: 

It appears to be possible to generate covalently joined three-dimensional networks 

of nucleic acids which are periodic in connectivity and perhaps in space. 

This approach transformed DNA into a nanoscale polymer extending in two dimensions instead 

of linear double helices. Seeman used these principles to assemble a DNA cube, the first 

polyhedral structure made of DNA (Fig. 3b).4  
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Seeman was interested in protein crystallography, which while arduous, was the conventional 

method to decipher protein structures at the time. Protein crystals, if sufficiently ordered, 

could be studied using X-ray diffraction. Drawing inspiration from M.C. Escher’s woodcut 

Depth, Seeman chose DNA as a building block for creating structures and eventually protein-

ordering crystals. Early DNA nanostructures used tile assembly, with the Holliday junction as 

the crossover motif. This has expanded to include double-crossovers5, triple-crossovers6, 4 × 

47 and three-point star structures8 using junctions of multiple short single-stranded DNAs 

(ssDNAs). These tiles can assemble into nanotubes9, 2D lattices10 (Fig. 3c,d), and 3D structures 

like polyhedra, hydrogels,11 and crystals (Fig. 3e,f)12. 

  

Figure 3. Ned Seeman’s contributions to DNA nanotechnology. a) An immobile Holliday 

junction, the building block of DNA nanotechnology.2 b) A DNA nanocube4. c) and e) schematics 

for d) 2D lattices10 and e) 3D crystals12 respectively. Permissions: a) Reproduced with 

permission from Springer Nature Limited, copyright (1982), b) a) Reproduced with permission 

from Springer Nature Limited, copyright (2003), b) Reproduced with permission from Springer 

Nature Limited, copyright (1991),gra c) & d) Reproduced with permission from Springer Nature 

Limited, copyright (1998) Macmillan Magazines Ltd., e) & f) Reproduced with permission from 

Springer Nature Limited, copyright (2009), Macmillan Publishers Ltd. 

In 2006, Paul W.K. Rothemund invented the DNA origami technique,13 using it to craft various 

2D objects with arbitrary geometry, including the world’s smallest smiley face. The DNA 

origami technique employs a scaffolded assembly approach. A long (~ 7000 nt) single-stranded 

scaffold is folded into shape by hundreds of shorter (~ 40 nt) oligonucleotides. This contrasts 

with tile assembly, where oligonucleotides assemble without a scaffold (more details on DNA 

origami are in section 2.2). Shawn Douglas et al. extended the DNA origami technique into 3D, 

assembling both single structures and their hierarchical assembly into larger formations.14 This 

technique serves as the foundation of all associated publications in this thesis. Shawn Douglas 

also influenced the DNA nanotech field with the creation of the cadnano design software.15 

Subsequent to this, various DNA design software have also been developed.16–22  
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Figure 4. Interesting DNA nanotechnology milestones relevant to this thesis.  
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1.3 State-of-the-art of DNA origami 

The DNA origami technique has synergized with multiple scientific fields due to its unique 

capabilities, the most notable being high-precision positioning of moieties. DNA origami 

structures have been used to assemble metallic nanoparticles23–26, carbon nanotubes27, 

quantum dots and fluorescent particles. DNA origami structures have also been integrated 

with biological structures like antibodies28,29 and proteins30. DNA origami has been employed 

to study localized DNA- and enzymatic-reaction cascades31–33 and for biophysical studies of 

collective behaviour of motor proteins34,35 and biomolecular interactions36,37. Crystals with 

various lattice types have been constructed using DNA origami.38–40 Post-assembly silicification 

results in rigid structures41,42 compatible with traditional solid-state techniques.43 Self-

assembled systems like an electrically actuated arm44 and a ratchet motor45 have been 

fabricated using DNA origami. Additionally, DNA origami is increasingly being combined with 

lithography to explore new nanofabrication possibilities.46–50  

 

1.4 Content of this work 

The structure of this thesis is as follows:  Chapter 2 provides an overview of the DNA molecule's 
structure (Section 2.1) and delves into the DNA origami technique (Section 2.2). Section 2.3 
briefly outlines the plasmon hybridization model, fundamental to interactions within 
plasmonic nanoparticles. Plasmonic chirality (Section 2.4) and light scattering (Section 2.5) are 
discussed to support Associated Publications 2 and 3, respectively. 

Chapter 3 and Associated Publication 1 explore the use of DNA origami for plasmonic 
biosensing. Created during the Covid-19 pandemic, this work reflects the zeitgeist and focuses 
on output signals from sensors based on plasmonic coupling between nanoparticles or 
between a nanoparticle and a dye molecule.  

Associated publication 2 is covered in chapter 4, which describes the creation of silver shells 
on gold nanoparticles to improve their plasmonic properties, silver being a superior plasmonic 
material compared to gold. We combine silver-gold core-shell nanoparticles with DNA origami 
to form chiral assemblies, allowing us to tune both their spectral properties in the visible 
wavelength range and their chiral response.  

Chapter 5 proposes a technique for creating anti-counterfeit labels. It combines DNA origami 
placement with core-shell nanoparticles and employs nanosphere lithography to pattern 
plasmonic nanoparticle assemblies on a substrate. Plasmonic coupling between the 
nanoparticles gives rise to new colors absent at the discrete particle level, which we detect 
using Dark Field microscopy. Due to the stochastic assembly and extreme sensitivity of the 
scattering color to particle size and spacing, the optical signal is inherently secure against 
spoofing. 
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2. THEORETICAL BASICS 

2.1 Deoxyribonucleic acid (DNA) 

DNA, or deoxyribonucleic acid, is a molecule crucial for life as we know it. It carries genetic 

instructions for the growth, development, and functioning of organisms. Swiss physician 

Friedrich Miescher first isolated DNA, which he called "nuclein", in 1869.51 However, its 

importance as a genetic molecule was not immediately realised.  Frederick Griffith, in his 

eponymous ‘Griffith’s Experiment’ in 1928, suggested that a "transforming principle" could 

transfer traits between bacteria52, hinting at a molecule carried genetic information. In the 

1940s, Oswald Avery, Colin MacLeod, and Maclyn McCarty proved that DNA, not protein, was 

this transforming substance.53  

The 1950s marked a critical discovery: the double helix structure of DNA. Rosalind Franklin and 

Raymond Gosling’s X-ray crystallography work in 1952 produced the famous photo 51 (Fig. 

5)54, revealing the DNA structure.55 James Watson and Francis Crick, building on these x-ray 

crystallography images and other data, proposed the double helix model in 1953, published in 

the same issue of Nature as Franklin’s image.56  

After the double helix model was established, the focus shifted to understanding how DNA 

functions. The genetic code was decoded in the 1960s, revealing how sequences of bases 

encode amino acids and hence proteins. This led to the discovery of messenger RNA57,58 and 

the processes of transcription and translation. In 2001, the Human Genome Project completed 

a rough draft of the human genome, significantly advancing our understanding of DNA's role 

in human biology and paving the way further for genetic research. 

 

Figure 5. Photo 51. Features like the separation between the layer lines (dark horizontal 

dashes) helped uncover the structure and dimensions of the DNA double helix.59 Permissions: 

Reproduced with permission from Springer Nature, copyright (1953)55.  
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2.1.1 The DNA molecule – structure and properties 

DNA is a biopolymer. In its double helix configuration, two antiparallel strands of DNA coil 

around each other. Each strand is a polymer chain made of nucleotides, which serve as the 

fundamental units. A nucleotide consists of three main components: a phosphate group, a 

sugar molecule (deoxyribose), and a nitrogenous base (Fig. 6a). Nucleotides play a central role 

in the metabolism of each organism: serving as energy storage entities (e.g., adenosine 

triphosphate), participating in signalling pathways (e.g., cyclic adenosine monophosphate), 

and acting as enzymatic cofactors (e.g. Flavin mononucleotide).  

The four nucleobases in DNA are adenine (A), thymine (T), cytosine (C), and guanine (G). Long 

polymers of an arbitrary composition of monophosphate nucleotides are formed by linking 

phosphate of one nucleotide to the 3’ carbon of another nucleotide’s deoxyribose ring. These 

polymers are then termed polynucleotides or single-stranded DNA (ssDNA). The phosphate 

and sugar form the backbone of each strand, while the bases protrude toward the centre of 

the helix. The asymmetric phosphodiester bond between adjacent deoxyribose rings provides 

directionality to the ssDNA molecule. 

 

Figure 6. Schematic representation of the fundamentals of the DNA structure.60 Permissions: 

Original work is licensed under the Creative Commons Attribution 4.0 International License. 

The two strands are bound by hydrogen bonds between complementary bases (Fig. 6b). 

Adenine pairs with thymine using two hydrogen bonds; cytosine pairs with guanine using 

three. G and C form the slightly more stable base pair (bp). This specificity, known as 

complementary base pairing, is critical for biological processes and serves as the foundational 

property for structural DNA nanotechnology. The double helix is further stabilized by 
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hydrophobic π-π interactions among the delocalised electron clouds of adjacent bases (Fig. 

6c). This ‘base-stacking’ expels water from the space between nucleobases and is partially 

responsible for the DNA adopting a helical structure.  

DNA has a negative charge due to its phosphate groups, which is partially neutralized using 

cations like magnesium for higher-order assembly of DNA. Under physiological conditions, the 

DNA double helix usually adopts the right-handed B-form with a major and a minor groove 

(Fig. 6d). One full turn (10.5 base pairs) stretches over 3.5 nm with a diameter of ~ 2 nm and a 

vertical distance between two adjacent bp of 3.32 Å (Fig. 6e). Under special buffer conditions, 

other conformations of the double helix such as the A-form (right-handed, 11 bp per turn, 

2.3 nm diameter) or the Z-form (left-handed, 12 bp per turn, 1.8 nm diameter) can occur. 

2.2   DNA origami 

The DNA origami technique involves folding a long ssDNA strand called the scaffold with a 

known sequence (typically ~ 7000 nt long m13mp18 bacteriophage DNA) using ~ 200 short (~ 

40 nt long) designed oligonucleotides called staples (Fig. 7). The staples have multiple binding 

domains complementary to different regions of the scaffold, effectively ‘knitting’ the DNA 

origami structure via a combination of base pairing and Holliday junctions. The design of the 

staples determines the structure's shape and size, which can be done in silico.  

Assembly of the structures requires mixing of the scaffold with the staple strands in a molar 

excess (typically each staple is present at 5-10x excess relative to the scaffold) and heated to 

65oC, ensuring denaturation of the DNA strands. Two methods can be used for annealing: a 

slow cool to room temperature or a rapid cool to a set temperature, followed by a hold period 

before being cooled to room temperature. The folding time depends on the complexity of the 

structure. Buffer is used to maintain pH, and cations ensure screening of the negatively-

charged DNA backbone, enabling the packing of the DNA into a dense, stable structure. Since 

the self-assembly is deterministic, the designer possesses atomic-level knowledge of the final 

structure. Functionality using base modifications can thus be introduced with near-atomistic 

precision.  

 

Figure 7. Schematic illustration of DNA origami folding. A long ssDNA scaffold strand (black) is 

folded by short ssDNA staple strands (coloured) which have binding domains complementary 
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to different regions on the scaffold. The result is a DNA origami structure which folds into a 

predesigned shape, in this case a 2D rectangle. Adjacent antiparallel helices are held in place 

by double crossovers in the form of Holliday junctions.  

Paul Rothemund invented the technique in his 2006 work, where he designed (Fig. 8a) and 

assembled planar 2D structures such as smileys, triangles and stars showing that virtually any 

2D shape could be made (Fig. 8b) and labelled arbitrarily (Fig. 8c).13 He used extended staples 

for controlled structure combinations and free ssDNA on the edges of structures to prevent 

unwanted aggregation.  (Fig. 8d). 

 

Figure 8. DNA origami by Paul Rothemund. a) Stand design of a DNA origami structure. b) 

Planar 2D shapes assembled using DNA. c) Map of the western hemisphere, scale 1:2 × 1014. 

The features are created using ‘dumbbell hairpins’ inserted at predefined locations. d) 

Structures can be combined using complementary design elements. Permissions: Reproduced 

with permission from Springer Nature Limited, copyright (2006). 

The technique was developed further to create 3D structures by the groups of Kurt Gothelf 

and William Shih using two different approaches. In the former, Andersen et al. used 2D sheets 

joined at the edges to assemble a 3D box with a controllable lid.61 In the latter, Douglas et al. 

used pleated layers of helices arranged in a honeycomb lattice to build 3D shapes (Fig. 9a)14, 

which was extended to the square62 and  hexagonal lattices (and a hybrid lattice)63. Curved 

DNA nanostructures of virtually any geometry can be assembled (Fig. 9b).64,65 Hierarchical 

assembly of 3D DNA formations can be achieved using shape-complementary base-stacking 

(Fig. 9c, d).66–68   Sticky end-based assembly of DNA origami tiles into 2D lattices has been 

shown with both repeating69 and unique sub-units (Fig. 9e)70, along with lipid bilayer-assisted 

assembly71,72. 3D supra-assemblies, especially crystals, can also be constructed with the sticky 

end-based approach (Fig. 9f).38,39,73 The same approach can be used to host structures like 

nanoparticles functionalised with DNA in exquisite geometries (Fig. 9g). Combined with e-

beam lithography, DNA origami offers the possibility to locate single structures and thus 
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molecules at any arbitrary point in space (Fig. 9h-j).48 A cargo-sorting algorithm has been 

implemented on DNA origami structures (Fig. 9k).74 Recently, studies on dynamic DNA rotors 

based on external actuation (Fig. 9l)44 or osmotic flows through a nanopore (Fig. 9m)75 have 

been shown. 

Two key features make DNA origami a potent nanofabrication technique. First, being a self-

assembly technique, it is massively parallel; a typical 100 uL folding process at a scaffold 

concentration of 10 nM yields ~ 1011 individual structures simultaneously in a one-pot reaction. 

Second, theoretically every base in the DNA origami structure can be uniquely addressed. 

Modern nucleic acid synthesis techniques offer a wealth of possible base modifications such 

as biotin, thiols, carboxyl and amine groups along with optically active moieties like 

fluorophores. This makes DNA origami a molecular pegboard, giving designers the capability 

of arranging molecules suitable for various applications with precision.  

 

Figure 9. DNA origami over the years. a) Folding 3D DNA origami structures.14 b) Introducing 

curvature in DNA origami.64,65 c) Dynamic switch based on shape-complementary base-

stacking, with one rotational degree of freedom.66 d) A self-assembled 1.2 gigadalton 

dodecahedron.67 e) AFM image of an 8 x 8 DNA origami array with a Mona Lisa pattern.70 f) 

DNA origami cubic diamond crystals, covered with a layer of SiO2. g) TEM image of assembled 

left-handed gold nanohelices.23 h) DNA origami placement of 2D47 and i) 3D structures76. j) Van 

Gogh’s The Starry Night approximated with 65,536 photonic crystal cavities each having from 

zero to seven binding sites for dye-carrying DNA origami structures.77 k) Schematic showing 
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implementation of a cargo-sorter on a DNA origami.74 l) A self-assembled nanoscale robotic 

arm.44 m) Schematic of a right-handed DNA turbine docked into a nanopore.75 Permissions: a) 

Reproduced with permission from Springer Nature, copyright (2009), Macmillan Publishers 

Limited. B) Reproduced with permission from the American Association for the Advancement 

of Science, copyright (2009). d) & e) Reproduced with permission from Springer Nature, 

copyright 2017, Macmillan Publishers Limited. f) Reproduced with permission from Springer 

Nature, copyright (2012). j) Reproduced with permission from Springer Nature, copyright 

(2016). m) Licensed under Creative Commons CC-BY, copyright (2023), The Author(s). 

2.3   Plasmon hybridisation model 

The plasmon hybridisation model, introduced by Prodan et al.78, applies principles from 

molecular orbital theory to describe interactions between plasmons in metals. Treating them 

like molecular orbitals, it draws parallels between plasmonic interactions and the orbital 

hybridisation model suggested by Linus Pauling in 1931.79  Plasmons are quanta of electron 

oscillations in metals, which can be excited by incident light. For nanoscale objects smaller than 

the excitation wavelength, a uniform electromagnetic field can be considered across the 

extent of the nanoparticle. In the case of nanoparticles, these electron oscillations can 

propagate along the surface at optical frequencies and are thus called surface plasmons. 

Classical Mie scattering theory aligns well with electromagnetic theory for explaining 

properties like plasmon resonance frequency in minimal plasmonic systems, strengthening the 

model's foundation.80  

 

Figure 10. Plasmon hybridisation in a nanosphere-dimer system.  
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The plasmon hybridisation model extends to complex systems such as dimers of nanospheres 

and nanorods (Fig. 10, 11). Upon excitation by polarised light, the plasmon hybridisation leads 

to energetic splitting of the plasmon modes. In longitudinal polarisation (along the axis of the 

dimer), the dipoles of the bonding mode (σ) are oscillating parallel to, and therefore in-phase, 

with each other. This results in a non-zero dipole moment and an effective reduction in the 

restoring force that arises due to electrostatic repulsion. In the case of the antibonding mode 

(σ*), the dipoles oscillate out-of-phase, leading to extinction of the net dipole moment. Since 

the dipoles are aligned antiparallel to each other, the restoring force is stronger. This 

difference in the restoring forces between the two modes results in their splitting. The lower-

energy bonding mode shifts to lower frequencies, and the higher-energy antibonding mode to 

higher frequencies compared to a single particle. In the case of transverse polarisation, normal 

to the axis of the dimer, the dynamics change. With parallel orientation, the dipoles experience 

an increased restoring force and have a net-positive dipole moment in the antibonding (π*) 

mode. In contrast, antiparallel orientation decreases the restoring force and results in zero 

dipole moment in the bonding (π) mode. Since the far-field optical properties of the dimer are 

dependent on a net-positive dipole moment, the σ and π* modes are bright modes while the 

σ* and π modes are dark. 

For geometrically asymmetric nanoparticles like nanorods, the plasmon oscillations are also 

asymmetric for different polarisation directions. Similar to the case with nanospheres, 

nanorods in close proximity couple and undergo plasmon hybridisation. The strength of this 

coupling depends directly on several factors like:- 

 the distance between the interacting nanorods, 

 the aspect ratio of the interacting nanorods,81 

 the number of interacting nanorods. 
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Figure 11. Plasmon hybridisation in a nanorod-dimer system. 

The plasmon hybridisation picture for two nanorods is geometry dependent and can take two 

conformations (Fig. 11). In the tip-tip geometry, the energetic splitting between the bonding 

(σ) and antibonding mode (σ*) is much larger relative to the side-side geometry (π-π*). This 

results from stronger interactions between the longitudinal plasmons due to their much higher 

polarizability.82 Since the hybridisation is distance dependent, increasing distance results in a 

convergence of the two modes as the EM field interactions between the particles get weaker; 

conversely, decreasing distances lead to stronger coupling. Interparticle distances of around 

0.5 nm bring tunnelling effects into play. Upon contact, a new charge-transfer plasmon mode 

which involves a continuous polarisation of the charge distribution over both particles, thus 

behaving as a single longer plasmonic structure.83 

2.4   Chirality and plasmonic circular dichroism  

Chirality is a geometrical property: if an object cannot be superposed on its mirror-image, it is 

termed chiral. Our hands are an example of a pair of chiral objects, giving rise to the use of 

‘handedness’ to describe the chirality of an object. The importance of this property can be 

judged by its ubiquity. An understanding of chirality is important in 

 predicting the behaviour of molecules and biomolecules. In biological organisms, 

amino acids appear almost exclusively in the left-handed form (L-amino acids) and 

sugars in the right-handed form (R-sugars) 

 explaining aspects of the body plan of vertebrates. For example, the left-side of the 

forebrain represents the right side of the body 
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 the development of pharmaceutical drugs. Chiral partner molecules (enantiomers) 

could have extremely different impact reaction schemes (e.g. see “Contergan 

Thalidomide affair”). 

These reasons and more make it a worthwhile endeavour to understand chirality and chiral 

materials. An object can be chiral in two dimensions e.g. a flat spiral or a gammadion as long 

as it is placed on a surface which prevents 3D rotation. The DNA helix shows three-dimensional 

chirality. 2D geometries, like an ‘L’, are achiral in 3D (Fig. 12a). 3D chirality can be introduced 

in such geometries by creating asymmetry in the third dimension, for example by either placing 

them on a surface, or by moving one section of the ‘L’ in the z-direction to introduce intrinsic 

structural asymmetry (Fig. 12b). 

 

Figure 12. Illustrating 2D and 3D chirality. a) A flat L-shaped structure. b) Introducing 

asymmetry in 3D. 

Harald Giessen et al. took inspiration from the Born-Kuhn model for coupled oscillators to 

expand the plasmon hybridisation model to chiral plasmonic systems. They represent the 

plasmonic Born-Kuhn model as two corned-stacked, vertically displaced nanorods that have a 

90o angle between them (Fig. 13a). Right- and left circularly polarised (RCP and LCP 

respectively) light impinging on a D-enantiomer in the –z direction (Fig. 13b) excites the 

symmetric mode (analogous to the antibonding mode) and the antisymmetric mode 

respectively (Fig. 13c). The excitation for the L-enantiomer is analogous and leads to swapped 

bonding and antibonding modes.  
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Figure 13. Plasmon hybridisation in chiral systems. a) Right (D)- and left (L)-handed classical 

coupled-oscillator models of optical activity (top) and their plasmonic analogues (below). b) 

Modes excited by right- and left-handed circularly polarized light for the d-enantiomer. c) 

Hybridization model for chiral plasmonic Born–Kuhn modes. Permissions: Reproduced with 

permission from American Chemical Society, Nano Letters84, copyright (2013).  

Chiral materials give rise to an optical phenomenon called circular dichroism (CD). A chiral 

molecule or object preferentially interacts with (a combination of scattering and absorption) 

circularly polarized light of the same chirality at specific wavelengths. The enantiomer of the 

same object would interact strongly with light of inverted chirality. The CD signal strength is 

determined by the difference in interaction between light of opposite chiralities passing 

through the sample.  

   Difference in absorption, ∆𝐴 = 𝐴𝐿𝐶𝑃 − 𝐴𝑅𝐶𝑃 

A variety of materials including biomolecules can be analysed through CD, typically using a CD 

spectrometer.  A standard CD spectrometer uses Xenon or Tungsten lamps as light sources. 

The light from the lamp enters the monochromator, which selects horizontal linearly polarised 

light of a defined wavelength and bandwidth. Our spectrometer uses a series of prisms to 

achieve this. The first prism splits the incoming light into the component wavelengths and 

separate vertical and horizontal linearly polarised components of light. The second prism 

separates the contaminating vertical linearly polarised light from the horizontal linearly 

polarised light. This is then converted to circularly polarised light by a photoelastic modulator 



28   
 

(PEM). The polarized light beam passes through the sample cuvette to the detector, which 

detects the transmitted light. Most biomolecules show CD in the UV-range. If plasmonic 

particles are arranged in a chiral geometry, a CD signal centered at the corresponding 

resonance frequency can be obtained (Fig. 14). The bisignate shape of structures like the X-

shaped isomer can be explained by the different energies and signs of the bonding and 

antibonding modes as explained by the plasmonic Born-Kuhn model (Fig. 13). 

 

Figure 14. Extinction and CD spectra of a gold nanorod dimer arranged in a left-handed ‘X’ 

geometry using DNA Origami.   

A plasmonic CD signal can arise from85:- 

1. CD effects of metal nanoclusters with chiral atomic structures, chiral molecules on the 

surface of nanoparticles, or chiral environments around a cluster. 

 

2. Coulomb interactions between chiral molecules and metal nanoparticles. 

 

3. Plasmon-plasmon interactions between non-chiral particles, which are arranged in a 

chiral geometry. 

The experimental systems in this work rely on the last type of interaction. In associated 
publication P1, we provide perspectives on the variety of plasmonic structures developed 
using DNA nanotechnology that have found use in the sensing of various biomolecules. In 
associated publication P2, we use nanorods to assemble 3D chiral objects and tune their 
plasmonic response over the visible spectrum to showcase simultaneous control over 
multiple optical aspects of the system. 
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2.5   Light scattering and Dark Field microscopy 

 Light scattering is a fundamental phenomenon where electromagnetic waves, including 

visible light, interact with matter, leading to a redirection of the incident light in various 

directions. It is a commonly encountered phenomenon in everyday life and is one of the two 

major physical processes that contribute to the visible appearance of most objects, the other 

being absorption. The phenomenon can be described by Maxwell's equations, which 

elucidate how electric and magnetic fields propagate in space.86 Different types of scattering 

include Rayleigh, Mie, and geometric scattering, each described by distinct mathematical 

models and dependent on factors such as particle size and wavelength of light.87  

In colloidal systems, Rayleigh scattering is often observed where the size of the scattering 

particles is much smaller than the wavelength of the incident light. Mie scattering comes into 

play when the particle sizes are on the order of the light wavelength. Geometric scattering is 

observed for particles much larger than the wavelength.88  

 

Figure 15. Light scattering by nanoparticles. A suspension of AuNS (100 nm diameter) 

appears to have a different colour when illuminated from behind or the front relative to the 

observer.  

Transitioning to plasmonic nanoparticles (Fig. 15), light scattering takes on unique properties. 

These nanoparticles support localized surface plasmon resonances (LSPRs), collective 

oscillations of conduction electrons activated by the interaction with electromagnetic 

radiation (discussed in section 2.3). LSPRs can significantly enhance the scattering cross-

section of the nanoparticle, exceeding what classical models predict for particles of similar 

size and composition.89 The scattering profiles of plasmonic nanoparticles can be tuned by 

altering particle size, shape, and composition.90 Additionally, arrays of plasmonic 

nanoparticles can induce collective effects, such as Fano resonances and coupling 

phenomena.91 Therefore, light scattering by plasmonic nanoparticles is not only a topic of 

fundamental interest but also of technological relevance for applications in sensing, imaging, 

and therapeutics. 
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Figure 16. Schematic of a dark field microscope. 

Dark field microscopy (DFM) is a specialized optical microscopy technique that enhances the 

contrast in unstained samples by illuminating the specimen with light that will not be 

collected by the objective lens. The basic principle of DMF was described in 1837 by Joseph 

Reade.92 In a standard optical microscope, light passes through a specimen and then through 

an objective lens to form an image. However, in DFM, an opaque disc, known as a dark-field 

stop, is placed in the condenser to block most of the light from entering the objective lens 

(Fig. 16).93 When light encounters an object smaller than its wavelength, scattering occurs. In 

DFM, only this scattered light enters the objective and forms the image. The background 

appears dark because transmitted light is obstructed by the dark-field stop.94 

Dark-field microscopy is particularly useful for viewing transparent, colorless, or thinly-

sectioned specimens, such as microorganisms or cellular structures, which are otherwise 

difficult to observe through standard bright-field microscopy.95 

The technique has also been adapted for use with plasmonic nanoparticles. DFM is especially 

adept at detecting the scattering from these particles, leveraging their high scattering cross-

sections (Fig. 17).89 Upon excitation, the LSPR in a nanoparticle results in a strongly enhanced 

electric near-field localized at the particle surface, which can interact with that on an adjacent 

particle in close proximity, coupling the plasmon oscillations together. The coupled-particle 

LSPR occurs at a frequency that is shifted from the single-particle LSPR frequency. The 
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magnitude of this plasmon shift correlates with the strength of the interparticle coupling, 

which strongly depends on the proximity of the individual nanoparticles. Jain et al. studied 

the distance-based decay of plasmon coupling in nanoparticle dimers constructed using 

lithography, and derived the “plasmon ruler equation”: 

∆𝜆

𝜆𝑜
 ≈ 0.18 exp(

−(𝑠
𝐷)⁄

0.23
) 

where 
∆𝜆

𝜆𝑜
 is the fractional plasmon shift, s is the interparticle edge-to-edge separation, and D 

is the particle diameter.96 Sönnichsen et al. were able to use the LSPR shift to create a 

‘molecular ruler’ using DNA-functionalised plasmonic particles.97 The authors utilised Debye 

screening effects and DNA hybridisation interactions to manipulate the interparticle distance 

between a AuNS-AgNS pair. Changing the NaCl concentration of the solution led to a 

measurable change in the wavelength of scattered light, corresponding to the separation 

distance between the two particles. This ability to detect scattered light from nanoparticles 

allows for applications in single-molecule detection and bioimaging, among other fields.98 

 

Figure 17. Dark field vs bright field imaging of nanoparticles on a silicon wafer. a) Only 

scattered light from sample contributes to the dark field image. b) The bright field image is 

dominated by the light reflected from the sample. The particles appear darker because they 

absorb and scatter away some of the incident light.   
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3. DNA ORIGAMI-ENABLED PLASMONIC SENSING 

The ability to sense and respond to stimuli is a defining trait of living systems. In motile 

bacteria, for example, the binding of attractants (or repellents) to transmembrane receptors 

activates proteins that modify the bacteria’s tumbling frequency.99 In medicine, effective 

biomolecular sensing is highly desirable for the early detection of disease biomarkers at low 

concentrations. The recent Covid-19 pandemic has underscored the importance of clinical 

diagnostics, particularly through the widespread use of PCR and lateral flow assays. 

An ideal biomolecular sensor transduces a binding event (stimulus) into a strong output 

signal. Plasmonic particles excel in this role due to their strong interaction with light, making 

them prevalent in most lateral flow assays. Since plasmonic particles can undergo coupling, 

their relative arrangement can be used to enable or enhance signal transduction. Two 

strategies to capitalise on this feature include (i) biomolecular assays that utilise plasmonic 

“hot-spots” and (ii) sensing mechanisms that operate through dynamic structural 

reconfiguration.  

The DNA origami technique distinguishes itself by employing molecular self-assembly to 

arrange molecules and nanoparticles (NPs) into precise, user-defined 3D conformations. 

Compared to top-down nanofabrication techniques such as electron-beam lithography, the 

DNA origami technique possesses two advantages. First, it allows control of the position and 

spacing between neighbouring nanoparticles with sub-10-nm spatial resolution.100 Second, 

the technique is high throughput, enabling the fabrication of trillions of high quality 

structures in parallel.  
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Figure 18. Artistic representation of biomolecular sensors constructed using DNA origami and 

plasmonic nanoparticles. Reproduced with permission from American Chemical Society, ACS 

Nano101, copyright (2020). 

In associated publication P1102, we discuss fluorescence, Surface-enhanced Raman 

spectroscopy (SERS), and plasmonic chirality-based sensing strategies made possible through 

DNA origami-templating of plasmonic particles (Fig. 18). Plasmonic NPs generate highly 

localized electric fields that can enhance the fluorescence of nearby molecules. This 

phenomenon, known as fluorescence enhancement, is strongly influenced by the distance 

between the metallic NP and the fluorescent molecule.103,104 Close proximity between the NP 

and the dye can also lead to quenching of the dye, thus decreasing the output signal.105,106 

Therefore, achieving consistent enhancement demands precise control over the relative 

positions of the NP and dye molecules.  

Acuna et al. were the first to report the bottom-up fabrication of DNA origami nanoantennas. 

Their nanoantennas are composed of a DNA nanopillar that arranges two AuNPs with a 

defined gap in between. The NPs couple to form a plasmonic hotspot, resulting in the 

enhancement of an ATTO 647N molecule situated between the NPs. This illustrates the 

advantage of using DNA origami to construct nanoantennas over top-down fabrication, in 

which dye molecules have to diffuse into the hotspot for enhancement to occur. Moreover, 

staple modifications can be employed to place a wide variety of molecules and assays directly 

inside the hotspot region.107–109  

SERS also occurs due to enhancement of the electric field in close vicinity of plasmonic NPs, 

which leads to an amplification of the molecular Raman signal. Various NP shapes and 

arrangements on DNA origami structures have been used to give rise to SERS effects, 

including dimers made from nanospheres110,111 and triangular nanoprisms112.  

Chiral plasmonic sensing leverages the chiroptical properties of plasmonic nanostructures or 

the plasmon-enhanced detection of chiral molecules using circular dichroism spectroscopy 

(discussed in section 2.4). Unlike biomolecules which display CD signals in the ultraviolet 

region113, chiral plasmonic systems exhibit CD responses in the visible regime.23,114 This 

minimizes the background signal in the visible range, making chiral plasmonic devices an 

attractive choice for the detection of biomolecules in solution.  

Dynamic DNA origami structures hosting AuNRs, capable of switching between chiral 

geometries, have emerged as a viable method to detect biomolecules. They have been used 

to sense analytes such as viral RNA115, adenosine triphosphate, and cocaine116. In these 

structures, binding of the analyte molecule to strategically placed receptors alters the relative 

angle between the AuNRs, consequently altering the structure’s CD signal. This method of 

chiral plasmonic sensing has also been adapted for sensing physical stimuli such as 

temperature116 and light117–119, demonstrating the approach's adaptability. 
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ABSTRACT: The reliable programmability of DNA origami
makes it an extremely attractive tool for bottom-up self-assembly
of complex nanostructures. Utilizing this property for the tuned
arrangement of plasmonic nanoparticles holds great promise
particularly in the field of biosensing. Plasmonic particles are
beneficial for sensing in multiple ways, from enhancing
fluorescence to enabling a visualization of the nanoscale dynamic
actuation via chiral rearrangements. In this Perspective, we discuss
the recent developments and possible future directions of DNA
origami-enabled plasmonic sensing systems. We start by discussing
recent advancements in the area of fluorescence-based plasmonic
sensing using DNA origami. We then move on to surface-enhanced
Raman spectroscopy sensors followed by chiral sensing, both
utilizing DNA origami nanostructures. We conclude by providing our own views on the future prospects for plasmonic biosensors
enabled using DNA origami.

■ INTRODUCTION

The ability to sense external or internal stimuli is a key feature
of life. Indeed, sensing allows natural systems to adapt to
environmental changes thus improving their chances of
propagation. In such systems, molecules detect changes in
the environment, for example, concentration of nutrients or
intensity of light irradiation, and turn them into biochemical
stimuli. In medicine, the sensing of biomolecules is of great
interest in clinical diagnostics to enable an early and low-
concentration detection of disease biomarkers without the
need for expensive equipment. Therefore, highly sensitive
devices with simple readout capabilities are the need of the
hour.
An ideal biomolecular sensor transduces a binding event

into a strong output signal. In this work, we cover recent
advances in plasmonic sensing using bottom-up fabricated
DNA-based nanostructures. We will focus on assemblies of
metallic nanoparticles that take advantage of optical near-field
effects, in particular, electric field enhancement and plasmonic
chirality. For the well-established sensors based on shifting
surface plasmon resonances, we point the reader to the
existing literature.1−3 Other, very recent, reviews cover related
focus areas ranging from the interaction of DNA with
pathogens to the use of DNA in nanophotonics.4−6

Another established sensing scheme utilizing noble metal
nanoparticles is the lateral flow assay. Here, the strong
absorption and scattering capabilities of nanoparticles
(AuNPs) play a key role along with reliable particle synthesis
and conjugation methods to enable the easily visible bands on

test strips, an example being the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) rapid antigen tests.
However, these strips are limited in sensitivity and selectivity
as well as the type of output signals (scattering and
fluorescence color). Advances in nanofabrication, optical
detection, and conjugation chemistry lead to the development
of higher performance devices with more functional
capabilities. Two such strategies are (i) biomolecular assays
making use of plasmonic “hot-spots” and (ii) sensing enabled
through a dynamic structural reconfiguration. Both of these
sensing principles require an excellent control over molecular
placement at the nanoscale. While a precise positioning of
objects at the macroscopic scale is a trivial task, it is extremely
challenging to achieve at the nanoscale. This is due to a
combination of the effects of Brownian motion that prevails at
such dimensions, a lack of tools to precisely manipulate
nanoscale objects, as well as a lack of strategies capable of
positioning multitudes of objects deterministically at the same
time for a parallel assembly.
Among current nanofabrication strategies, DNA nano-

technology has emerged as one of the most successful. The
description of the dynamic “Holliday junction” by Holliday7
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led Seeman to design an immobile Holliday junction,8

kickstarting the use of DNA as a material and thus the field
of DNA nanotechnology.9,10 Today, there are two main
approaches to build bottom-up assembled DNA nanostruc-
tures. For the longest time, DNA structures were exclusively
assembled from oligonucleotides, that is, synthetic DNA
strands up to several tens of nucleotides long. Examples of this
approach are “tile assembly” and “DNA bricks”.11−13 The
second approach involves the use of a long scaffolding
molecule and is widely known as (scaffolded) “DNA
origami”.14−16 DNA origami structures are thus created from
a “scaffold” strand that usually is of biological origin and
multiple short, synthetic “staple” oligonucleotides. Conse-
quently, each synthetic nucleotide can be easily customized to
achieve an intended purpose. Analogous to a breadboard in
electronics, various components can be placed at predefined
positions to achieve structures that can perform programmed
functions. Since its advent,15 the DNA origami technique has
been used for the bottom-up assembly of functional structures
aimed at a variety of uses, from a DNA “box” potentially
capable of triggered drug-release17 to a controllable robotic
arm at the nanoscale.18 This variety in application is driven by
a molecular addressability that enables the placement of
moieties with a resolution that is theoretically equal to the
distance from base pair to base pair in a double helix, that is,
0.34 nm. Remarkably, also in experiments, position accuracy
below 1 nm has been achieved with DNA self-assembly.19,20

Clearly, the strong functional capability of plasmonic DNA
origami, the subject of this Perspective, relies on such a
precise placement of plasmonic particles in user-defined
configurations.
The attachment of plasmonic particles, most commonly

gold, is achieved through a complementary base-pairing
between DNA-covered nanoparticles and the DNA origami
structure. Simply put, the surface of the plasmonic particle is
functionalized with thiolated DNA oligonucleotides of a
defined sequence. Specific staple strands of the origami
structure are then extended with a sequencewe often refer
to it as the “handle” sequencethat is complementary to the
DNA on the plasmonic particles, the “anchor” sequences. The
geometrical configuration of the handles on the origami
defines the placement of the particles on the origami. Since
each nucleotide’s position and sequence in the origami
structure are deterministically known, the placement of
particles can be controlled with the step size between two
base pairs thus allowing sub-nanometer precision.
Mirkin et al. and Alivisatos et al. reported the first instances

of using a thiol-capped DNA sequence to functionalize and
arrange gold nanoparticles.21,22 Since then, thiolated DNA has
become ubiquitous for functionalizing gold and other
plasmonic nanoparticles. The gold−thiol bond is well-studied
for its pseudocovalent nature leading to strong binding
strengths. It is, however, challenging to achieve a high-density
loading of DNA on colloidal particles due to its negatively
charged phosphate backbone. A slow addition of salt (salt-
aging) mitigates this by screening the charges on adjacent
DNA oligonucleotides, allowing the DNA to pack closely on
the surface of metal nanoparticles.23−26

An alternative to this approach is the freeze−thaw method
reported by Liu and Liu.27,28 The authors showed that
freezing a solution containing AuNPs, DNA, and salt could
help to speed up the conjugation process dramatically. The
freezing results in ice crystals composed of pure water,

pushing the nonwater components into gaps between the
crystals, where they reach saturated concentrations, allowing
the DNA to efficiently bind to gold via its thiolated end. The
robustness, simplicity, and rapidity of this technique can be
instrumental both to be adopted by a wider scientific
community as well as being easily transferable to industrial
applications. We point readers to a review that discusses this
and other attachment protocols in more detail.29

Plasmonics coupled with DNA origami has opened up the
opportunity to apply fundamentally new approaches to
sensing. In this Perspective, we discuss recent advances in
molecular sensing using plasmonic DNA origami structures,
beginning with plasmon-enhanced fluorescence-based detec-
tion, followed by surface-enhanced Raman spectroscopy
(SERS) sensing, and last, chiral plasmonic sensing. Finally,
we will try to outline the major hurdles that must be
overcome in the near future to expedite these advances, from
accurate biomolecule detection using off-the-shelf products to
the detection of analytes at the single-molecule level.

■ FLUORESCENCE-BASED PLASMONIC SENSING
WITH DNA ORIGAMI

The structural arrangement of metal nanoparticles in the
proximity of fluorophores can lead to a variety of physical
effects, ranging from fluorescence enhancement (FE) over
distance-dependent quenching to permanent photobleaching.
Of these, FE holds special promise in the realm of biosensing
and diagnostics. Plasmonic nanostructures can create highly
localized electric fields, which can enhance the fluorescence of
molecules in their vicinity.30 The degree of enhancement is
influenced by the size of the plasmonic particle (in a first
approximation the larger the size, the higher the enhance-
ment) and its shape (high-aspect-ratio nanorods or bipyr-
amids can have strongly enhanced fields at their tips) as well
as its chemical composition (e.g., silver leading to stronger
plasmon coupling than gold).
The placement of metallic nanoparticles near fluorescent

entities can affect the fluorescence emission in many ways:
influencing the distance-dependent radiative and nonradiative
decay rate and enhancing the local electric field as well as
generally increasing the apparent cross section of small
organic dyes with the help of comparatively large plasmonic
antennas. As the nanoparticle diameter increases, the relative
contribution of the scattering in the total extinction
increases.31 This increase of the scattering cross section for
larger particles has been suggested to account for a part of the
FE, with a further contribution coming from the radiative rate
enhancement.32,33 Control over the distance between the
metallic nanoparticle and the fluorescent molecule is
extremely crucial for influencing the radiative and nonradiative
decay rates as shown by Acuna et al.34,35 and others.36−41 We
will see below that FE effects can be enhanced over 5000-fold
by placing two or more particles in close proximity, which
leads to the creation of a plasmonic “hot-spot” between them
due to the coupling of their respective electromagnetic fields.
An important aspect of achieving control over a particle

placement on DNA origami is the DNA connector
configuration. Generally, two connection strategies are
available for binding AuNPs to a DNA origami structure:
the shear and the zipper configuration. In the former, the
same terminal ends (either both 5′ or both 3′ ends) of the
handles and the anchors are protruding from their respective
surface (gold or origami), and thus, after antiparallel
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hybridization of the two strands, the duplex is oriented
perpendicular to the bound surfaces (Figure 1a). For the
zipper configuration, the two different terminal ends protrude,
which, upon binding, results in a duplex that is oriented
tangentially to the bound surfaces. In a study by Hartl et al.20

small-angle X-ray scattering (SAXS) was used to accurately
determine the distances between spherical nanoparticles
bound to predefined positions on a rectangular DNA origami
block in the zipper and the shear configuration with varying
lengths of sequences (Figure 1a). Interparticle distances for
structures utilizing shear geometry connectors followed an
expected trend, with the longer T19 connector spacing the
particles 5 nm further apart than the T8 connector, a
difference coinciding with the difference in the connector
lengths. Notably, the zipper configuration did not yield the
smallest interparticle distances. This was explained by the
presence of the single-stranded DNA shell around the
particles, which sterically hinders the placement of particles
close to a surface. The formation and application of complex
hybrid structures where both fluorescent dyes and metal
nanoparticles are arranged on the same DNA origami
structure was shown, for example, by Schreiber et al. (Figure
1b).42 By arranging Cy5 dye molecules at varying discrete
distances from a central core gold nanoparticle, the authors
were able to verify a 1/d4 distance dependence model of
quenching.
Detection of single molecules with a fluorescence micro-

scope requires sensitive cameras, and the discrimination of

real events from noise can be tedious. A plasmonic
enhancement can lower the bar for the complexity of the
instrumentation required for the detection of fluorescence
events.43 Although ensemble-averaged biosensors for the
detection of RNA, DNA, and proteins have depended on
plasmon-enhanced fluorescence for years, the advent of DNA
origami-based single-molecule sensors relying on plasmon
enhancement is a relatively new development. Acuna et al.
reported the bottom-up fabrication of DNA-assembled
nanoantennas (DANs), which are composed of a DNA
nanopillar arranging two AuNPs with a 23 nm gap between
them (Figure 1c).35 An ATTO 647N dye molecule was placed
in this plasmonic hot spot between the two particles, and the
fluorescence properties of the hybrid structure were then
probed. The authors reported FE of up to 117-fold for DANs
carrying 100 nm particles. This significance of the DANs lies
in the deterministically assembled nanoparticle dimers for the
signal detection and amplification of individual dye molecules.
This work opened up space for numerous studies building on
this concept.
One challenge, for example, in molecular diagnostics is the

low signal-to-noise ratio in biological samples, since analytes
often contain not only the target molecules but also many
other species that can contribute to binding interactions and
cause spurious detection events. Single-molecule detection,
therefore, requires the isolation of the fluorescence signal of
the molecule of interest from background contributions by
other equivalent molecules or impurities. Additionally, using

Figure 1. Nanoparticle placement on DNA origami for fluorescence enhancement. (a) (left) Scheme of different connector types: (i) A15 to T19
(blue), (ii) A9 to T8 (orange), and (iii) A15 to 3′ T19 (green, zipper configuration). (right) PDDF for each of the three different connector types
for dimers shown together with corresponding TEM images.20 (b) Normalized and threshold-corrected fluorescence intensity measurements
(circles) of Cy5 dyes at varying distances from a AuNP and the corresponding fit (curve).42 (c) (top, left) Sketch of the DAN with two AuNPs
forming a dimer, with a dye (red sphere) between the NPs. (top, right) Numerical simulations of the FE for a dye oriented in the radial direction
in a plasmonic hot spot. a.u., arbitrary units. (bottom) Numerical simulation of electric field intensity for a monomer (left) and dimer (right).35

(d) (left) DAN with a fluorescence quenching hairpin. (right) FE in a DAN with a AgNP compared to a reference without AgNP.39 (a)
Reproduced with permission from ref 20. Copyright 2018 American Chemical Society. (b) Reproduced with permission from ref 42. Copyright
2013 Springer Nature. (c) Reproduced with permission from ref 35. Copyright 2012 The American Association for the Advancement of Science.
(d) Reproduced with permission from ref 39. Copyright 2017 American Chemical Society.
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diffraction-limited optics to observe single-molecule events
restricts detection volumes to the femtoliter range (the space
of 1 μm3, which is a lot of space for nanometer-sized
molecules) and concentrations to pico- or nanomolar ranges,
whereas most biological reactions occur at the micromolar
range and on the nanometer scale. Tinnefeld and co-workers
overcame these obstacles in a series of works. Puchkova et al.
used the DANs described above to achieve a single-molecule
detection of ATTO 647N dye molecules at dye concen-
trations of up to 25 μM in the presence of NiCl2 acting as a
quencher.36 They also achieved an FE of 5468×, the highest
enhancement factor for a dimer nanoantenna at the time. The
FE capacity of an optical nanoantenna is the result of two
contributions: the electric-field intensity enhancement at the
dye’s excitation wavelength and the relative change in the
dye’s quantum yield induced by the nanoantenna at the dye’s
emission wavelength range. To optimize these two parameters,
the authors controlled distinct characteristics in their nano-
antenna system: they used the zipper geometry to reduce the
interparticle distance, the dimer orientation and the incident
polarization were aligned, and they quenched the intrinsic
quantum yield of the fluorophore to measure its effect on the
fluorescence enhancement in DANs.
When using gold nanoparticles as the active material

species, the FE is restricted to the red−near-infrared (NIR)
spectral range. To expand the spectral range and increase the
signal strength, various strategies have been pursued. Zhang et
al. fabricated gold nanorod dimers on a DNA origami
structure to construct DANs, which they then used to study
the FE of ATTO 655 dye molecules.44 The authors probed
the effect of varying gap distances between the nanorod tips
on the FE, where the lowest gap distance of 6.1 nm resulted in
the highest experimental FE factor of 473, whereas finite-
difference time-domain (FDTD) simulations provided a
theoretical maximum FE factor of ∼1200. Vietz et al. replaced
the AuNPs with spherical silver nanoparticles (AgNPs), which
show both a lower absorption and higher scattering cross-
section over a broader spectral band in the visible range
compared to AuNPs.37 The authors measured the FE of three
different types of dyesAlexa 488, ATTO 542, and ATTO
647Nand found that the AgNP DANs resulted in mean FE
values of ∼139, 149, and 162 for the three dyes, respectively.
This established the superior plasmonic performance and
broadband FE capabilities of AgNPs compared to the AuNP
DANs, which gave FE values of 1.53, 3.07, and 176,
respectively. It is worth mentioning that circularly polarized
light was employed in the experiments to minimize the
dispersion of FE distributions due to the random orientation
of the DANs on glass slides. However, this created a challenge
when comparing experimental and simulated results, because
the dyes were free to rotate on time scales orders of
magnitude faster than the acquisition integration time. With
the goal to employ their nanoantenna devices as a sensing
platform, Vietz et al. then introduced a fluorescence
quenching hairpin (FQH) that exhibits a 217 (±31)-fold FE
for the unquenched dye configuration (corresponding to an
open hairpin).38 The authors further designed the hairpin to
promote a direct contact between the dye ATTO 647N and
the quencher BBQ650, leading to the formation of ground-
state complexes that exhibit a negligible radiative rate.
Notably, this nanoantenna utilized only a single AgNP, as
the presence of the hairpin sterically hindered the attachment
of a second particle.

In the next step, the same group used the AgNP DAN in
combination with FQH for a single-molecule detection of a
synthetic Zika virus-specific sequence in a buffer as well as
human blood serum (Figure 1d).39 Kaminska et al. then used
DANs for the FE of a single peridinin−chlorophyll a−protein
complex, a light-harvesting complex, placed in the plasmonic
hot spot of both Ag and AuNP dimer antennas.40 Although
there had been previous reports on the plasmonic enhance-
ment of light-harvesting complexes,45,46 further development
was hindered by the lack of a technique for their precise
placement inside hot spots. The AuNP and AgNP nano-
antennas resulted in FEs of up to 526-fold and 250-fold,
respectively. Interestingly, the DANs show a considerable
dispersion in both fluorescence intensity and fluorescence
lifetime. Possible reasons for this include the occasional
formation of monomer antennas along with dimer antennas,
as well as inhomogeneities in the NP shape and size as well as
variable interparticle gap sizes. Recently, Trofymchuk et al.
developed a new DNA origami design that features a
“window” in the hot spot of the DANs.41 The rationale of
this design change is to expand the space and reduce the
influence of steric effects on the binding of incoming target
molecules to ligands positioned in the hot spot. The new
design yielded equivalent and higher values of FE (up to
417×) of ATTO 647N dye molecules. The authors then
placed a sandwich binding assay for the detection of a DNA
fragment specific to Oxa-48, an enzyme providing resistance
to a certain antibiotic. This type of test is used for the
diagnosis of Klebsiella pneumonia infections. By positioning
three capture strands in the hot spots, FE values of up to
461× could be achieved. Again, the FE distribution exhibits a
broad distribution, attributed to the effects mentioned above.
Along with this, comparatively low binding efficiencies of 66%
(with AgNPs) compared to 84% (for reference structures
without AgNPs) might also limit the degree of the FE.
Nevertheless, an impressive achievement of the work is the
successful use of a smartphone camera for a single-molecule
detection using the DANs. Integrating these components into
a simple microscope setup, the observation of single-molecule
blinking and bleaching events was possible with off-the-shelf
consumer products.

■ SERS SENSORS BASED ON DNA ORIGAMI
Surface-enhanced Raman spectroscopy (SERS) is a surface-
specific spectroscopic technique that employs metal surfaces
to enhance Raman signals of molecules. Next to rugged metal
surfaces, metal nanoparticles are routinely used in a SERS
application. During the interaction of light with the plasmonic
nanoparticles, oscillations of the electron plasma are excited
on the metallic surfaces leading to an enhancement of the
electric field in close vicinity to the particles and, hence, to an
amplification of the molecular Raman signal.47 Importantly,
the intensity of the electric field is not evenly distributed
around the nanoparticles, but hot spots emerge where
nanoparticles come close together or nanoparticles exhibit
spikes or tips.48 In such regions, the Raman scattering
intensity is extremely enhanced, as the Raman signal grows
with the fourth power of the electric field. Hence, signal
boosts up to 15 orders of magnitude in comparison with
nonenhanced Raman scattering can be achieved.48 Because of
the huge signal enhancement provided by plasmonic hot
spots, SERS can become a highly sensitive spectroscopic
method and provide the means for single-molecule studies.49
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It is thus crucial to find precise and reliable ways for the
fabrication of versatile hot-spot-based SERS sensors. The first
requirement for such a sensor is the accurate arrangement of
plasmonic nanoparticles with small interparticle gaps of ∼5
nm or below. Second, the molecule of interest must be
precisely placed in the hot spot to provide a strong and
targeted Raman signal. These conditions are hard to fulfill
using conventional top-down fabrication methods such as
electron-beam lithography. Thanks to its addressability,
specificity, and nanometer precision, DNA molecules, along
with DNA origami structures, become natural candidates for
the fabrication of versatile Raman-active antenna structures.
The standout example of such structures is the synthesis of
nanogap core−shell gold particles presented by Lim et al. In
their approach the synthesis of the homogeneous Raman-
active gap of 1 nm between the core and the shell was
facilitated by DNA molecules on the core’s surface, which
enabled the detection of single molecules placed in the gap.50

A pioneering study using DNA origami in SERS was
performed by Prinz et al. in 2013.51 They used two spherical
gold nanoparticles attached to a triangular DNA origami to
obtain Raman spectra of molecules embedded in the DNA
structure. Shortly after, Thacker et al. used a more
sophisticated DNA origami design for binding spherical gold
nanoparticles with a predetermined sub-5 nm gap. The
synthesized structures were used for Raman measurements of
Rhodamine 6G and DNA enveloping nanoparticles (Figure
2a).52 At the same time, Kühler et al. observed Raman spectra
of SYBR-Gold molecules that accumulated in the designed

gap of a DNA origami−gold nanoparticle hybrid structure.53

For single-molecule measurements, further shrinkage of the
interparticle gap had to be realized, which was achieved by
two different approaches.54,55 The first approach was based on
the overgrowth of a silver shell on gold nanoparticles attached
to DNA origami,54 while the second approach utilized a
thermally induced shrinkage of the DNA origami structure to
which the gold particles were anchored (Figure 2b).55

Significant effort has been put into developing DNA sensors
with novel plasmonic properties and enhanced sensitivity,
obtained often via the synthesis of plasmonic arrays.56,58−62

One possible fabrication methodology of nanoantenna
arrangements is a “polymerization” of monomeric DNA
origami units into long chains or two-dimensional (2D)
lattices using complementary strand hybridization.58,59 The
most straightforward realization of this concept was reported
by Zhao et al., where long plasmonic chains were obtained by
linking rectangular DNA origamis, each containing two 30 nm
gold nanoparticles.58 An enhanced Raman signal of
mercaptobenzoic acid (MBA) molecules was explained by
the formation of multiple hot spots, a result of the chain
formation. Furthermore, because of its programmability, DNA
nanotechnology enables the synthesis of more sophisticated
plasmonic systems. For example, Ag@Au core−shell nano-
particles were arranged into a series of hexagonal clusters
using DNA origami and then used for the detection of MBA
molecules.60 Another interesting refinement of DNA origami-
based sensors was presented by Moeinian et al.61 In their
approach, a silicon nanowire was functionalized with nano-

Figure 2. DNA origami-based SERS nanoantennas. (a) Plasmonic dimers of gold spheres covered with two different DNA sequences. (below)
Their SERS spectra.52 (b) Thermally induced hot-spot shrinkage and corresponding scattering (middle) and Raman (right) spectra with different
gap size.55 (c) Single streptavidin molecule immobilized in the hot spot of silver nanolenses.56 (d) Schematic representation of the synthesis of a
gold bowtie nanoantenna (left) and Raman spectrum of single Cy3 molecule (right).57 (a) Reproduced with permission from ref 52. Copyright
2014 Springer Nature. (b) Reproduced with permission from ref 55 .Copyright 2016 American Chemical Society. (c) Reproduced with
permission from ref 56. Copyright 2018 Wiley-VCH. (d) Reproduced with permission from ref 57. Copyright 2018 Wiley-VCH.
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particle-decorated 6-helix bundles to realize a sub-wavelength
spatial precision of SERS measurements. Despite the
significant advantages of plasmonic sensors, many of them
rely on the random deposition of molecules on the surface of
plasmonic particles for SERS measurements and hence do not
utilize virtues of DNA origami, namely, programmability and
nanometer precision. A “quantized” molecular sensor using
DNA origami multimers with precisely localized dye
molecules was reported by Fang et al.62 Because of finely
organized large gold nanoparticles, a plasmonic coupling
between nanoparticles was achieved. The calculated enhance-
ment factor was on the order of 108, which enabled the
detection of a single carboxy-X-rhodamine molecule anchored
in the hot-spot region. Recently, DNA origami has also been
applied to precisely accommodate a single protein in the hot
spot of silver nanolenses.56 Subsequently, the plasmonic
nanoparticles’ arrangement enabled measurements of a single
molecule of alkyne-functionalized Streptavidin, indicating
future applications of DNA origami-based nanoantennas in
biosensing (Figure 2c).
Thus, DNA origami-based nanoantennas have already

helped to strongly increase the sensing utility of Raman
spectroscopy. This was mainly realized by shrinking the gap
sizes, by multiplication of hot-spots, or by the growth of silver
layers on the antenna particles. However, the plasmonic
properties of such antenna systems can be tuned further. For
example, anisotropic nanoparticles with sharp edges can be
integrated into DNA origami SERS sensors. Anisotropic
nanostructures display exquisite plasmonic properties due to
the tremendous field enhancement at their tips.63 Moreover,
the use of anisotropic nanoparticles allows a convenient
tuning of plasmonic properties, which are strongly correlated
with particle shape and size.48,63 Despite these advances, to
our knowledge, only two DNA origami sensors utilizing
anisotropic nanoparticles have been reported.57,64 Tanwar et
al. reported the synthesis of gold nanostar dimers and their
use in the single-molecule measurement of Texas Red, a
fluorescent dye.64 Coupling between the sharp tips of the
nanoparticles contributed to very strong signal enhancement,
up to 8 × 109, in the hot spot between nanostars. A similar
signal enhancement was recently obtained by the tip-to-tip
arrangement of two gold nanolenses on DNA origami,
enabling the detection of single Cy3 and Cy5 molecules
(Figure 2d).57

■ DNA ORIGAMI-BASED CHIRAL PLASMONIC
SENSING

Another promising route toward the development of
biosensing platforms is the use of chiroptical properties of
plasmonic nanostructures or the plasmon-enhanced detection
of chiral molecules.65,66 For this, circular dichroism (CD)
spectroscopy is employed to analyze the chirality of the
structures by measuring the difference in the absorption of
left-handed (LH) and right-handed (RH) circularly polarized
light. Most of the biomolecules such as DNA and proteins
typically exhibit CD signals in the ultraviolet range.67 In
contrast to biomolecules, chiral plasmonic systems display
strong and characteristic CD responses in the visible regime
due to the surface plasmon resonances.68−70 This makes chiral
plasmonic devices ideal for the detection of biomolecules in
solution, since many biological samples show a very low
“background” CD signal in the visible range. Surface plasmons
of colloidal metal nanoparticle assemblies can significantly

enhance the CD signals71 and thus enable the detection of
biomolecules in the visible wavelengths with increased
sensitivity.72

By leveraging the programmability and scalability of DNA
self-assembly, colloidal nanoparticles have been self-assembled
into LH or RH plasmonic helical structures,69,73 pyramids,74

tetramers,75 toroidal superstructures,76 or helical super-
structures.77,78 Such static chiral assemblies show strong
plasmon-mediated CD responses. However, for sensing
applications dynamic chiral plasmonic structures proved to
be more viable thus far.6 Among various dynamic chiral
plasmonic assemblies,70,79,80 the reconfigurable three-dimen-
sional (3D) plasmonic metamolecules introduced by Kuzyk et
al.81 have been particularly successful as sensing devices. This
chiral metamolecule is composed of two linked DNA origami
bundles each hosting a gold nanorod at the top and bottom,
forming a 3D plasmonic cross structure (Figure 3a). The
relative angle between the rods and therefore the chiral state
of the device can be modulated by DNA-, RNA-, or aptamer-
based locks, which are extended from the edges of the DNA
origami bundles. With an addition of specifically designed
DNA fuel strands or with a target molecule binding, the
sensing devices switch their conformation from an “open” or
“relaxed” achiral state to one of the “locked” chiral states (LH
or RH). These structural configurations can be correlated with
the corresponding optical responses using CD spectroscopy in
real time.
By using the original plasmonic metamolecule or similar

chiral plasmonic structures, this versatile approach was
extended to stimuli including light,82−84 pH,84−86 temper-
ature,87 small molecules,87,88 proteins,89 DNA,81,90 and viral
RNA.91 Figure 3a,b shows examples of DNA origami-based
switchable chiral plasmonic biosensors for the detection of
various analytes. Our research group demonstrated a selective
detection of viral RNA from the hepatitis C virus genome at
target concentrations of below 100 pM in buffer91 (Figure
3a). For the biorecognition, two complementary locking DNA
strands are extended from the DNA origami bundles, and the
hybridization of these two strands to each other is prevented
by a third strand that is complementary and therefore bound
to one of the two locking strands. This blocking strand is
removed by the target RNA sequence by a toehold-mediated
strand displacement. After this removal step, the two locking
DNA strands are now free to hybridize to each other leading
to the formation of the RH state of the device with a distinct
optical response measured by CD spectroscopy (Figure 3a).
We further proved that our sensors are still stable and
functional after 30 min of incubation in 10% human blood
serum and can detect the target RNA at concentrations below
1 nM in 10% serum. This sensing device can readily be
applied to detect RNA from the SARS-Cov-2 (to be
published).
In 2018, Zhou et al. reported a dual responsive plasmonic

sensing device that can respond to temperature and aptamer-
target interactions.87 The versatility and addressability of DNA
origami enabled the detection of adenosine triphosphate
(ATP) and cocaine (COC) molecules in a single device by
jointly introducing split ATP and COC aptamers to the DNA
origami structure. Chiroptical responses of this reversible
sensing device in the presence of target ATP (1 mM) and
COC (1 mM) molecules could be monitored by CD
spectroscopy. As shown by the black curve in the CD spectra
in Figure 3b, without target binding the device displays slight
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signatures of the RH state. After addition of the ATP
molecules, the CD spectra flipped (red curve), indicating that
the device switched into the LH state. Contrarily, when COC
molecules were added, the device was driven further into the
RH state reflected in stronger CD responses (blue curve). The
authors also showed in this study that the chiral state of the
device can be tuned by temperature. Using a similar geometry,
Dong et al. recently reported DNA origami-based adaptive
plasmonic logic gates that read multiple DNA molecules as
input and return plasmonic chiroptical signals as output.92

Such self-assembled systems perform logical computations and
could also work as plasmonic sensors. Similarly, Huang et al.
demonstrated a reconfigurable chiral plasmonic sensor where
“double-stranded” and “split aptamer” locks are employed as
biorecognition elements for adenosine sensing.88 They tested
different lock systems at different adenosine concentrations
and achieved the detection limit of 20 μM with a response
time of 1 min. They found that shortening the hybridization
length of the locks is crucial to improve the detection limit
and response time. Subsequently, Funck et al. reported a dual-
aptamer-functionalized sensing device that could reliably
detect the human α-thrombin protein in solution with a
detection limit of 100 pM.89 This device could potentially be

further improved by introducing multiple copies of the
thrombin aptamers to the DNA origami structures.
Next, Zhou et al.90 demonstrated a chiral plasmonic walker

system that, in principle, can be used as a sensor to detect a
target nucleic acid sequence. As shown in Figure 3c, the chiral
plasmonic walking system formed by assembling a walker
AuNR (yellow) and a stator AuNR (red) in a chiral geometry
on two opposite faces of a DNA origami structure. After the
sequential addition of respective blocking and removal strands,
the walker performs a progressive and directional movement
with a “rolling” fashion. The overall walking process was in
situ optically monitored with an immediate spectral response
by CD spectroscopy (Figure 3c, CD spectra). This approach
was further advanced by introducing a walker couple that
performs independent or simultaneous stepwise walking along
the same track,93 a rotary plasmonic nanoclock that can
perform a directional and reversible 360° rotation,94 and a
sliding system that can slide two DNA origami filaments using
gold nanoparticles.95 Remarkably, these dynamic plasmonic
systems could resolve the stepwise movement with nanoscale
step size, which is far below the optical diffraction limit.
Thus far, we have reviewed DNA origami-templated

reconfigurable chiral plasmonic sensing devices. Alternatively,

Figure 3. DNA origami-enabled chiral plasmonic sensing systems. DNA origami-based switchable chiral plasmonic biosensors for detection of
viral RNA (a), ATP, and COC (b), and their corresponding CD responses at different target concentrations. Chiral plasmonic walker assembled
on DNA origami and measured CD spectra at different stations, potentially acting as nucleic acid sensor (c). DNA origami-supported
nanoantennas for the detection of chiral B-form DNA molecules and CD measurements of nanoantennas in solution (d). Schematics and TEM
micrographs (in a, c, d) of assembled sensing devices, scale bars are 20 nm (in a, c) and 40 nm (in d). (a) Reproduced with permission from ref
91. Copyright 2018 Wiley-VCH. (b) Reproduced with permission from ref 87. Copyright 2018 American Chemical Society. (c) Reproduced with
permission from ref 90. Copyright 2015 The Authors. (d) Reproduced with permission from ref 72. Copyright 2018 American Chemical Society.
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there is another approach to use DNA origami-based static
plasmonic nanostructures for the detection of chiral
biomolecules. This approach is based on an enhanced CD
spectroscopy and an ultrasensitive detection of (chiral)
molecules by surface plasmon-generated near-fields.96−100

Figure 3d shows an example of DNA origami-supported
nanoantennas for the detection of a B-form DNA chirality.72

In this report, our research group demonstrated that the UV-
CD response of DNA molecules can be transferred into the
resonance frequency range of plasmonic nanoantennas. The
high electromagnetic field enhancement in the antenna hot
spot allowed detection of the transferred CD signal at much
lower analyte concentrations than the amount needed to
obtain discernible CD signals from the pristine DNA
molecules in the UV. Figure 3d shows the experimental
design and the transfer of the UV-CD signal of a two-layered
DNA origami sheet to the visible regime and its amplification
by a factor of 30 with the help of two spherical AuNPs (green
curve). By using AuNRs antenna structures, the CD transfer
into the near-infrared regime is realized with an up to 300-fold
stronger CD signal (red and dark red curves). We also showed
that the use of other materials (gold−silver, core−shell
particles) for the antenna element enables the shifting of the
CD signal into yet another wavelength range.

■ CONCLUSION AND GENERAL PERSPECTIVES
In the past decade, the DNA origami-based fabrication of
plasmonic sensors has advanced rapidly.101−104 In summary,
DNA origami is a successful nanofabrication technology to
arrange plasmonic nanoparticles with nanometer preci-
sion.69,105−109

Specificity and sensitivity are key variables when describing
the performance of a sensor. To study these parameters and to
increase performances of sensors, DNA origami provides the
molecular breadboard for well-defined interactions of target
molecules with the recognition elements.
The addressability of DNA origami allows, for example, the

accurate positioning of fluorescent markers in the plasmonic
hot spot of nanoparticle antennas, and this has been used to
achieve a single-molecule sensing of a variety of targets.
Currently, when studying FE-based sensing, spherical nano-
particles have received the greatest attention, while nanorods
have been explored to a lesser extent. This highlights an area
of interest with a high potential that has remained relatively
unexplored, as anisotropic morphologies like nanorods as well
as more exotic structures such as bipyramids are known to
have higher field-intensity increases at their tips.110 This
property could lead to a further enhancement in the sensitivity
of such sensors. An interesting development is the use of an
off-the-shelf consumer smartphone to readout the fluorescence
signals from DNA-assembled antennas. This line of research
could be extended to increase both the limit of detection from
such instruments as well as the range of analytes that can be
detected potentially enabling pathogen detection in remote
areas.
The ability to arrange plasmonic nanoparticles on DNA

origami also renders it an exquisite platform for the fabrication
of plasmonic SERS sensors, especially for single-molecule
measurements. Moreover, DNA nanostructures are fully
biocompatible and can be readily functionalized with a variety
of targeting entities including aptamers and antibodies.111−114

Nevertheless, up to now, DNA origami-based SERS sensors
were primarily used for the detection of small dyes, with only

one functional biomolecule measurement reported.56 Hence,
future efforts in the field should be focused on the
enhancement of sensitivity and versatility of such SERS
sensors and their use in studies of various biomolecules both
in vitro and in situ.
The combination of chiral plasmonics and DNA origami

has enabled chirality-based biosensors for the selective and
sensitive detection of various analytes. For a wide range of
detection windows (UV−vis−NIR), the optical responses can
be tuned and amplified by size, shape, and material
composition of plasmonic building blocks. For example,
recently we demonstrated that chiral assemblies of gold−
silver core−shell plasmonic nanorods show strongly increased
CD responses compared to their gold counterparts.115

Furthermore, by controlling the size, aspect ratio, and silver
shell thickness, the spectral responses could be tuned as
desired. This could dramatically improve the performance of
the aforementioned devices. In addition, programmable and
fully addressable DNA origami enables incorporating multiple
biorecognition elements. This opens numerous sensing
systems that respond to various molecular binding events,
facilitating the detection of a wide variety of molecular targets
with a high specificity and selectivity. Recently, “single-
structure” CD measurements were shown without DNA
origami in plasmonic nanorod dimers assembled with the help
of bovine serum albumin (BSA).116 On the one hand, it will
be of outstanding interest to study a single-structure CD in a
well-controlled DNA origami nanofabrication scheme. On the
other end, a naked-eye detection of chiral structures is
possible with a simple configuration of two crossed polar-
izers.69 This could, at some point, enable a sensitive pathogen
detection without the need for expensive equipment. Thus,
the overall concept of chirality-based detection holds great
potential for the further development of plasmonic biosensing.
DNA origami-based plasmonic sensors are fabricated in an

aqueous solution and are therefore, in principle, suited for
sensing applications inside cells and tissues. Such plasmonic
probes could be applied to study, for example, single-molecule
processes on cell surfaces. Nevertheless, because of the
reduced stability of DNA origami-assembled plasmonic
nanostructures in in vivo conditions, real-life sensing
applications are challenging and will require more in-depth
research. Besides natural cells, these probes can be integrated
into more defined synthetic biology systems, for example,
synthetic cells. One example could be chiral plasmonic walkers
that sense their biochemical surroundings, transport cargo in
synthetic cells, and report their status optically in real-time.
To achieve a more widespread adoption of DNA origami-

based plasmonic sensors, it is crucial to apply these sensors
without specialized and expensive equipment such as CD
spectrometers or single-molecule fluorescence setups. Im-
provements in DNA origami nanofabrication will enable
stronger signals. In consequence, this enables optical readouts
with as little instrumentation as a smartphone or a standard
optical microscope with built-in polarizers.117 This will bring
the benefits of DNA origami-assembled plasmonic nano-
devices to researchers of various fields, from cell biology to
medical diagnostics and optics. Interestingly, custom-made
DNA origami nanostructures assembled with fluorophores and
nanoparticles are already commercially available (tilibit
GmbH, gattaquant GmbH).
One factor that has limited the application of DNA origami

structures is their reduced stability in the presence of DNA
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nucleases, at low salt concentrations, at elevated temperatures,
and at varying pH values. In recent years, a variety of
stabilization strategies have been developed. Examples include
coating layers with polymers,118−120 silica,121 peptoids,122 as
well as cross-linking,123,124 among others. In the next years, it
will be important to study the performance of stabilized DNA
origami-assembled plasmonic sensors in application-oriented
settings, for example, in blood.
With increasing knowledge about the fabrication of DNA

origami-based plasmonic nanostructures, larger 3D structures
can be built.125−128 Mastering the complex assembly processes
of, for example, lattices would enable the self-assembly of
photonic crystals with tailored photonic band gaps that could
be integrated into optical circuitry or deposited on surfaces. At
the same time, many commercial applications are not
profitable due to the high price of DNA. Because of advances
in the production of DNA, costs are falling rapidly. With this,
DNA origami-based sensors become economically viable. A
biological mass production of DNA in bioreactors enables
prices of 200 € per gram. This equals to ∼1017 DNA origami-
assembled plasmonic sensors.129

In conclusion, the DNA origami-based fabrication of
plasmonic sensors is a new technological platform to engineer
sensors with great control over dimensions and the very
building blocks on the molecular scale. DNA origami-
assembled plasmonic sensors thus probably have reached a
level of technological maturity that enables their application in
real-world settings.
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4. VISIBLE WAVELENGTH SPECTRAL CONTROL OF CHIRAL 
NANORODS ASSEMBLIES 

Artificially engineered systems can give rise to natural optical activity. The shape and material 

of a system are crucial for its properties. For instance, nanorods exhibit localized field 

enhancement and optical nonlinearities due to their anisotropic shape.120 Sections 2.3 and 

2.4 detailed the plasmon hybridisation model for nanorod dimers arranged in both achiral 

and chiral configurations. Conventionally, gold is favoured for the synthesis of plasmonic 

nanoparticles due to its chemical stability. However, gold nanoparticles are limited in spectral 

tunability. Spherical gold nanoparticles absorb in the 520–600 nm region121, while gold 

nanorods usually absorb in the NIR-IR region.122,123 

Silver shares similarities with gold in its general plasmonic activity but has advantages like a 

greater extinction cross-section than gold124 along with the lowest losses of all metals in the 

visible and near-infrared spectrum.125 These properties result in a stronger near-field 

enhancement, even when the silver forms the shell in a core-shell system.126 However, the 

chemical instability of silver has hindered its study. Effects like oxidation cause the 

disintegration of silver nanoparticles, which can induce aggregation and hinders 

functionalisation. The application of silver particles in chiral plasmonics has been limited as 

well, in part due to oxidation susceptibility, particularly in aqueous solutions and saline 

buffers used in DNA assembly. 

 

Figure 19. Gold–Silver Core–Shell Plasmonic Nanorods (Au/AgNRs). a) Schematic showing 

one-pot synthesis of DNA-functionalised Au/AgNRs. b) Experimental extinction spectra of 

Au/AgNRs with varying silver-shell thicknesses, from thinnest ∼1.1 (red line) to ∼5.4 nm (blue 

line). Reproduced with permission from American Chemical Society, ACS Nano101, copyright 

(2020).   
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In our work101, we presented a straightforward, rapid one-pot method to synthesise 

monodisperse Au/AgNRs and achieve simultaneous functionalisation with DNA (Fig. 19). This 

method provided precise control over the size, aspect ratio and crucially, the shell thickness 

of the Au/AgNRs, allowing us to tune their spectral properties. DNA functionalisation imparts 

stability to the Au/AgNRs and allowed the use of DNA origami technique to arrange the rods 

in specific geometries. This was followed by associated publication P2127, where we 

assembled Au/AgNRs onto DNA origami structures in chiral geometries, thereby extending 

spectral control over the circular dichroic signal in the visible spectrum (Fig. 20). We created 

right- and left-handed structures in two chiral geometries – X- and L- shape. The experimental 

CD spectra of these chiral metamolecules were in accord with simulations, with additional 

signatures in the 300–400 nm also being reflected in the simulations. Our structures could be 

used for sensitive detection of biomolecules.115 The freedom to fine-tune the optical 

response could facilitate enhanced LSPR-dependant coupling to optically active molecules 

like dyes128 and photo-active compounds129. 

 

Figure 20. Artistic representation of a chiral dimer constructed with Au/AgNRs, with the field 

map of a single Au/AgNR in the background. Reproduced from Ref.130 with permission from 

the Royal Society of Chemistry. Image credits: Lisa Kulot. 
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Visible wavelength spectral tuning of absorption
and circular dichroism of DNA-assembled Au/Ag
core–shell nanorod assemblies†

Mihir Dass, a Lilli Kuen, b Gregor Posnjak, a Sven Burger b and
Tim Liedl *a

Plasmonic nanoparticles have unique properties which can be harnessed to manipulate light at the

nanoscale. With recent advances in synthesis protocols that increase their stability, gold–silver core–

shell nanoparticles have become suitable building blocks for plasmonic nanostructures to expand the

range of attainable optical properties. Here we tune the plasmonic response of gold–silver core–shell

nanorods over the visible spectrum by varying the thickness of the silver shell. Through the chiral

arrangement of the nanorods with the help of various DNA origami designs, the spectral tunability of the

plasmon resonance frequencies is transferred into circular dichroism signals covering the spectrum from

400 nm to 700 nm. Our approach could aid in the construction of better sensors as well as metamater-

ials with a tunable optical response in the visible region.

Introduction

Circular dichroism (CD) is the differential extinction of light of
different handedness by chiral materials, and as such, serves as
a fingerprinting method for the characterisation of bio-
molecules like proteins1,2 and DNA.3,4 However, the magnitude
of CD displayed by these biomolecules is low and is generally
exhibited in the UV region.5,6 Metals such as gold interact
much more strongly with light and can be useful in studying
chirality.7–9 A wide variety of artificial chiral nanostructures
have been presented using quantum dots,10–12 silica13 and metallic
nanoparticles.8,14,15 DNA nanotechnology, due to its programmabi-
lity, has emerged as an elegant tool to enable precise placement of
nanoscale objects such as plasmonic nanoparticles,16–20 biological
materials such as antibodies,21,22 enzymes23 and proteins,24,25 as
well as polymers.26,27 DNA origami enables the construction of
chiral structures using nanoparticles that exhibit strong CD in the
visible region.28–30 These and other studies31,32 increase comprehen-
sion of the underlying near field processes responsible for the
emergence of plasmonic circular dichroism. With improving design
and manufacturing, chiral arrangements of gold nanoparticles have
been employed for novel molecular sensing approaches33 and the
construction of metasurfaces.34 However, gold nanoparticles are

limited in spectral tunability. For example, spherical gold nano-
particles absorb in the 520–600 nm region35 whereas gold nanorods,
which allow the construction of strongly chiral objects due to their
anisotropic nature,33,36–39 usually absorb in the NIR-IR region.40,41

On the other hand, silver is an excellent plasmonic material
exhibiting lower optical losses42 and a greater extinction cross-
section compared to gold.43 Chiral assemblies constructed with
silver nanorods are also predicted to have stronger chiral plasmonic
interactions compared to gold.44 Despite these advantages, the
application of silver particles in chiral plasmonics has been limited,
partly due to the susceptibility to oxidation of the silver surfaces in
aqueous solutions or even salty buffers required in DNA assembly.

We recently reported the synthesis of gold/silver core/shell
nanorods (Au/AgNRs) functionalised with DNA in a one-pot
reaction.45 Au/AgNRs with different silver shell thicknesses
could be constructed, thus allowing spectral tuning of the
nanorods. The DNA coating serves a dual purpose: it imparts
additional stability to the nanorods and makes the nanorods
functional to allow their assembly on a DNA origami template.
Chiral assemblies constructed from the Au/AgNRs exhibit
stronger g-factors compared to assemblies constructed solely
from gold nanorods (AuNRs). Here we expand on that work by
illustrating another plasmonic chiral enantiomer in an
‘L-shaped’ geometry and showcasing the spectral tuning of
the circular dichroic signal in the visible region of the spec-
trum. Because of their increased stability, Au/AgNRs can serve
as a viable alternative to AuNRs and expand the parameter
space in future studies focused on exploring the nature of
plasmonic chirality.
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Experimental methods
DNA origami folding and purification

Staple strands (Integrated DNA Technologies, 200 mM each in
water) and the scaffold strand (8064 nt long M13mp18 ssDNA)
were mixed to a target concentration of 200 nM for each staple
and 25 nM for the scaffold in 16 mM MgCl2, 10 mM Tris and
1 mM EDTA. The mixture was divided into 100 mL aliquots in
PCR tubes and annealed from 65 1C to 20 1C over B16 hours
(see ESI†). The origami structures were purified using 100 kDa
MWCO Amicon filters (Millipore).

Gold and silver/gold nanorod synthesis

The gold nanorods were synthesised as in ref. 41 The procedure
was optimised for the desired size (see supplementary Note S1,
ESI†). The rods were then washed in 0.1 M CTAB (Roth) and
0.01 M CTAB and stored in 0.01 M CTAB at 15 OD (optical
density) before use. For the silver coating, the AuNRs were
added to 0.1 M CTAB under stirring (500 rpm) and allowed
to mix for 10 s. Then, thiolated ssDNA strands (Biomers,
100 mM, aq.) were added to the rod mixture. AgNO3 solution
was added next, after which the stirring speed was increased
(1500 rpm). L-Ascorbic acid (0.2 M) and NaOH (0.2 M) were
added rapidly in quick succession. A colour change after 5–10 s
indicates the successful synthesis of a silver coating. The
reaction was allowed to proceed for 10 min. Both the AuNRs
and Au/AgNRs were washed to remove excess reactants from
their respective growth solutions (see supplementary note S1,
ESI†) and then redispersed in 0.1% sodium dodecyl sulfate
(SDS) before further use.

DNA-nanorod hybridisation

A second DNA-functionalisation step increases the stability and
binding of the nanorods. Au/AgNRs were mixed with an ade-
quate volume of thiolated ssDNA (Biomers, 100 mM, aq.)
followed by freezing @ �80 1C for 30 minutes. They were then
thawed and purified from excess ssDNA using agarose gel
electrophoresis. The DNA origami and functionalised nanorods
were mixed to a final concentration of 1–2 nM and 20–40 nM,
respectively, i.e. the rods were added in B20� excess. The
mixture was then annealed from 45 1C to 201 at 10 min 1C�1,
and this ramp was repeated four times.36 The assemblies were
then separated from excess unbound rods and aggregates using
agarose gel electrophoresis.

Characterisation

Agarose gel electrophoresis. The nanorods and origami–rod
hybrids were analysed and purified using a 1% agarose gel. The
gels were run in a buffer containing 40 mM Tris, 20 mM acetic
acid, 1 mM EDTA and 11 mM MgCl2 at 100 V for 2 hours.
1� SybrSafe (Thermo Fisher) was included in gels for DNA
origami analysis.

UV-Vis spectroscopy

The nanorods and DNA samples were analysed using a
Nanodrop-1000 spectrometer. A 1.5 mL droplet of the sample

and a path length of 1 mm was used to determine the optical
density (OD) values.

TEM imaging

5 mL of a sample was incubated for 30 s–5 min, depending on
concentration, on glow discharged TEM grids (formvar/carbon,
300 mesh Cu; Ted Pella) at room temperature. After incubation
on the grids, the sample was wicked off by bringing the grid
into contact with a filter paper strip. Nanorod samples were
imaged as-is. Samples containing DNA origami went through
an additional staining step with a 2% uranyl formate aqueous
solution containing 25 mM sodium hydroxide. After incubating
and wicking the sample off, a 5 mL drop of uranyl formate
staining solution was applied to the grid, immediately wicked
off, followed by applying another 5 mL drop of uranyl formate
staining solution. This drop was allowed to incubate on the grid
for 10 seconds and then wicked off. The grid was allowed to dry
for 5 minutes before imaging. Imaging was performed with a
JEM1011 transmission electron microscope (JEOL) operated
at 80 kV.

CD spectroscopy

All CD measurements were performed in a Chirascan plus CD
spectrometer (Applied Photophysics) with 10 mm path length
quartz cuvettes (Hellma). The cuvettes were cleaned with fresh
aqua regia, washed thoroughly with MilliQ water and dried with
compressed N2 before each measurement. The baseline mea-
surements were performed with 40 mM Tris, 20 mM acetic acid,
1 mM EDTA buffer with 11 mM MgCl2. The scanning step size
was set to 1.0 nm with an acquisition time of 1.0 s for each step.

Simulation

The total extinction and CD spectra were computed numeri-
cally, solving the linear, time-harmonic Maxwell’s equations. A
single arrangement was included in the computational domain
for each setup (single nanorod arrangement, NR–NR arrange-
ment in ‘X-shape’, and NR–NR arrangement in ‘L-shape’).
Tabulated data was used for modelling the permittivities of
gold and silver.46,47 For the background solution, a constant
permittivity of er = 1.8 was assumed. In the numerical experi-
ment, the arrangement was illuminated by pairs of left- and
right-handed circularly polarised plane waves incident along
the coordinate directions. The total extinction and CD spectra
were derived from the near-field solution (see supplementary
note S2, ESI†).

Results and discussion

Gold nanorods (AuNRs, B65 � 15 nm) were synthesised using
a modified protocol (see supplementary note S1, ESI†) from
González-Rubio et al.41 These AuNRs serve as seeds for the
growth of silver shells around them using the protocol outlined
by Nguyen et al.45 Specifically, AgNO3 (aq.) and thiolated-DNA
are added to the dispersion of AuNRs. Then, in the presence
of L-ascorbic acid, AgNO3 is reduced to metallic silver
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preferentially on the AuNRs, resulting in the formation of
silver-coated AuNRs (Au/AgNRs). The presence of thiolated-
DNA in the growth solution leads to simultaneous functionali-
sation of the rods. Importantly, wide and small angle X-ray
scattering data indicate that the DNA conjugation occurs only
on the surface, not within the shell.45 The shell growth pro-
ceeds in an anisotropic fashion, with the shell usually being
thicker on the sides compared to the tips, which could arise
from different crystal facets being exposed at the sides and tips
of a nanorod.48 The shell growth results in a visible change of
the colour of the rod suspensions, with the color varying as a
function of the shell thickness (Fig. 1a). The nanorods were
characterised using transmission electron microscopy and UV-
Vis spectroscopy.

Structural characterisation

TEM micrographs confirm good monodispersity of the rods
before and after shell growth, with the size deviation increasing
with increasing shell thickness (ESI,† Fig. S9). The AuNR ‘core’
is visible in the centre of the Au/AgNRs due to gold and silver’s
different electronic densities (Fig. 1b). A noteworthy aspect of
the growth is that in some Au/AgNRs the shell growth is
asymmetric, with the shell being thicker on one side of the
rod. This is in line with previous studies which show that this
asymmetry arises from preferential deposition of Ag on certain
crystal facets on the Au surface, which is believed to arise from
selective adsorption of CTAB along certain crystal planes of

Ag.49 As the shells grown by this method are thicker on the
sides compared to the tips, increasing the shell thickness leads
to a decrease in the aspect ratio of the rods. Shells between
B5 nm to B14 nm thickness (measured perpendicular to the
long axis) were grown, with their aspect ratio changing from 4,
in the case of bare AuNRs, to B2 for Au/AgNRs in the case of
14 nm shells grown with 10 mM AgNO3 (Fig. 1b). Growing
thicker shells resulted in rods with an aspect ratio B1, thus
making the identification of the long axis unreliable (ESI,†
Fig. S14a and b).

Optical characterisation

The absorption spectra of gold nanorods exhibit two peaks, for
the transverse and longitudinal modes of localised surface
plasmon resonances (LSPR) perpendicular to and along the
long axis of the rods, respectively (Fig. 1c).50 The transverse
mode usually occurs around B500 nm, which also corresponds
to the LSPR of spherical particles.50 The longitudinal mode
peak, at a constant thickness, shifts depending on the rods’
length (and thus the aspect ratio), with longer lengths red-
shifting the peak. Growth of Ag shells leads to a blueshift in the
longitudinal LSPR of the rods, with thicker shells resulting in a
stronger blueshift. Since the shell thickness depends on the
concentration of Ag+ ions present during shell growth, the
longitudinal LSPR can be tuned over a wide range of
wavelengths.45 Here, we show stepwise manipulation of the
longitudinal LSPR from 820 nm, i.e. the NIR spectral region

Fig. 1 Synthesis of Au/AgNRs with varying shell thickness. (a) Variation of colour of Au/AgNR suspensions grown with different concentrations of Ag+

ions. (b) Transmission electron micrographs of Au/AgNRs with Ag shells of different thicknesses. The concentration of Ag+ in the growth solution is
shown at the top. All images are to scale. Scale bar: 100 nm. (c) Experimental and theoretical extinction spectra of the AuNRs and Au/AgNRs with varying
shell thickness.
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(for bare AuNRs) down to 540 nm, i.e. the green spectral region
(for Au/AgNRs synthesised using 10 mM AgNO3, Fig. 1c). We are
able to create particles with thicker shells that push the long-
itudinal LSPR to 480 nm i.e. the blue spectral region. However,
the shape of particles is no longer consistently anisotropic
(ESI,† Fig. S14c). Numerical simulations satisfactorily replicate
the experimental spectra, with increasing shell thickness blue-
shifting the LSPR. The LSPR peaks in the numerically calcu-
lated data are much narrower than experimental spectra
because they exclude the size polydispersity of bulk nanorod
samples. The agreement between the simulations and experi-
mental spectra is remarkable for the AuNRs and Au/AgNRs with
thin Ag shells. The deviation increases for Au/AgNRs with
thicker shells, consistent with an observed increase in their
shape inhomogeneity (see also supplementary note S3, ESI†).
The large spectral gap between the LSPR of the AuNRs and the
Au/AgNRs with the thinnest Ag shell (grown using 2 mM
AgNO3) is worth noting, which is also reproduced by our
simulations. Generally, we believe this effect arises as a combi-
nation of the silver shell as well as a decrease in the aspect ratio
of the rods, which results in a blue-shift of the LSPR40 (ESI,†
Fig. S10). Unfortunately, we were not able to obtain stable
samples with thinner shells.

The Ag shell also results in a more complex transversal
mode appearing at shorter wavelengths, with a strong peak at
B400 nm and a secondary feature at shorter wavelengths
B350 nm. Both of these redshift with increasing shell thick-
ness. Simulations revealed that the latter mode arises due to
the transversal excitation of the Au/AgNRs, leading to the
formation of charged dipoles between the Au–Ag interface
and the outer surface of the Au/AgNRs.45,51 This secondary
peak increases in intensity with increasing Ag shell thickness
and becomes more intense than the longitudinal mode in Au/
AgNRs with very thick shells. The appearance of this secondary
mode agrees very well with the simulations (Fig. 1c), with the
simulations reproducing the spectra – including the increase in
intensity and redshift of the new transverse peak with increas-
ing shell thickness.

Chiral metamolecule fabrication

AuNRs and Au/AgNRs were functionalised with DNA for attach-
ment to DNA origami templates using DNA anchors (Fig. 2a).
We utilised the freeze-and-thaw method, which is an effective
and facile method for functionalising various plasmonic
particles.52–54 While the DNA strands attached to the Au/AgNRs
during the shell growth already provide long-term stability, an
additional freeze-and-thaw functionalisation step is performed
to ensure a dense coverage of the nanorod surface with DNA
strands. Different volumes of thiolated DNA were added to
AuNRs (at OD 15) suspended in 0.1% SDS for the functionalisa-
tion optimisation. The mixture was vortexed together and
frozen at �80 1C for 30 min. We aim to cover the nanorods
with a dense blanket of DNA oligos to maximise their long-term
stability in the salt conditions conventionally used for DNA
origami buffers (typically B12 mM MgCl2), and maximise their
hybridisation probability with DNA origami.55 The successful

functionalisation of the rods is verified by agarose gel electro-
phoresis, which also serves as a purification method for separ-
ating the functionalised rods from excess oligonucleotides.
Successfully functionalised rods travel as a single band in the
gel and can be separated from aggregates and unfunctionalised
rods (ESI,† Fig. S1a).

While these bimetallic Au/AgNRs possess novel optical
properties, utilising the high degree of addressability of DNA
origami to create predefined assemblies offers the opportunity
to study more complex physical phenomena, e.g. plasmonic
chirality. A square 2-layer DNA origami sheet (side length
B55 nm, thickness B5 nm) was used as a template to construct
the chiral metamolecules. 16–20 anchors with 8 nt long poly-A
sequences at the 30 end were extended from opposite faces to
act as linkers for the nanorods. The layout of the anchors
determines the final chirality of the resultant assembly. Two
chiral geometries were utilised in this manuscript (Fig. 2b and
c). In the first, the anchor positions on the ‘upper’ face were
rotated by B501 relative to the ‘lower’ face to obtain a left-
handed ‘X’-shaped rod assembly, resulting in strongly asym-
metric optical performance.45 In the second, the anchor posi-
tions on the two faces were rotated 901 around one corner to
obtain a left-handed ‘L’-shaped assembly. It is worth mention-
ing that while the ‘X’-configuration is chiral only if the angle
between the two nanorods a901, the ‘L’-configuration has
broken inversion symmetry, so it is chiral even when the
nanorods are perpendicular to each other. For the hybridisa-
tion reaction, amicon-purified DNA origami was slowly pipetted
into a tube containing purified functionalised rods under
vortexing.56 The aim here is to introduce the DNA origami to
a ‘reactant’ (nanorods) present in excess to maximise the

Fig. 2 Schematic showing the fabrication of the chiral metamolecules.
(a) One-pot growth and functionalisation of the Ag shells on AuNRs.
(b) and (c) Assembly of ‘X’ and ‘L’-shaped chiral structures, respectively,
constructed by varying the anchor configuration (blue strands) on the 2-
layer sheet DNA Origami (left). The ‘upper’ (left) and ‘lower’ (right) faces of
the sheet are shown below the respective sheet structures.
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chances of dimer formation and minimise the formation of
spurious aggregates by saturating the binding sites on the DNA
origami. The resulting mixture was then annealed using a
modified protocol (see Supplementary Note S1, ESI†) to max-
imise binding yield and prevent partially bound rods.36 The
metamolecule dimers were separated from unbound excess
nanorods and aggregates using agarose gel electrophoresis
due to their different migration speeds in the gel matrix (ESI,†
Fig. S1b). The relevant gel bands were excised and squeezed
between a glass slide and parafilm to extract the liquid sample,
on which further measurements were performed. TEM imaging
of the gel-purified sample showed the successful assembly of
the desired metamolecule configurations with a high degree of
fidelity (Fig. 3).

CD spectroscopy

We performed CD spectroscopy of chiral metamolecules pur-
ified with agarose gel electrophoresis. The absorption during
CD measurements was set to B0.6–0.7. The spectra of the
chiral metamolecules, shown in Fig. 4, indicate a strong chiral
signal, noteworthy being the signature peak-to-dip bisignate
profile of the spectra.36–39,57 This profile arises from plasmon-
mediated near-field interactions of the individual NRs in each
assembly when excited by circularly polarised light. A plasmo-
nic dipolar moment is induced in the rods when excited by
light. This results in the rise of two distinct modes with
opposite chirality – namely a high-energy and a low-energy
mode – centred around the longitudinal mode of the
nanorods.58 The high-energy mode is blue-shifted compared
to the resonance of the individual nanorods, while the low-
energy mode is red-shifted (ESI,† Fig. S15). The CD spectra of
chiral metamolecules assembled with Au/AgNRs blueshifts
with increasing silver shell thickness, in line with the long-
itudinal resonances of the corresponding Au/AgNRs. This trend
of the CD response is in accord with the simulations (Fig. 4).

In chiral metamolecules constructed with Au/AgNRs, additional
signatures appear between 300–400 nm, also seen in the
simulations. A possible explanation for this is the coupling of
the transverse modes seen in Au/AgNRs, as this CD signature
appears in the same spectral region and increases with increas-
ing Ag shell thickness similar to the individual Au/AgNRs.
Another reason could be the coupling of multipolar plasmonic
modes observed in anisotropic silver nanostructures, although
they occur at longer wavelengths compared to our
structures.59–61 The lineshape of the experimental spectra is
also qualitatively in accord with simulations, noteworthy being
the various dips around 400 nm that differ between the X- and
L-shaped dimers. This feature is broader and less pronounced
in simulations and experiments for the L-shaped dimer. At the
same time, we observed a positive signal over the entire blue
part of the spectrum for the X-shaped structures. The bespoke
dip only appears for thicker silver shells, again nicely repro-
duced in the simulations. Overall, the differences are more
pronounced in theory than in experiments, which we ascribe to
size polydispersity of the rods and shape polydispersity in the
dimers themselves. For example, while designed to have a 901
angle between the rods, the L-shaped dimers often exhibit
lower angles (ESI,† Fig. S4).

Conclusions

We have developed a class of core–shell nanorods composed of
Au and Ag, which allows for fine control over the spectral
tuning of the optical response on the visible spectrum. More-
over, chiral metamolecules constructed with these Au/AgNRs
extend the spectral control over the CD signal. We present data
where we tune the longitudinal LSPR of AuNRs – initially
819 nm – from 673 nm to 544 nm. The extent of this control
depends on the aspect ratio of the AuNR core. Using AuNRs
with a longitudinal LSPR farther in the IR would allow the

Fig. 3 Structural characterisation of chiral metamolecules. (a) Transmission electron micrograph of the 2-layer sheet DNA origami structures. (b) and
(c) X- and L-shaped left-handed chiral structures assembled using three varieties of nanorods, respectively. The concentration of AgNO3 used to
synthesise the nanorods used for the structures is shown above the images. All scale bars: 100 nm.
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manipulation of the longitudinal mode in the IR-NIR region by
employing Ag shell growth. We also see the appearance of new
spectral features in the 300–400 nm wavelength region. We
provide theoretical simulations that show remarkable agree-
ment with the experimental results, both for the extinction of
Au/AgNRs and the CD from chiral metamolecules constructed
with the Au/AgNRs. Au/AgNRs have gained popularity in recent
times as a novel plasmonic material.51 Chiral metamolecules
constructed using Au/AgNRs can result in strong chiral
signals45 and could be used for sensitive detection.33 In addi-
tion, the freedom to tune the optical response can be used to
synthesize metamaterials with stronger optical activity in the
visible region. The tunability can also be used to modulate the
optical response to enhance LSPR-dependant coupling to other
moieties, e.g. dyes,62 and also open the doors for the realisation
of other applications, e.g. chiral reactions.51,63 Additionally, our
protocol should be extendable to more exotic morphologies of
gold particles as well, e.g. nanostars,64 chiral particles65 or
nanocubes.66
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5. OPTICAL PHYSICAL UNCLONABLE FUNCTIONS USING DNA 
ORIGAMI  

In 2022, counterfeit and pirated goods worth 119 billion EUR were sold in the EU, according 

to Europol/EUIPO.131 Counterfeiting of goods remains a challenge for our society, increasingly 

so in a globalised world with long supply chains. Concurrently, the online market for sensitive 

goods like medicines is expanding, further exemplifying the need for robust anti-counterfeit 

measures. The WHO estimates around 100,000 children under five die annually due to 

counterfeit pneumonia medication.132  

Modern cryptography largely relies on one-way functions. These are functions that are easy 

to evaluate in the forward direction but infeasible to compute in the reverse direction 

without additional information. For instance, the multiplication of large prime numbers can 

be done in a polynomial time, whereas finding the prime factors of the product is believed to 

require exponential time.133 Although digital one-way functions based on an algorithmic logic 

are widely used, they face two challenges:  

1. The first is technological, as parallel networks of computers can break codes once 

considered secure.  

2. The second is fundamental. While the cryptographic functions used are believed to 

be secure, there is no proof that efficient attacks don't exist. Such attacks are in fact 

known using quantum computers; it is shown in that factoring the product of two 

large prime numbers can be accomplished in polynomial time on a quantum 

computer.134 

An alternative approach lies in the use of Physical Unclonable Functions (PUFs) which are 

clone-proof, cost efficient and resistant to various physical attacks. PUFs are physical objects 

that for a given input (challenge), provides a physically defined "digital fingerprint" output 

(response) that serves as a unique key. The key is unique because it is defined by inherent 

random variations introduced during the manufacturing process. Despite any potential 

measurement of these variations, it remains infeasible to produce an identical physical 

‘clone’, primarily because full control over micro- and nanoscale fabrication variations is 

considered impossible.135  

Optical PUFs, which leverage light-matter interactions to generate this unique fingerprint, 

are categorised as ‘strong’ PUFs due to the inherent challenge an attacker would face in 

replicating them.136 Strong PUFs feature an exponential increase in possible outputs with 

respect to some system parameter. Pappu et al. showed the first well-known instance of an 

optical PUF, initially dubbed a physical one-way function. 137 In particular, angular light 

illumination on a transparent inhomogeneous object led to complex interference, creating a 

2D speckle pattern which was recorded by a charge-coupled device. The object was an epoxy 

cuboid containing glass spheres 500 - 800 um in diameter which acted as the scattering 

medium. 
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The use of nanomaterials is attractive because of the inherent challenges in nanoscale 

manufacturing and controlling the fabrication and placement of nanoscale objects with 

atomic precision. Researchers have explored various nanomaterials and read-out methods 

for making PUFs138, including carbon nanotubes with electrical current read-out139, carbon 

dots exhibiting fluorescence patterns140 and block copolymers questioned via Raman 

scattering141. Among optical materials, plasmonic nanoparticles are particularly interesting 

for optical PUFs due to their strong interactions with light in the visible spectrum (400-

700 nm), even when their dimensions are sub-100 nm. PUFs made with such nanoparticles 

can read-out using relatively simple optical instruments. As a result, several groups have 

characterised their suitability for building PUFs.142–144 However, these works often suffer 

from low particle density in the PUF labels or low variation in the optical response of the PUF, 

both of which compromise the security by limiting the complexity of the PUF.  

 

Figure 21. Schematic and fabrication of our PUFs. a) Nanosphere Lithography (NSL) 
procedure involving Polystyrene nanosphere deposition, surface passivation using HMDS, 
lift-off and DOP using DNA origami. b) NPP performed using various functionalised 
nanoparticles. d) SEM image after NPP. d) DFM image of the resultant PUF. Scale bars, (c) 
500 nm and (d) 10 µm. 

In associated publication P3145, we introduce the first study utilizing the advantages of DNA 

origami to create optical PUFs with enhanced security features. We employed nanosphere 

lithography (NSL) to generate a high-density of placement sites on a substrate, where DNA 

origami structures146–149 and, subsequently, nanoparticles could be precisely placed (Fig. 21 

a). Plasmonic coupling between the nanoparticles gives rise to new colours absent at the 

discrete particle level, which can be readily detected using a Dark Field microscopy (DFM). 
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We fabricated a 3D-printed dark field microscope and were able to image our PUFs (Fig. 

21b).150 By using knowledge gained from associated publication P2, a variety of plasmonic 

particles – gold nanospheres (AuNS), gold nanorods (AuNR), gold/silver core/shell 

nanospheres (AgNS) and nanorods (AgNR) – are synthesised to create a broad variation in 

the optical response. 

This combination offers two advantages over previous works. Firstly, using NSL leads to the 

creating of a high density of placement sites on a substrate to which DNA origami and 

subsequently, nanoparticles can bind. Secondly, the DNA origami serves to capture the 

nanoparticles in close proximity to each other. Plasmonic coupling, which causes the 

variation in hues of the nanoparticle assemblies, is a distance-based phenomenon 

dominating at close distances. Thus, DNA origami is instrumental in creating a broad hue 

response, which is a security feature in our PUFs. We demonstrate control over the optical 

response of our PUFs by fabricating labels with different species and concentrations of 

nanoparticle, achieving a wide range of hues and hue distributions. We also show our 

technique is compatible with e-beam lithography to create user-defined patterns (Fig. 21c). 

Furthermore, we successfully integrated our PUF technology with a cost-effective read-out 

mechanism in the form of our 3D-printed DFM, thereby significantly reducing the gap 

between experimental technology and practical societal applications. 
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Abstract 

Counterfeiting threatens human health, social equity, national security and global and local 

economies. Hardware-based cryptography that exploits physical unclonable functions (PUFs) 

provides the means for secure identification and authentication of products. While optical 

PUFs are among the hardest to replicate, they suffer from low encoding capacity and often 

complex and expensive read-out. Here we report PUF labels with nanoscale features and 

optical responses that arise from the guided self-assembly of plasmonic nanoparticles. 

Nanosphere lithography combined with DNA origami placement are used to create tightly 

packed randomised nanoparticle assemblies. Nanoscale variations within these assemblies 

define the scattering colour of the individual spots that are arranged in a hexagonal lattice 

with spacing down to the optical resolution limit. Due to the nanoscale dimensions, the 

intrinsic randomness of the particle assemblies and their resulting optical responses, our PUFs 

are virtually impossible to replicate while they can be read-out with economical 3D-printed 

hardware. 

 

Combating counterfeiting of goods is a challenge for our society, increasingly so in a globalised 

world where supply chains become longer and their transparency decreases. Concurrently, 

the market for sensitive goods, such as medicine, has also increased, further exemplifying the 

need for anti-counterfeit measures. For example, between 72,000 and 169,000 children die 

of treatable diseases like pneumonia annually due to counterfeited medicine.1 The estimated 

economic losses from counterfeiting are in trillions of dollars.2 Consequently, increasingly 

complex and effective authentication tools are being developed. One class of anti-counterfeit 

measures are physical unclonable functions (PUFs), physical objects that provide a unique 

fingerprint as a result of a stochastic process. Their evaluation is straightforward in the 
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forward direction but infeasible to compute in the reverse one without additional 

information. Ideally, they are impossible to replicate physically.3  

As such, a wide range of materials and readout strategies have been shown,2,4 ranging from 

carbon nanotubes with electrical current read-out5, to carbon dots exhibiting fluorescence 

patterns6 and block copolymers questioned via Raman scattering7. Optical PUFs, that rely on 

light-matter interactions to produce the fingerprint, are categorised as ‘strong’ PUFs for the 

inherent difficulty for an attacker to replicate them.4 Strong PUFs feature an exponential 

increase in possible outputs with respect to some system parameter. Among optical 

elements, plasmonic particles are excellent candidates for programming light-matter 

interactions because they interact strongly with light. The optical response of plasmonic 

particles is the result of intrinsic properties like material, shape, size and dielectric 

environment.8,9 Additionally, extrinsic factors such as the proximity to other particles can 

strongly affect their optical behaviour due to near-field mediated plasmonic coupling.10,11 

Combining variations in these intrinsic and extrinsic properties provides the experimenter 

with a versatile tool box from which to engineer a unique optical response.  Indeed, such 

nanoparticles can interact with light in the visible regime with wavelengths between 400 nm-

700 nm, even when their dimensions are sub-100 nm. As a result, several groups have 

characterised their suitability for building PUFs.12–14 Practically, these works often suffer from 

low particle density or low variation in the optical response of the PUF, both of which 

compromise the security by limiting the complexity of the PUF.  

In the current work, we create PartiPUFs (Particle PUFs) by combining plasmonic 

nanoparticle15 placement (NPP) with DNA Origami Placement (DOP)16,17 to hexagonally  

pattern nanoparticle assemblies at a desired surface density using nanosphere lithography 

(NSL).18–21  Capture of the assemblies is mediated by first laying down hexagonal arrays of 

DNA origami nanodiscs that capture different combinations of nanoparticles. Plasmonic 

coupling between the nanoparticles gives rise to new colours absent at the discrete particle 

level, which can be readily detected using Dark Field microscopy (DFM).22 Control over the 

DNA origami design, NSL parameters and the combination and concentration of nanoparticles 

allows us to tailor the optical response and pack the surface with a high information density. 

The resulting colourful plasmonic labels allow for the generation of a large number of 

challenge-response pairs, instrumental in the security of the PUF. Our PUFs demonstrate a 

unique and broad variation in their optical response, which we characterize by the 

implementation of a hue analysis. We also fabricated an economical and portable DFM and 

used it to successfully image our PUFs, showcasing the suitability of our technology for 

practical applications. 
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Fabrication of PartiPUFs 

Figure 1. Schematic and fabrication of PartiPUFs. a) NSL procedure involving Polystyrene 

nanosphere deposition, surface passivation using HMDS, lift-off and DOP using DNA origami. 

b) NPP performed using various functionalised nanoparticles. d) SEM image after NPP. d) DFM 

image of the resultant PUF. Scale bars, (c) 500 nm and (d) 10 µm. 

 

Figure 1a illustrates the fabrication process of the PartiPUF. Glass coverslips are 

nanopatterned using NSL to create placement sites for the DOP. DOP is then performed to 

place DNA origami nanodiscs (~ 100 nm x 85 nm) on the glass surface. Each nanodisc contains 

binding sites made of poly-Adenine ssDNA extensions (10 nt long, “A10”) extended from both 

faces in a filled circular arrangement (Fig. S1). The desired mix of nanoparticles functionalised 

with poly-Thymine ssDNA (9:1 mix of T8:T19) is then added, where the DNA origami structures 

serve to capture the nanoparticles through strand hybridisation (Fig. 1b). The result is a 

stochastic assembly of nanoparticles at each placement site (Fig. 1c) to produce a dense 

packing of coloured spots when viewed under a DFM (Fig. 1d). A variety of plasmonic particles 

– gold nanospheres (AuNS), gold nanorods (AuNR), gold/silver core/shell nanospheres (AgNS) 

and nanorods (AgNR) – are used to create a broad variation in the optical response.23,24 

Plasmonic coupling between nanoparticles placed sufficiently close together (1-10 nm) gives 

rise to new colours in the assemblies, further increasing the output complexity. 

We can direct the appearance of our PUF in two main ways. Firstly, we can adapt the pitch 

size between the individual scattering spots by adjusting the size of the nanospheres 

employed during NSL (Fig. S2). The nanosphere diameter defines both the size of the 
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placement site and the spacing between placement sites, which is approximately equal to the 

diameter of the spheres used.17 We performed NSL using polystyrene nanospheres with 

diameters of 400, 600 and 1000 nm. Controlling the spacing between the spots is crucial 

because it allows to increase the density of our spots to a critical point just above the 

diffraction limit, below which the colours would ‘bleed ’into each other making optical 

analysis infeasible. The DNA origami structures used for subsequent deposition feature a 

binding site containing 42 A10 extensions (21 from each face, distributed in a circular pattern 

with a diameter of ~ 60 nm) to capture an undefined number of nanoparticles.  

Secondly, we can adapt the colour distribution of our PUF by varying the material, form and 

population composition of the plasmonic particles trapped at each DNA origami. Specifically, 

four different types of nanoparticles were utilised in our experiments: 30 nm AuNS, 50 nm 

AgNS, AuNR with length = 60 nm and width = 12 nm and AgNR with length = 75 nm and 

diameter = 25 nm (Supplementary note S1). The silver-coating enhances the scattering of the 

nanoparticles and provides variation in the scattering colour of the individual nanoparticle 

species.25 The silver-coating also pushes the LSPR wavelength of the nanorods into the visible, 

thus ensuring that all nanoparticle species scatter in the visible regime. Next to the controlled 

spacing between the assembly sites, the NSL method provides a cheap, fast and parallel way 

to program the size of the placement spots and thus, with the help of DNA origami patches, 

also ensures tight spacing between the individual nanoparticles.17,18 The result is a random 

distribution of scattering colours due to the type of particles and the plasmonic interactions 

between them on each placement site.  
  

 
Figure 2. PUFs fabricated with varying inter-site spacing. a-c) DFM images (full field-of-view 
in Fig. S5-S7) and d-f) SEM images of PartiPUFs made with a,d) 400 nm, b,e) 600 nm and c,f) 
1 µm spacing (uncropped images: Fig. S8-S10). Scale bars, (a-c) 2 µm, (d-f) 500 nm. 

 

We fabricated PUFs with varying site spacing and a wide range of colours scattering from the 

individual placement sites (Fig. 2a-c). The strong scattering of the nanoparticles enabled fast 
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acquisition times in DFM, which makes it a suitable characterisation method for our PUFs.26 

The SEM images show the stochastic nature of the assembly of particles at the individual 

placement sites (Fig. 2d-f). For the smallest spheres used in our experiments (400 nm, Fig. 

2a,d), we observed small groups of densely placed particles on each contact spot. Larger 

spheres (600 nm and 1 µm, Fig. 2b,c,e,f) resulted in larger contact areas, often leading to the 

binding of more than a single DNA origami structure. Accordingly, we observed more particles 

bound per spot with discernible gaps between the particles or groups of particles. However, 

the number of DNA origami structures per placement site can be further tuned with 

parameters such as the Mg2+ or the DNA origami concentration or the incubation time.16 In 

the case of our nanodisc DNA origami structure, a nanosphere with a diameter of 350 nm 

results in single-origami placement (Fig. S11). Using larger spheres leads to multiple structures 

being placed on each placement site (Fig. 2e,f and Fig. S12). In such cases, we optimised the 

DNA origami concentration during DOP to obtain the desired number of DNA origami 

structures on the placement sites. High DNA origami concentrations (450 pM) led to complete 

saturation of the placement sites (Fig. S12d).  

PartiPUF characterization and Hue analysis 

We analysed the DFM images of PartiPUFs using an ad hoc-written image analysis algorithm 

(Supplementary note S2). For our analysis we chose the Hue-Saturation-Brightness (HSB) 

scale as it uses a single value - the ‘hue ’as a proxy for the wavelength - to identify colour.  

Hue values of the individual scattering spots thus quantitatively characterise the complexity 

of the scattering response of our PUFs (Fig. S13). We fabricated PartiPUFs with different 

nanoparticle species and concentrations (Fig. 3a-f) and obtained a wide range of hues and 

hue distributions (Fig. 3g,h). The optical density (O.D.) of the nanoparticle suspensions was 

used to measure their concentration. Higher concentrations of nanoparticles (usually O.D. > 

1) resulted in hue distributions skewed towards lower, i.e. redder, values, even when using 

multiple nanoparticle species (Fig. 3g). PUFs made using only AgNSs illustrate the effect of 

variations in the particle concentration (Fig. 3a,d). Using higher concentrations of AgNS (O.D. 

~ 0.75) (Fig. 3d) resulted in a relatively narrow hue distribution, with a higher frequency of 

hues at lower values in the range of 20 – 40 (Fig. 3h). Decreasing the AgNS concentration 

slightly (O.D. ~ 0.5) led to a bimodal distribution (Fig. 3g) with a peak appearing at hue ~ 100, 

similar to that of individual AgNS deposited on a surface (Fig. S21). The secondary maximum,  

around hue ~ 40, is consistent with aggregates giving lower hue values. An elevated 

concentration (O.D. ~ 1.5) of a mixture of AuNSs and AuNRs (Fig. 3b) resulted in hues with a 

peak of the distribution at hue ~ 25. Lower concentrations (O.D. ~ 0.5) of the same particle 

mix (Fig. 3e) shifted the hue distribution towards higher hue values. High concentrations (O.D. 

~ 2.7) of a mixture of AuNSs, AgNRs and AgNSs (Fig. 3c) resulted in a narrow hue distribution, 

similar to that obtained for particle mixes containing AuNSs and AuNRs. Lower concentrations 

(O.D. ≤ 0.5) of a mixture of AuNSs, AgNRs and AgNSs (Fig. 3f) resulted in the broadest range 

of hues (Fig. 3h). Hues ranging from 6 to 166 were achieved, covering red, orange, yellow, 

green and blue. We could also vary the hue distribution of PUFs by controlling the number of 

particles attaching to each DNA origami structure with the number of poly-A particle capture 

extensions (Supplementary note S3). 
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Under ideal conditions, i.e. each hue value would be unmistakably recognised during the 

imaging process, the number of combinations in a typical image of our PUFs can be given by 

Number of combinations = (Number of Hues) number of scattering spots 

For the uncropped image (Fig. S20) of the PUF made with 1 µm spacing in Fig. 3f, with a field-

of-view of 138 µm x 69 µm at 100x magnification, the number of combinations would be 

1527,753 ≈ 1016,915. Using the same imaging parameters for the uncropped image (Fig. S6) of a 

PUF made with 600 nm spacing (Fig. 1d), this number would increase to 16016,640 ≈ 1036,676. 

The exponential increase in the number of combinations with increasing number of scattering 

spots places these objects in the category of strong PUFs.27  

We tested the dependence of the hue value returned by our image analysis algorithm with 

respect to imaging conditions such as lamp intensities and exposure times and found minimal 

variation (see Table S5). In practical usage, binning similar hues to account for lighting 

differences would minimise the effect of this variation and make the imaging more robust. 

When using hue binning, the number of combinations can be given by 

              Number of combinations = (Number of Hue bins) number of scattering spots 

We recorded a hue variation of ± 2 from a hue = 20 measured under our standard imaging 

conditions (Table S5). Using a conservative hue binning value of 5 would result in 1011,773 

possible combinations for the 1 µm spacing sample (Fig. S20) and 1025,268 for the sample with 

600 nm spacing (Fig. S6).  

 
Figure 3. Hue analysis of PUFs. a-f) DFM images (full field-of-view in Fig. S15-20) of PUFs 
created while varying nanoparticle species and concentration. The nanoparticle species used 
are shown at the top of each column. g,h) Hue distribution of PUFs fabricated using different 
particle species at (g) higher and (h) lower concentrations, calculated from the full field-of-
view images. Number of spots analysed for the histograms, n = 7700. For placement 
conditions, see Table S4. A hue scale corresponding to the x-axis is shown above the plots. 
Scale bars, 5 µm. 
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Enhancing security via anisotropic optical response 

  
Figure 4. Polarisation-dependent behaviour of the PartiPUFs. a-c) DFM images of the same 
area at different polariser orientations. Insets show a magnified view of the same seven spots. 
Double-sided arrows depict the orientation of the polariser with respect to the image. d) 
Variation in hue distribution of PUFs in the presence of a polariser. e-g) Unpolarised DFM 
image (top), SEM image (bottom) and the polarisation-depended hue responses of three 
individual particle assemblies. Scale bars, (a-c) 5 µm, (e-g) 100 nm. 

 

Asymmetric plasmonic particles, such as nanorods, possess longitudinal and transverse 

plasmon modes along their long and short axes respectively.28 Therefore, they exhibit an 

angle-dependent scattering response when excited by polarised light.29 This results in a 

polarisation-angle-dependent change in the scattering colour of the nanorods when viewed 

under DFM.30,31 Additionally, plasmonic coupling can give rise to collective modes in 

assemblies of particles in close proximity, which also display such polarization-sensitive 

responses.32 The nanoparticle assemblies in our PUFs display similar behaviour, resulting in a 

changing hue when imaged while varying the polarisation angle of the incident light (Fig. 4a-

c). Additionally, the distribution of the hue values changes when imaged under static 

polarised illumination (Fig. 4d). We also observed that complex assemblies composed of 

multiple particles exhibit a variety of hue responses under changing polarisation illumination 

(Fig. 4e-g). SEM images reveal that the nanoparticle assemblies often contain multiple 

nanorods and spheres at varying distances from each other. In all cases, we see an angle-

dependent hue response. These fall into two classes, those that show well-defined peaks (Fig. 

4e,f) and those that show a more ‘noisy’ hue response (Fig. 4g). The former suggests that 

collective plasmonic modes of such assemblies possess a unique long-axis. However, this is 
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not intuitively evident from the arrangement of the particles within the assemblies. The 

polarisation-dependent hue response can enhance the security of the PUF by challenging the 

authenticator to reproduce the hue response at any arbitrary angle along with the 

unpolarised response. Accordingly, an attacker would need the ability to clone both 

responses to fool the authenticator.  

Practical implementation of our PartiPUFs 

   
Figure 5. Practical implementation of the PartiPUFs. a) Schematic and b) realisation of a 3D-
printed Dark Field microscope (3DFM). c) DFM image of the PUF in Fig. 3d (Fig. S18) taken 
with the 3DFM at 60x magnification. d) A PUF assembled using AuNS and AgNS on a ‘lock’ 
pattern with 600 nm spacing made by e-beam lithography. Inset: a magnified view showing 
the hexagonal array of scattering spots. Scale bars, (b) 5 cm, (c,d) 10 µm and inset 2.5 µm. 

 

Unlike other high-security implementations of PUFs which require sophisticated and costly 

instruments to verify the tag, our PartiPUFs can be questioned with an inexpensive optical 

setup. To demonstrate this, we designed a simplified 3-D printed DFM, which we then used 

to image our PUFs. The 3-D printed DFM consists of a dark-field condenser, an achromatic 

60x objective, an ocular lens and a 12-megapixel Raspberry Pi camera module (Fig. 5a,b). We 

used a 3D-printed framework to align the optical components in the horizontal direction. We 

can adjust the height of the dark-field condenser to ensure contact between the condenser, 

the immersion oil and the sample. The objective is connected to three steel rods, which are 

used to move it along the z-direction to allow for focusing. Using this setup, we imaged the 

PUF in Fig. 3d and were able to resolve the scattering spots and their hues (Fig. 5c).  We 
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estimate that on a commercial scale a PartiPUF testing machine/read-out machine could be 

produced from components costing on the order of ~200 € (Supplementary note S6).  

Our process is also compatible with other lithography methods such as e-beam or 

nanoimprint lithography which can form consistent and spatially variable placement pattern. 

This can be used to encode additional safety features or easily recognisable markers to locate 

the read-out region of the tag. To demonstrate this, we performed DOP and NPP on 

substrates patterned with e-beam lithography.33,34 Figure 5d shows the DFM image of ‘locks’ 

made up of a hexagonal array of placement sites. Additionally, DOP has been shown to be 

compatible with techniques like nanoimprint lithography.16 This would allow for printing of 

predefined patterns like product barcodes on which NPP can be performed, combining 

product data and authentication. 

Conclusions 

We have shown that self-assembly of plasmonic nanoparticles, driven by DNA origami, can be 

used to create nanoscale PUF labels with high information density. Our approach combines a 

unique optical response on the micron scale with information encoding on the nanoscale, 

which is accessible with a relatively simple and inexpensive optical microscope. To fabricate 

our PUF labels we used an approach that does not demand any sophisticated instrumentation 

and intrinsically generates unique objects because of the stochastic nature of their assembly. 

While each PUF labels is unique, we have shown we can control the range and distribution of 

accessible hue values of our PUFs. Because the optical response of each scattering site 

depends on the size, shape and composition of multiple nanoparticles, an attacker would 

have to first characterise a specific PUF with sophisticated instrumentation and then replicate 

it on the nanometre scale using several materials, which is infeasible even using top-end 

lithography manufacturing. We also show seamless integration of our PartiPUF with a cheap 

read-out tool in the form of a 3D-printed DFM, which significantly bridges the gap between 

experimental technology and its application.  
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METHODS 

DNA Origami design, preparation and purification 

The DNA origami nanodisc was designed using cadnano35. Design details of the nanodisc can 

be found in the supplementary information.  

Staple strands were purchased from IDT Technologies (HPLC purified, 200 μM each in water). 

Cadnano files and list of sequences of oligonucleotides can be found in the Supplementary 

Data. The scaffold strands (p8634) were produced from M13 phage replication in Escherichia 

coli. DNA origami structures were folded by mixing scaffold strands with an excess of staple 

strands in folding buffer (buffers used in this work can be found in the ‘DNA origami 

placement (DOP)’ section of the supplementary information). Samples were annealed in a 

PCR machine (Tetrad 2 Peltier thermal cycler, Bio-Rad) and purified from excess staples by 

agarose gel electrophoresis. A full description of the folding and purification of the DNA 

origami can be found in the supplementary information. 
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Preparation of DNA-coated AuNPs 

30 nm gold nanospheres were purchased from BBI International. All nanorods were prepared 

in-house. The nanoparticles were functionalized with a mixture of 5’-thiolated 19 nt and 8 nt 

poly-T single-stranded DNA (Biomers). The particles were centrifuged, the supernatant was 

removed and the particles were resuspended in 0.1% SDS to ~15 O.D. (for nanorods) and 

~10 O.D. (nanospheres) concentration. The particles were then mixed with a 1:9 mixture of 

T19 and T8 thiolated single-stranded DNA (strand concentration 100 µM) in a nanoparticle 

suspension:DNA ratio of 3:2 (nanorods) or 3:1 (nanospheres) and frozen at -80° C for 30 min. 

After freezing, the functionalized particles were purified from excess DNA with gel 

electrophoresis in a 1% agarose gel ran for 90 min at 80 V. Particles were collected by cutting 

out the migrating band and squeezing out the liquid with the particles using a microscopy 

slide wrapped in parafilm. Specific staples in the nanodisc were modified with 10 nt poly-A 

extensions on the 3’ ends (Fig. S1) to capture the nanoparticles. 

Preparation of the substrates and DNA origami placement 

Si/SiO2 substrates patterned with e-beam lithography were prepared by adapting the 

procedure from ref.16 with slight modification. The 4-inch Si/SiO2 wafer with 100 nm thermal 

oxide (Microchemicals) was diced into 1 cm × 1 cm chips. Clean chips were primed with 10 

mL of hexamethyldisilazane (HMDS) in a 4 L desiccator. The time of priming was optimised to 

maintain a Si/SiO2 surface contact angle of 70°-75° after HMDS deposition. Binding sites were 

patterned into poly(methyl methacrylate) resist by electron-beam lithography. Examples of 

binding sites design are shown in figure S34. Then the chips were developed with a 1:3 

solution of methyl isobutyl ketone (MIBK) and isopropanol (IPA). The HMDS in developed 

areas was removed with O2 plasma for 6 s in a plasma cleaner (PICO). The resist was stripped 

by ultrasonication in N-methyl pyrrolidone (NMP) at 50°C for 30 min. The substrates were 

briefly rinsed with 2-propanol, then dried in a nitrogen stream and used immediately. 

Glass chips patterned via nanosphere lithography were prepared by adapting the procedure 

from ref.17 1 cm2 glass chips were purchased from Plano-em. The polystyrene (PS) 

nanospheres with a diameter of 350 nm, 400 nm, 600 nm and 1µm (Thermo Scientific™ 

Nanosphere™ Size standards 3350A, 3400A, 3600A and 4010A respectively) were purified by 

centrifugation and resuspension in 50% ethanol/water. The PS nanospheres were drop-

casted onto an O2 plasma-activated chip surface and dried at a ∼ 45° angle at RT, forming a 

close-packed monolayer/multilayer of nanospheres. The chips were then primed with 0.6 mL 

HMDS in a 1 L desiccator under a vacuum. The PS nanospheres were lifted off the surface by 

ultrasonication in water at RT for 5 min. Finally, the surface was blown dry with a nitrogen 

gun and baked at 120 °C for 5 min to stabilize the HMDS on the surface and used immediately. 

Binding of DNA origami to the patterned substrates was achieved by depositing of a 60 μL 

drop of freshly folded and purified DNA origami in placement buffer to the surface of the 

chips. After incubation for 1 h at RT, excessive DNA origami was removed from the surface by 

10 buffer replacement steps and purification with tween buffer. After this step, chips with 

placed DNA origami could be air dried, or nanoparticle placement could be performed. Air 
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drying of the chips was performed by treating the samples with an ethanol dilution series (see 

supplementary information for step by step protocols protocols).  

Characterization techniques  

UV-Vis spectroscopy. Extinction measurements for determination of DNA and nanoparticle 

concentrations were performed with a NanoDrop ND-1000 spectrophotometer (Thermo 

Scientific). 

TEM imaging. 5 µL of a sample was incubated for 30 s – 5 min, depending on concentration, 

on glow-discharged TEM grids (formvar/carbon, 300 mesh Cu; Ted Pella) at room 

temperature. DNA origami samples were stained with a 2% uranyl formate aqueous solution 

containing 25 mM sodium hydroxide. Imaging was performed with a JEM1011 transmission 

electron microscope (JEOL) operated at 80 kV. 

AFM imaging. The tapping-mode AFM of glass substrates was carried out on a Dimension 

ICON AFM instrument (Bruker). OTESPA silicon tips (300 kHz, Vecco Probes) were used for 

imaging in air. Images were analysed with Gwyddion software. 

SEM imaging. The SEM instrument used in this work is the Raith eLINE SEM instrument. The 

beam settings for imaging are 10 kV acceleration and 20 μm aperture. The samples were 

imaged using the SEM after 20 s sputtering using an Edwards Sputter Coater S150B. The 

sputter target contained 60% gold and 40% palladium. The process parameters used for 

sputtering were 5 mbar Argon, 1.5 kV, 11 mA. Here 20 s of sputtering results in the deposition 

of a layer of gold/palladium with a thickness of a few nanometres. SEM imaging was 

performed on horizontal samples. 
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6. OUTLOOK 

This thesis has explored the potential of DNA nanotechnology, particularly DNA origami, for 

engineering the optical response of plasmonic nanoparticle assemblies. The research primarily 

focused on two key areas: chiral plasmonics and physical unclonable functions (PUFs). 

A novel method for the synthesis of silver-gold core-shell nanorods was developed. This approach 

offers precise control over size, aspect ratio, and silver shell thickness, leading to tunable optical 

properties. The functionalization of these nanoparticles with DNA enhanced their stability and 

enabled their specific arrangement into chiral geometries via DNA origami, providing a spectral 

control over the circular dichroic signal. Recently, the application of plasmonic enhancement to 

act as a photocatalyst has received attention.129,151 One way plasmonic systems achieve this is by 

generating and donating excited (hot) charge carriers to the reacting species152, a process which 

can be boosted by enhancing the induced field in the plasmonic nanoparticle, such as the creation 

of hot spots.153 It has been predicted that the chirality in plasmonic systems can lead to related 

CD effects in photochemical reactions152, which opens up new opportunities for their applications 

in plasmon-induced photocatalysis and solar energy conversion.154 

 

Figure 22. Future outlook of nanoparticle placement. a) Uniform single-particle placement. b) A 
‘nanoGalaxy’ created using nanoparticle placement on patterns made using e-beam lithography. 
Scale bar, (a) 1 µm. 

In response to the limitations of optical cryptographic methods, this thesis introduced a novel 

type of optical PUF. Combining DNA origami with nanosphere lithography, a high-security, 

unclonable tag was created. These PUFs exhibited a broad range of hues due to strong plasmonic 

coupling, thereby enhancing their security features. Moreover, a cost-effective 3D-printed read-

out tool was developed to facilitate practical implementation. Further work needs to be done to 

maximise the long-term stability of the PUFs, for instance by coating the labels with polymer films 

which do not interfere with DFM imaging. During nanoparticle placement experiments, we were 

also able to make surfaces with uniform single-particle placement over large areas (Fig. 22a), 

although reproducible fabrication of such surfaces will need further optimisation. Such surfaces 

could be used to plasmonic surface lattices, with the programmable nature of DNA origami 
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allowing the user to create geometries with nanoscale precision.155 Using e-beam lithography, we 

were able to create brightly scattering patterns made of nanoparticles placed using the same 

method as for PUF fabrication (Fig. 22b). Combined with lithographic techniques, our approach 

could be used to build metasurfaces for both fundamental studies as well as to develop new 

colouration techniques for vivid digital displays driven by the strong light-interactions of 

plasmonic nanoparticles.156 

Note 

ChatGPT (Oct 2023 version) from OpenAI was used to edit some parts of the text. 
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Electronic Supplementary Material
Visible wavelength spectral tuning of absorption and circular dichroism of DNA-assembled Au/Ag core-

shell nanorod assemblies 
Mihir Dass, Lilli Kuen, Gregor Posnjak, Sven Burger and Tim Liedl *

Supplementary Note S1 - Experimental Section
Synthesis of AuNRs 

The synthesis protocol was adapted from(1). The protocol was repeated with different ratios of the reagents until AuNRs of the desired size were synthesised. 
The final synthesis recipe is below : 

Reagent Concentration Volume
CTAB - n-decanol 90mL
HauCl4 50mM 900uL
AgNO3 10mM 1800uL
AA 0.2M (weight x 56.8) 720uL
HCl 1M 3600uL
Seed OD 0.6 at 400nm 2880uL

Washing AuNRs 

AuNRs were washed 2x in 0.1M CTAB, and then were redispersed in 0.01M CTAB for further use. For AuNRs to be used for functionalisation with thiol-DNA, 
the rods were washed and redispersed in 0.1% SDS.

Synthesis of Au/AgNRs nanorods

Reagent Concentration Volume
CTAB 0.1M 2250 uL
AuNRs 15 O.D. in 0.01M CTAB 480uL
Thiol-DNA T8:T19 (9:1) 

100uM in water
480uL

AgNO3 2-12mM 400uL
L-Ascorbic acid 0.2M 64uL
NaOH 0.2M 125uL

Washing AuAgNRs 

1. The synthesised rod dispersion was aliquoted into 300uL batches.

2. The rods were centrifuged and then redispersed in 0.1M CTAB. Centrifugation parameters were 4500rcf, 5min for rods synthesised with 2-6mM 
AgNO3, and 3000rcf, 3min for rods synthesised with 8-12 mM AgNO3.

3. The rods were centrifuged and then redispersed in 0.01M CTAB.

4. The rods were centrifuged and then redispersed in 0.1% SDS.

Note : Aggregation of the AuAgNRs most commonly occurred during the washing steps. If the centrifugation speed was too high, the AuAgNR pellet had a 
metallic lustre and was difficult to redisperse. For washing, we advise starting from lower centrifugal speeds and gradually increasing them until a clear 
supernatant is obtained.

Functionalisation of nanorods

Functionalisation was found to work best when the nanorods were suspended in 0.1% SDS. 

AgNO3 conc. added Actual AgNO3 conc. in growth sol.
2mM 210.5 µM
4mM 421  µM
6mM 631.7 µM
8mM 842 µM
10mM 1053 µM  

Electronic Supplementary Material (ESI) for Materials Advances.
This journal is © The Royal Society of Chemistry 2022
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AuNRs

32uL of thiol-T19 and 288uL of thiol-T8 were mixed together and added to 480uL of AuNRs dispersed in 0.1% SDS. The mixture was vortexed for 5s, and kept 
at -80oC for 30min. The 800uL mixture was then thawed and centrifuged to concentrate it down to ~100uL. Agarose gel electrophoresis was used to separate 
the functionalised AuNRs from excess thiol-DNA. A 1% gel was cast and the run parameters were 100V, 250mA, 1hour. The relevant gel bands were excised 
and squeezed between a glass slide and parafilm to extract the liquid sample.

AuAgNRs

In a typical experiment, after washing, the rods were centrifuged and resuspended in 0.1% SDS to a final volume of 480uL. 32uL of thiol-T19 and 288uL of 
thiol-T8 were mixed together and added to the rod dispersion. The mixture was vortexed for 5s, and kept at -80oC for 30min. The 800uL mixture was then 
thawed and centrifuged to concentrate it down to ~100uL. Agarose gel electrophoresis was used to separate the functionalised AuNRs from excess thiol-DNA. 
A 1% gel was casted and the run parameters were 100V, 250mA, 1 hour in ‘Gel-buffer’ (40mM Tris, 20mM Acetic acid, 1mM EDTA and 11mM Mg2+). The 
relevant gel bands were excised and squeezed between a glass slide and parafilm to extract the liquid sample.

DNA Origami

Staple strands and the scaffold strand (modified 8064 nt long M13mp18 ssDNA) were mixed together to a target concentration of 200nM and 25nM 
respectively in 16mm MgCl2, 10mM Tris and 1mM EDTA. The mixture was divided into 100uL aliquots in PCR tubes and annealed from 65oC to 20oC over ~ 16 
hours (detailed program below). 

Temperature (oC) Time 
65 15 min
64-60 5 min each
59-40 45 min each
39-36 30 min each
35-20 5 min each

The origami structures were purified using 100kDa MWCO Amicon filters. 

1. Wet the filter by adding 450 µL water. 

2. Spin filter at 4000rcf for 3 min. Discard the filtrate. 

3. Add 200µL of the folded origami and 250 µL ‘TE-12.5’ buffer (10mM Tris, 1mM EDTA and 12.5mM Mg2+). Spin at 6000 rcf for 6 min. 

4. Discard the filtrate. Add 420 µL TE-12.5 buffer and spin at 6000 rcf for 6 min. 

5. Repeat step (4) three more times.

6. Invert the filter into a clean tube and spin at 6000 rcf for 2 min to collect the purified origami.

All experiments in this manuscript were performed using a single batch of 800uL origami (for both the X-shape and L-shape structures) which was folded and 
purified using this method above. After amicon purification, the origami were diluted to a concentration of 30nM.

Nanorod-origami hybridisation

50uL aliquots were made for each hybridisation experiment. Agarose gel purified nanorods were centrifuged down and resuspended in Gel-buffer to a final 
volume of ~ 48.5uL. 1.5uL of the origami was added to the nanorods while vortexing the sample.(2) The samples were then cycled from 45oC to 20oC at 10min/oC 
a total of 4x.(3) 

The samples were then run in a 1.2% agarose gel and the run parameters were 100V, 250mA, 2 hours in gel buffer. The relevant gel bands were excised and 
squeezed between a glass slide and parafilm to extract the liquid sample.

 



Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3

Please do not adjust margins

Please do not adjust margins

TEM sample preparation

TEM grids were exposed to Argon plasma for 30s before sample deposition. The deposition duration for DNA origami (~ 5nM) was 30s, and for the NR-origami 
structures was 15min. The grid was then dipped on a 5uL droplet of 2% Uranyl formate (UFo) solution (containing 25mM NaOH) which was then wicked off 
immediately. The grid was then dipped in another UFo droplet, incubated for 10s and then wicked off. It was allowed to dry before imaging.

TEM images – Nanorods

Figure S1. Agarose gel electrophoresis of a) AuAgNRs of varying Ag shell thickness and b) the X-shape chiral metamolecules constructed from 
the AuAgNRs. The Ag+ concentration used for synthesising the Ag shells is mentioned above the respective lane.

Figure S2. TEM images of nanorods with varying shell thicknesses. a) AuNRs. Au/AgNRs synthesized using b) 2mM, c) 4mM, d) 6mM, 
e) 8mM, f) 10mM of Ag+ added to the growth solution. All scale bars are 100nm.
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TEM images – Chiral metamolecules (X-shape)

Figure S3. TEM images of X-shape chiral metamolecules assembled with a) AuNRs; Au/AgNRs synthesized using b) 2mM, c) 4mM, d) 
6mM, e) 8mM, f) 10mM of Ag+ added to the growth solution. All scale bars are 200nm.
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TEM images – Chiral metamolecules (L-shape)

Supplementary note S2 – Numerical Section
Numerical Simulations

Numerical simulations were performed using the finite-element method (FEM), implemented in the solver JCMsuite.(4) Within all simulations, a polynomial 
degree of the FEM ansatz function p=2 was used. The discretisation was realised by a tetrahedral mesh with edge sizes smaller than 16 nm for the background, 
4nm for the Ag shell, and 3.5 nm for the Au NPs. Transparent boundary conditions were realised using perfectly matched layers (PML).

Each side of the computational domain was illuminated by one left and one right-handed circularly polarised plane wave (LCP and RCP). The absorbed 
electromagnetic field energy and the electromagnetic field energy scattered outwards were recorded for each source. The total extinction was given by the 
sum of absorption and scattering for LCP and RCP, and all six directions of incidence. All graphs of the total extinction were normalised to their maximum 
value. The CD spectrum was given as the difference of extinction of LCP and of RCP. The graphs of the CD were normalised to their maximum to dip value, 
corresponding to the curves of the experimental data.

The simulation results, shown in Fig. 1 and Fig. 4 were computed using a scripting language (Matlab), to auto-generate the input files and to distribute the 
FEM computations to various threads on a workstation for parallel computation of the wavelength and parameter scans.

Geometry

The basic geometry for a single coated rods is depicted in Fig. S5a. It consists of an inner rod made of gold with diameter  nm and height of 𝑑𝑖 = 15

nm and an outer shell with diameter  and height , that represents the silver coating. The thickness of the silver coating is given as   at the ℎ𝑖 = 61 𝑑𝑜 ℎ𝑜 𝑡𝑑

side of the rods and  at the top,  in the case of homogeneous coating  the thickness is given as .  The cap rounding radii of rod and shell are 𝑡_ℎ 𝑡𝑠ℎ = 𝑡𝑑 = 𝑡ℎ

, resp.  . Three different arrangements were analyzed, a single NR and NR-NR arrangements in X- and L-shape.  The thickness of the silver coating 𝑑𝑖/2 𝑑𝑜/2

was varied within the different cases for each arrangement. The sizes for the outer rod are given in Table S1 for the graphs of the numerical simulation in. 1 
and Fig. 4, and in Table S2 for the graphs in Fig. S6 and Fig. S7 in this supplementary section. The NR-NR arrangement in X-shape, see Fig. S5b consists of two 
rods, with the rear one rotated 45° counterclockwise. The NR-NR arrangement in L- shape, shown in Fig. S5c consists of two rods, with the lower one rotated 
90° counterclockwise. The offset between the rods is 11 nm from surface to surface, for both arrangements, X- and L-shape. 

Figure S4. TEM images of L-shape chiral metamolecules assembled with a) AuNRs; Au/AgNRs synthesized using b) 2mM, c) 4mM, d) 
6mM, e) 8mM, f) 10mM of Ag+ added to the growth solution. All scale bars are 200nm.
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Table S1. Measured sizes of the outer rod for all three arrangements, corresponding to the simulations for Fig. 1 and Fig. 4 with the 
concentration of AgNO3 in [mM] in the growth solution, thickness of the silver coating at the side of the rods  and the tips , the 𝑡𝑑 𝑡ℎ

diameter and height  of the outer rod, representing the silver shell.  𝑑𝑜 ℎ𝑜

Case 1 2 3 4 5

 [mM]𝐴𝑔𝑁𝑂3        2       4 6 8 10

  [nm]𝑡𝑑 4.9      7.5 9.5 12.5 13.8

   [nm]𝑡ℎ 4.5 6.5 8 11.5 12.25

 [nm]𝑑𝑜 24.8 30 34 40 52,6

 [nm]ℎ𝑜 70 74 77 84 85.5

Table S2. Homogenous silver coating with   starting from 5 nm in 2 nm steps up to 33 nm, corresponding to the simulations of 𝑡𝑠ℎ = 𝑡𝑑 = 𝑡ℎ

Fig. S6 and Fig. S7 and the resulting diameter and height  of the outer rod.  𝑑𝑜 ℎ𝑜

Case 1 2 3 4 5 6 7 8 9 10

 [nm]𝑡𝑠ℎ = 𝑡𝑑 = 𝑡ℎ 5 7 9 11 13 15 17 19 21 23

  [nm]𝑑𝑜 25 29 33 37 41 45 49 53 57 61

  [nm]ℎ𝑜 71 75 79 83 87 91 95 99 103 107

Figure S5. a) Single gold rod with diameter  nm and height nm and silver shell with thickness  at the side of the rod and  at the top, 𝑑𝑖 = 15 ℎ𝑖 = 61 𝑡𝑑 𝑡ℎ

represented by an outer rod diameter  and height . The cap rounding radii of rod and shell are , resp.  . b) NR-NR arrangement in X-shape with 𝑑𝑜 ℎ𝑜  𝑑𝑖/2 𝑑𝑜/2

45° angle between the NRs and 11 nm distance between the surfaces of the NRs. c) NR-NR arrangement in L-shape with 90° angle between the NRs and 11nm 
distance from surface to surface of the NRs.
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Parameter studies with homogeneous coating

We study the influence of the silver coating, performing a parameter study for various silver shell thicknesses for all three arrangements. Therefore, we assume 

a homogenous silver coating  and vary the thickness of the shell  from 5nm to 23nm in 2nm steps, sizes given in Table S2. The normalised total 𝑡𝑠ℎ = 𝑡𝑑 = 𝑡ℎ 𝑡𝑠ℎ

extinction in dependence on the wavelength is shown in Fig. S6 for a single, coated rod and different silver shell thicknesses. Two peaks can be observed in 
the spectrum. One at about 400nm, corresponding to the so-called transverse mode and the second in the range of 600nm - 700nm corresponding to the 
longitudinal mode. The transverse mode gets a red shift for thicker silver coatings and the intensity increases. The longitudinal is blue shifted with increasing 
silver layer thickness. This is in good agreement with the previous results.(5) Furthermore, it can be observed that the shift of the resonances is sensitive to the 
thickness of the silver layer. 

The peak to dip normalised CD signal for the NR-NR arrangement in X- and L-shape is shown in Fig. S7. Here, mainly two peaks occur in the CD signal, the first 
in the range of 550 nm – 650 nm and the second one within 650 nm – 720 nm.  For larger silver layer thicknesses, both resonances receive a blue shift, which, 
however, is less pronounced with increasing layer thickness. For large coating thicknesses, there is an additional peak at around 450nm. This might be caused 
by coupling of the transversal modes of the Au/AgNRs.
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Figure S7. Numerically obtained normalised circular dichroism (CD) signal as function of illumination wavelength for different, 

homogeneous silver shell thicknesses,  varied from 5 nm up to 23 nm in 2 nm steps. a) NR-NR arrangement in X-shape, b) NR-NR 𝑡𝑠ℎ

arrangement in L-shape. 

Figure S6. Numerical result of the normalized total extinction as function of the illumination wavelength for a single coated rod with 
homogeneous silver shell thickness , varied from 5 nm in 2 nm steps up to 23 nm. 𝑡𝑠ℎ
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L-shape with imperfect angle

When assembling the L-shape dimers, it may happen that the angle between the two rods is not exactly 90° (Fig. S4). In the event that it is smaller, the L-
shaped arrangement resembles the X-shape more and more. We simulated the L-shape arrangement for the 6mM variant of Au/AgNRs with different angles 
between the two rods (90°, 80°, 70° and 60°) to determining the influence of the angle on the CD spectra. The results are shown in Fig. S8. For smaller 
angles, the shape profile of the normalised CD begins to resemble the experimental results (Fig. 4b), with the dip around 400nm becoming more pronounced 
at lower angles.

Figure S8. Normalised CD in dependence of the wavelength for AuAg NR arrangement in L-shape for 6mM and different angles. 
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Supplementary note S3 – Shell thickness analysis 
The nanoparticles’ polydispersity, especially in the width, increases with the growth of thicker Ag shells (Fig. S8, right column). The synthesis of nanocrystals, 
in this case the Ag shell, is extremely sensitive to growth conditions. This inhomogeneity in the growth of nanocrystals has been widely studied, especially for 
gold nanocrystals.(1,6) Several ways have been suggested to improve the synthesis, including careful control over parameters like temperature during the growth 
phase (6), as well as addition of specific additives than can influence the monodispersity of the particles during growth.(7) 
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Size distributions of all NRs were determined by analyzing transmission electron microscopy (TEM) images. The dimension analysis of all images was done 
using ImageJ software (https://imagej.nih.gov/ij/). 

Figure S9. Size distribution of AuNRs and Au/AgNRs synthesized using different Ag+ concentrations. 

https://imagej.nih.gov/ij/
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Supplementary note S4 – Spectral analysis of shifting LSPR 

Figure S10. Variation in aspect ratio and LSPR peak of the Au/AgNRs relative to AuNRs. 

Figure S11. Comparison between theoretical and experimental CD spectra analysing the spatial tuning of the spectral maxima and 
minima.  
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Supplementary note S5 – Thin shells 
The realization of very thin Ag coatings, smaller than 5nm are technically not trivial. The experiments have shown that these arrangements do not remain 
sufficiently stable to be able to carry out measurements. Therefore, coating thicknesses from 1nm to 5nm are investigated numerically. For a single coated 
rod, the model and the numerical simulation procedure from Section S2-Numerical Section is used. The Ag coating is varied from 1nm to 5nm. The dimensions 
are given in Table S3. The results for the normalised total extinction is shown in Figure S11, where  corresponds to a pure gold rod without silver 𝑡𝑠ℎ = 0

coating. For thicker coatings the resonance in the higher wavelength regime is blue shifted and a second resonance around 350nm is occuring. The curves lie 
within the range between the pure Au NR and the smallest AuAg NR with smallest coating in Fig. 1. 

For the X-shape and L-shape arrangements, the models and the numerical simulation procedure from Section S2-Numericlal Section are used. The Ag coating 
thickness is varied homogeneously from 1nm to 5nm, for dimensions see Table S3. The results of the normalised Circular Dicroism (CD) for X- and L-shape with 
different shell thickness are depicted in figure S 12. A layer thickness of 0 nm corresponds to pure gold rods. The CD has two peaks, the transverse 𝑡𝑠ℎ =  

mode in the range of 650nm - 850nm and the longitudinal mode in the range of 700nm - 900nm. For thicker Ag films, both peaks are blue shifted. The thicker 
the Ag layer, the more blue shifted is the CD. In addition, the distances between the CDs becomes smaller. The CD of the thinnest silver coating is very close 
to the result of the CD for pure Au rods (t_sh = 0nm). For both arrangements the curves lie within the range between the pure Au NR and the smallest AuAg 
NR with smallest coating in Fig. 4.

Table S3 Homogenous silver coating with   starting from 1 nm in 1 nm steps up to 5 nm, corresponding to the simulations of 𝑡𝑠ℎ = 𝑡𝑑 = 𝑡ℎ

Fig. S11, Fig. S12 and the resulting diameter and height  of the outer rod.  𝑑𝑜 ℎ𝑜

Case 1 2 3 4 5
 [nm]𝑡𝑠ℎ = 𝑡𝑑 = 𝑡ℎ 1 2 3 4 5

  [nm]𝑑𝑜 17 19 21 23 25
  [nm]ℎ𝑜 63 65 67 69 71

Figure S12. Numerically obtained total extinction as function of illumination wavelength for a single coated rod with different, 
homogeneous silver shell thicknesses,  varied from 1 nm up to 5 nm in 1 nm steps and normalized total extinction for pure gold rods (𝑡𝑠ℎ

nm). a) NR-NR arrangement in X-shape, b) NR-NR arrangement in L-shape.𝑡𝑠ℎ = 0 
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Figure S13. Numerically obtained normalised circular dichroism (CD) signal as a function of illumination wavelength for different, 
homogeneous silver shell thicknesses,  varied from 1 nm up to 5 nm in 1 nm steps and normalised CD for pure gold rods ( nm). 𝑡𝑠ℎ 𝑡𝑠ℎ = 0 
a) NR-NR arrangement in X-shape, b) NR-NR arrangement in L-shape.
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Supplementary note S5 – Thick shells 
The evolution of the aspect ratio of the AuAgNRs with increasing Ag+ concentration is tied to the aspect ratio of the underlying core AuNRs. For the AuNRs 
used in this paper (with dimensions ~ 61 nm x 15 nm), using 12mM Ag+ in the growth solution led to Au/AgNRs that were almost isotropic (Fig. S11a,b), which 
makes it difficult to define the length vs width and thus, makes the calculation of the aspect ratio unreliable.

This isotropic nature of the Au/AgNRs is also mirrored in their extinction spectra, which no longer exhibits separate longitudinal and transverse modes but 
rather shows an almost total overlap between the two (Fig. S11c).

Figure S14. Growing thick Ag shells. a) TEM image of AuAgNRs grown using 12mM Ag+. b) A close-up of the AuAgNRs. c) Normalized 
total extinction of the Au/AgNRs. Scale bars : 50 nm.
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Figure S15. An overlay of the CD and normalized extinction spectra of L-shape dimer made with AuNRs, depicting their relative 
spectral positions. The LSPR hybridization modes in the chiral dimer are labelled for the CD spectra.
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DNA Origami design
The 2-layer sheet structure is designed to have an array of sites on both sides of the origami from which the 3’ site of a staple can be extended. The green 
staples are designed such that their 3’ ends face the ‘bottom’ face. Similarly, for the red staples the 3’ ends face the ‘top’ face. The staples on the edges are 
extended with three C’s to prevent base stacking between origami structures. Eight A’s are extended as anchors to bind to functionalised nanorods.

In the accompanying list of oligos, the ‘core’ staples are common to both the X- and the L-shape designs. The ‘staples’ are oligos without any extended part, 

while the ‘handles’ are oligos with a polyA extension.

Figure S16. Cadnano design for the 2-layer sheet structure with anchors to form the L-shape metamolecule.
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Supplementary Information 

Methods 

DNA Origami 

Design. A disc-shaped DNA origami structure was chosen to match and cover the circular 

binding sites created by the NSL process, specifically when using polystyrene nanospheres 

with d ≤ 400nm. The cadnano design files and staple sequences are included separately. 

Staple extensions with 10 nt poly-A sequences were used to capture nanoparticles.  

 
Figure S1. Cadnano design of the nanodisc origami structure. The scaffold is shown in blue. 

The red and violet staples are extendable from opposite faces. The green staples on the edges 

have C4 extensions to prevent stacking. Deletions of base pairs are marked with red X symbols. 

Positions of staple extensions are marked by coloured circles. 

Assembly. Staple strands (Integrated DNA Technologies, 200 µM each in water) and the 

scaffold strand (modified 8634 nt long M13mp18 ssDNA) were mixed to a target 

concentration of 200 nM for each staple and 20 nM for the scaffold, respectively, in 18 mM 

MgCl2, 10 mM Tris and 1 mM EDTA (pH 8.3). The mixture was divided into 100 µL aliquots in 

PCR tubes and annealed from 65oC to 20oC over ~ 16 hours (see table below). 

Table S1. DNA Origami folding program 

Temperature 
(oC) 

Time  

65 15 min 

64-60 5 min/ oC 

59-40 45 min/ oC 

39-36 30 min/ oC 

35-20 5 min/ oC 
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Purification. The origami structures were analysed and purified using a 1% agarose gel. The 

gels were run in a buffer containing 40 mM Tris, 20 mM acetic acid, 1 mM EDTA and 11 mM 

MgCl2 at 100V for 2 hours. 1x SybrSafe (Thermo Fisher) was included in gels for visualizing 

DNA. The desired bands were excised and squeezed between parafilm sheets to extract the 

purified sample. We do not believe the SybrSafe affects further downstream experiments. 

 

Characterisation 

UV-Vis spectroscopy. Extinction measurements for determination of DNA and nanoparticle 

concentrations were performed with a NanoDrop ND-1000 spectrophotometer (Thermo 

Scientific). 

TEM imaging. 5 µL of a sample was incubated for 30 s – 5 min, depending on concentration, 

on glow-discharged TEM grids (formvar/carbon, 300 mesh Cu; Ted Pella) at room 

temperature. DNA origami samples were stained with a 2% uranyl formate aqueous solution 

containing 25 mM sodium hydroxide. Imaging was performed with a JEM1011 transmission 

electron microscope (JEOL) operated at 80 kV. 

AFM imaging. The tapping-mode AFM of glass substrates was carried out on a Dimension 

ICON AFM instrument (Bruker). OTESPA silicon tips (300 kHz, Vecco Probes) were used for 

imaging in air. Images were analysed with Gwyddion software. 

SEM imaging. The SEM instrument used in this work is the Raith eLINE SEM instrument. The 

beam settings for imaging are 10 kV acceleration and 20 μm aperture. The samples were 

imaged using the SEM after 20 s sputtering using an Edwards Sputter Coater S150B. The 

sputter target contained 60% gold and 40% palladium. The process parameters used for 

sputtering were 5 mbar Argon, 1.5 kV, 11 mA. Here 20 s of sputtering results in the deposition 

of a layer of gold/palladium with a thickness of a few nanometers. SEM imaging was 

performed on horizontal samples. 

Plasmonic Nanoparticles 

Synthesis. The gold nanorods were synthesised as in ref.1. The procedure was optimised until 

the desired size was achieved. The rods were washed in 0.1 M CTAB (Roth) and 0.01 M CTAB 

and stored in 0.01 M CTAB at 15 O.D. (optical density) before use. The gold nanospheres (BBI 

solutions) were centrifuged and washed into 0.1% SDS @ 10 O.D. before use.  

Silver coating. The silver coating was performed as previously reported.2 The nanoparticles 

were added to 0.1 M CTAB under stirring (500 rpm) and allowed to mix for 10 s. Then, a 1:9 

mixture of thiolated ssDNA strands with a 19 nt long poly-T sequence (T19) and an 8 nt long 

poly-T sequence (T8) (Biomers, 100 µM, aq.), respectively, were added to the rod mixture. 

This was followed by adding AgNO3 solution, after which the stirring speed was increased 

(1500 rpm). L-Ascorbic acid (0.2 M) and NaOH (0.2 M) were added rapidly in quick succession. 

A colour change after 5 - 10 s indicates the successful synthesis of a silver coating. The reaction 

was allowed to proceed for 10 min. The core-shell nanoparticles were washed to remove 
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excess reactants from their respective growth solutions and then redispersed in 0.1% Sodium 

dodecyl sulfate (SDS) before further use.  

 

 

 

 

Table S2. Silver-coating protocol 

Reagent Concentration Volume 

CTAB  0.1 M 2250 uL 

AuNR 

AuNS 

15 O.D. in 0.01 M 
CTAB 
 
6 O.D. in 0.01 M CTAB 

480 uL 

Thiol-DNA T8:T19 (9:1) 100 uM in 
water 

480 uL 

AgNO3 8 mM (6 mM for 
AuNS) 

400 uL 

L-Ascorbic acid 0.2 M  64 uL 

NaOH 0.2 M 125 uL 

 

Washing AuAgNRs  

1. The synthesised rod dispersion was aliquoted into 300 uL batches. 

2. The rods were centrifuged and then redispersed in 0.1M CTAB. Centrifugation 

parameters were 4500 rcf, 5 min for rods synthesised with 2-6 mM AgNO3, and 

3000 rcf, 3 min for rods synthesised with 8-12 mM AgNO3. 

3. The rods were centrifuged and then redispersed in 0.01 M CTAB. 

4. The rods were centrifuged and then redispersed in 0.1% SDS. 

Note: Aggregation of the AuAgNRs most commonly occurred during the washing steps. If the 

centrifugation speed was too high, the AuAgNR pellet had a metallic lustre and was 

challenging to redisperse. For washing, we advise starting from lower centrifugal speeds and 

gradually increasing them until a clear supernatant is obtained. 

Functionalisation. Nanorods were resuspended in 0.1% SDS to ~15 O.D. before 

functionalisation with DNA. In a typical experiment, 32 uL of thiol-T19 and 288 uL of thiol-T8 

(1:9 ratio) were mixed and added to 480 uL nanorods dispersed in 0.1% SDS. Nanospheres 

were resuspended in 0.1% SDS to ~10 O.D. before functionalisation with DNA. In a typical 

experiment, 16 uL of thiol-T19 and 144 uL of thiol-T8 were mixed and added to 480uL 

nanospheres dispersed in 0.1% SDS. 
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In all cases, the mixture was vortexed for 5 seconds and kept at -80oC for 30 min. The mixture 

was then thawed and centrifuged to concentrate it to ~100 uL. Agarose gel electrophoresis 

was used to separate the functionalised nanoparticles from excess thiol-DNA.  

Purification. The nanoparticles were analysed and purified using a 1% agarose gel. The gels 

were run in a buffer containing 40 mM Tris, 20 mM acetic acid, 1 mM EDTA and 11 mM MgCl2 

at 100V for 90 minutes. The desired bands were excised and squeezed between parafilm 

sheets to extract the purified sample.  

 

Characterisation.  

UV-Vis spectroscopy. 1.5 uL of the liquid on the substrate was taken to measure the 

nanoparticle concentration during NPP.  

TEM imaging. See the DNA origami section. No staining was performed. 

 

DNA origami placement (DOP) 

The DNA origami placement procedure was adapted from ref.3. 

Buffers used 

Folding buffer. 10 mM Tris, pH 8.3, 1 mM EDTA, 18 mM MgCl2. 

Placement buffer. 40mM Tris-HCl, pH 8.35, 40mM MgCl2.  

Tween buffer. 40mM Tris-HCl, pH 8.35, 40mM MgCl2, 0.07% Tween20. 

Gel buffer. 40mM Tris base, 20mM acetic acid, 1mM EDTA, pH 8.3, 11mM MgCl2. 

Substrate preparation and binding site fabrication. 

Materials and equipment required:- 

 Polystyrene nanospheres (diameter - 350nm, 400nm, 600nm, 1µm) at 1 wt% 

concentration (Distrilab) 

 10mm x 10mm coverslips (Plano-em) 

 Lobind tubes  

 Tweezers (Plano-em) 

 Hotplate  

 Plasma cleaner (Diener Pico) 

 Ultrasonication bath  

 Isopropanol (Roth) 

 HMDS  

 Custom 3D-printed stands to hold the coverslips at a 45o angle. 

 Dessicator (1L) 
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1. Wash ~ 500uL polystyrene nanospheres (PsNs) by centrifuging, removing the 

supernatant and resuspending them in 50% Ethanol/water (v/v) three times. 

2. Resuspend PsNs to 3.5 wt% (~ 150 uL) in 50% Ethanol/water (v/v). 

3. Mark a small scratch on the coverslips to ensure upright orientation in the event of 

them flipping over during the binding site fabrication process. 

4. Sonicate coverslips in isopropanol for two minutes @ 100% power. 

5. Place coverslips in a petri dish and plasma clean @ 50W power, 5 min, 45sccm O2 flow. 

6. Place the coverslips against the 3D-printed stand to maintain a reproducible 45o angle. 

7. Drop 8uL of the polystyrene nanosphere suspension to a coverslip. The plasma 

treatment should render the coverslips hydrophilic, and the suspension should spread 

over the whole surface. 

8. Wait until the suspension dries completely, around 5 minutes. 

9. Heat at 60oC for 5 minutes to dry the coverslips. 

10. Place the coverslips in a petri dish and plasma clean @ 20W power, 2 min, 45sccm O2 

flow. This is to clean the surface again (so-called ‘descum’ step) and render the surface 

hydrophilic again. 

11. Add 600uL of HMDS (in a small cup) in the desiccator. Place the coverslips on a plate 

above the cup, and deposit under a vacuum seal (40mbar) for 20 minutes. 

12. Lift-off PsNs by immersing coverslips in DI water and ultrasonicating @100% power 

for 5 minutes.  

13. Heat at 120oC for 5 minutes to stabilise the HMDS-treated surface. 

 

PUF fabrication. 

Materials and equipment required:- 

 Patterned chips 

 Placement buffer 

 Tween buffer 

 Purified DNA Origami 

 Purified DNA-functionalized nanoparticles 

 Petri dish 

 Parafilm 

 Tweezers 

 Pipette and tips 

 Kimtech wipes 

 Ethanol 

 DI water 

DNA Origami Placement 

1. Place a small strip of parafilm inside a Petri dish.  
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2. Place the patterned chip on the parafilm. The hydrophobic parafilm often pushes the 

buffer droplet back onto the chip in the event of spillage. 

3. Keep a moistened Kimtech wipe in the Petri dish to help maintain humidity during 

incubation. 

4. Dilute the purified DNA Origami with Placement buffer in LoBind tubes. 

5. Pipette ~ 60 uL of the diluted Origami onto the chip. Incubate for 1 hour. 

6. Wash 10x with the Placement buffer by pipetting 60uL fresh buffer onto the chip, 

mixing 2-3 times and pipetting 60 uL off the chip. 

7. Wash 5x with the Tween buffer by pipetting 50 uL fresh buffer onto the chip, mixing 

2-3 times and pipetting 50 uL off the chip. Addition of the Tween buffer results in a 

change of the surface tension and spreading of the droplet. Incubate for 5 minutes. 

8. Wash away the Tween buffer by washing for 5 minutes (~ 30 washes) with the 

Placement buffer by pipetting 80 uL fresh buffer onto the chip, mixing 2-3 times and 

pipetting 80 uL off the chip. The indication for the Tween being washed away is that 

the droplet returns to its original shape. 

If the experiment aims to only place DNA Origami, for example, for imaging or troubleshooting 

purposes, skip to step 15 for the drying procedure. 

Adding nanoparticles 

9. Centrifuge the Purified DNA-functionalized nanoparticles. Remove as much 

supernatant as possible, and then vortex and sonicate the suspension to redistribute 

the nanoparticles uniformly.  

10. Now take the desired amount of this nanoparticle suspension (usually 1-10 uL) and 

dilute it with the Placement buffer.  

11. Take away 30 uL of the Placement buffer on the chip. Add 60 uL of the nanoparticle 

suspension in Placement buffer to the chip, mixing 2-3 times and leaving the liquid on 

the chip. Incubate for 1 hour. 

12. Take away 30 uL of the nanoparticle suspension on the chip. Wash 10x with the 

Placement buffer by pipetting 60 uL fresh buffer onto the chip, mixing 2-3 times and 

pipetting 60 uL off the chip. 

13. Wash 5x with the Tween buffer by pipetting 50 uL fresh buffer onto the chip, mixing 

2-3 times and pipetting 50 uL off the chip. Addition of the Tween buffer results in a 

change of the surface tension and spreading of the droplet. Incubate for 5 minutes. 

14. Wash away the Tween buffer by washing for 5 minutes (~ 30 washes) with the 

Placement buffer by pipetting 80 uL fresh buffer onto the chip, mixing 2-3 times and 

pipetting 80 uL off the chip. 

Drying procedure 

15. Successively place the chip into 25%, 50%, 75% and 85% Ethanol/water (v/v) mixture 

for 10 seconds, 10 seconds, 20 seconds and 2 minutes, respectively. 

16. Air dry the chips on a Kimtech wipe. 
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Note: All the DNA Origami and nanoparticles in this work were gel purified for the 

experiments. The rationale behind that is twofold - to get rid of any spurious assemblies 

(dimers, aggregates) and to ensure the removal of all excess ssDNA strands, both staples and 

thiol-DNA. The latter is essential because free thiol-DNA could bind to anchors and inactivate 

DNA Origami structures placed on the surface. Other purification procedures might result in 

similar assembly quality. 

 
Figure S2. SEM images of polystyrene nanospheres deposited on the glass surface. Numerous 
defects (point, line) are clearly visible. Also noteworthy is that since the nanospheres are 
deposited using tilted drop-casting, we obtain multilayers of the nanospheres along with 
monolayers, which has no adverse effect on the DOP. Scale bars: 1 µm. 

 

Table S3. Theoretical comparison of the surface area of a single nanodisc relative to the 

binding sites created using NSL. 

Results were calculated using diameterBS=0.27x diameternanosphere 4.  

 Surface Area (nm2) NDNO per BS (theoretical) 

DNO (Nanodisc) ~7000 - 

Binding site with 350nm nanospheres 
(dBS=95nm) 

~7000 ~1 

Binding site with 400nm nanospheres 
(dBS=110nm) 

~9500 1-2 

Binding site with 600nm nanospheres 
(dBS=160nm) 

~20000 3-4 

Binding site with 1000nm 
nanospheres (dBS=270nm) 

~57000 8-9 
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Supplementary Note S1: Nanoparticles 

Four types of nanoparticles were used: 50 nm Silver-coated gold nanospheres (AgNS), 30 nm 

gold nanospheres (AuNS), silver-coated gold nanorods (AgNR) with length = 75 nm and 

diameter = 25 nm and gold nanorods (AuNR) with length = 60 nm and width = 12 nm.2,5  

 
Figure S3. Normalized extinction spectra of the nanoparticles used, acquired using UV-vis 
spectroscopy.  

 

 
Figure S4. TEM images of a) AuNS, b) AgNS, c) AuNR and d) AgNR. Scale bars : 100 nm. The 

particles were dried from water suspension on glow-discharged TEM grids (formvar/carbon, 

300 mesh Cu; Ted Pella). 
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Figure S5. Uncropped versions of the PUFs in Fig. 2a (400 nm spacing) recorded at 100x 

magnification. Scale bar, 10 µm. 

 

 
Figure S6. Uncropped versions of the PUFs in Fig. 2b (600 nm spacing) recorded at 100x 

magnification. Scale bar, 10 µm. 
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Figure S7. Uncropped versions of the PUFs in Fig. 2c (1 um spacing) recorded at 100x 

magnification. Scale bar, 10 µm. 

 

 
Figure S8. SEM images of a PUF with 400 nm spacing. Particles used – AuNS, AuNR, AgNS, 
AgNR @ 0.5 OD. 
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Figure S9. SEM images of a PUF with 600 nm spacing. Particles used – AuNS, AgNS, AgNR @ 
0.2 OD. 

 

 
Figure S10. SEM images of a PUF with 1 um spacing. Particles used – AuNS, AgNS, AgNR @ 
0.25 OD. 
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Figure S11. Optimised DOP. NSL was performed using 350 nm polystyrene nanospheres. DNA 

origami concentration during DOP was 150 pM. Scale bar, 1 µm. Inset: 800 nm x 800 nm. 

 

 
Figure S12. NSL was performed using 1um nanospheres. DNA origami concentration during 
DOP was - a. 50 pM, b. 100 pM, c. 225 pM and d. 450 pM. All scans are 6x6 µm. 
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Supplementary Note S2: Image analysis pipeline 

1. Input: RGB .tif file (here: 4096x2160px) 

2. Image processing (Fig. S13) 

3. Particle measurement (x, y, hue, saturation, value) 

4. Output: .csv file with particle attributes 

5. Plot hue histograms  

 
Figure S13. Image processing workflow. First, transform the initial RGB image to grayscale. 

Use a dummy particle as template to get a correlation map. Get local maxima for areas where 

correlation is higher than a certain value (usually 0.8- 0.9, can also be 0.5 for 600 nm 

patterning). Draw a circle around the coordinates of the peaks to get the black-white mask. 

Combine the mask with the RGB image to get visual feedback of where particle data is 

harvested. To get the hue histogram, the RGB image has to be converted to HSV colorspace 

and then split into ‘hue’, ‘saturation’ and ‘value’ channels. The hue value of one particle is the 

mean hue of all pixels in this particle.  
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Data pipeline for obtaining hue from polarised images : 

1. Input: .avi file. 

2. Crop to the desired size. 

3. Image processing of each frame. 

4. Particle measurement and rearrangement to polarisation data for each particle. 

5. Plot particle hue/saturation/value – polarisation for individual particles (Fig. S14). 

 
Figure S14. Plots showing the variation of hue, saturation and brightness versus polarisation 

for two particles provided as output by the image analysis algorithm. 

 

 
Figure S15. Uncropped versions of the PUFs in Fig. 3a: AgNS (high concentration) recorded at 

100x magnification. Scale bar, 10 µm. The spacing is 1 µm. 
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Figure S16. Uncropped versions of the PUFs in Fig. 3b: AuNS+AuNR (high concentration) 

recorded at 100x magnification. Scale bar, 10 µm. The spacing is 1 µm. 

 

 

 
Figure S17. Uncropped versions of the PUFs in Fig. 3c: AuNS+AgNS+AgNR (high concentration) 

recorded at 100x magnification. Scale bar, 10 µm. The spacing is 1 µm. The area in the bottom 

left was intentionally scratched with a pipette tip to locate the region during SEM imaging. 
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Figure S18. Uncropped versions of the PUFs in Fig. 3d: AgNS (low concentration) recorded at 

100x magnification. Scale bar, 10 µm. The spacing is 1 µm. 

 

 

 
Figure S19. Uncropped versions of the PUFs in Fig. 3e: AuNS+AuNR (low concentration) 

recorded at 100x magnification. Scale bar, 10 µm. The spacing is 1 µm. 
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Figure S20. Uncropped versions of the PUFs in Fig. 3f: AuNS+AgNS+AgNR (low concentration) 

recorded at 100x magnification. Scale bar, 10 µm. The spacing is 1 µm. 

 

Table S4. Placement conditions for Fig. 3 

Sample Particle mix DNO 
conc. 
(pM) 

Particle conc. 
(O.D.) 

a 

 

40 0.75 

b 
 

40 1.5 

c 
 

25 2.7 

d 

 

40 0.5 

e 
 

40 0.5 

f 
 

40 0.25 
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Figure S21. Hue histograms of the nanoparticles used in this study. Each variety of 
nanoparticle was suspended in water, deposited on separate plasma cleaned glass slides at 
O.D. ~ 0.1 and incubated for 30 s. The slides were then dried with N2 flow and imaged using 
DFM (Fig. S28-31). Nanorods have a tendency to stack along their long-axis, forming a variety 
of aggregates.6 This results in a wider distribution of hues. Multi-particle assemblies scatter 
at longer wavelengths and therefore generally increased the frequency of hues of lower 
values on the HSV scale. Therefore, it might be possible to increase the range of achievable 
hues by using particles that scatter at higher hue values. 
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Supplementary Note S3: Variation of extensions 

DNA origami provides the unique opportunity to control the number of extensions protruding 

from the structures. To verify the effect of this influence, we performed DOP using nanodiscs 

with varying number of extensions. Only gold and silver nanospheres were used in these PUFs 

(O.D.~0.8). We varied the number of extensions from 44 (22 from each face), to 8 (4 from 

each face) to 0. Using a larger number of extensions resulted in a broad hue response, 

consistent with stochastic assembly of nanoparticles at each placement site (Fig. S22a). A 

lower number of extensions gave a narrower hue distribution, attributed to the capture of 

mainly single particles along with small aggregates (Fig. S22b). As expected, using DNA 

Origami structures without extensions resulted in surfaces with a much lower degree of NPP, 

with no apparent lattice visible under Dark Field illumination (Fig. S22c). The number of 

extensions thus directly affects the hue response of the PUFs.  

 
Figure S22. The number of extensions from the DNO placed are a) 44 (dbinding area=60 nm), b) 8 

(dbinding area=10 nm) and c) 0. Placement parameters: Polystyrene nanospheres-600 nm, CDNO = 

40pM, CNP= 0.8 O.D. Scale bars, 10 µm. N=10000 spots analysed for all histograms. 
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Table S5. Dependence of hue on imaging conditions 

The DFM uses an Olympus Model U-LH100-3 lamp @12V, 100W. The table below shows the variation 

in hue of a single spot under a variety of imaging conditions. 

Hue ∆ % Illumination level Exposure times 

20 (standard imaging 
conditions) 

- 100% 1000ms 

18 10 % 100% 500ms 

19 5 % 100% 700ms 

22 10 % 100% 900ms 

21 5 % 66% 400ms 

20 0 % 83% 400ms 

19 5 % 91% 400ms 

22 10 % 100% 400ms 

20 0 % 66% 1000ms 

20 0 % 83% 1000ms 

21 5 % 91% 1000ms 
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Supplementary Note S4: White correction 

All images were white-balanced to correct for the spectrum of the excitation lamp and spectral 

sensitivity of the camera, using the RGB values obtained from imaging a ground glass diffuser 

(Supplementary note S4). For best PUF performance the hues should be randomly distributed in space; 

if all equivalent hues clumped together the complexity of the extracted dark field micrographs would 

be markedly reduced. To test the spatial distribution of the hue bins, we sliced a dark field micrograph 

of a typical PUF into strips in both the x- and y- directions. On re-binning the image locally, we find a 

self-similar distribution of hues across the image (Fig. S24-S26).  

 
Figure S23. DFM image of a diffusive plate illuminated for 100 ms at 100x magnification. 

 

We used the average RGB values (r: 190.9692776, g: 162.9511625, b: 116.4841115) from figure S23 

and calculated the white correction constants by using the green value as baseline: 

 Correction factor for green = 1 

 Correction factor for red = g/r = 0.85 

 Correction factor for blue = g/b = 1.40  

Multiplying every pixel’s RGB values by these correction factors results in white balanced images. 
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Figure S24. (Above) DFM image of a PUF in Fig. S20. The spacing is 1 µm. The columns analysed 
are shown by different colours: pink along the x-direction and blue along the y-direction. The 
numbers along the x- and y-directions are the pixel values. (Below) Hue histogram of the 
whole image. 
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Figure S25. a-d) Hue histograms of four sections along the y-direction of the DFM image in 
Fig. S24. e) Bin count % showing small count deviations within area sections in the y-direction. 
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Figure S26. a-d) Hue histograms of four sections along the x-direction of the DFM image in 
Fig. S24. e) Bin count % showing small count deviations within sections in the x-direction. 
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Figure S27. Counting analysis for number of nanoparticles occupying placement sites for PUFs 
made with different spacing in Fig. 2. N > 90 sites counted for each. 

 

 

 

Supplementary Note S5: DFM images of nanoparticles 

Each variety of nanoparticle was separately suspended in water, deposited on separate 

plasma cleaned glass slides at O.D. ~ 0.1 and incubated for 30 s. The slides were then dried 

with N2 flow and imaged using DFM (Fig. S28-S31). Nanorods have a tendency to stack along 

their long-axis, resulting in a wider variety of colours. The scattering spots are much dimmer 

than those in typical PUFs since individual nanoparticles scatter less light than aggregates. No 

DOP or NPP was performed. No DNA origami was used. 
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Figure S28. DFM images of AgNS deposited on glass slides recorded at 100x magnification. 
Insets: Magnified view with enhanced contrast to ease visualization. 

 

 
Figure S29. DFM images of AgNR deposited on glass slides recorded at 100x magnification. 
Insets: Magnified view with enhanced contrast to ease visualization. 
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Figure S30. DFM images of AuNS deposited on glass slides recorded at 100x magnification. 
Insets: Magnified view with enhanced contrast to ease visualization. 

 

 

Figure S31. DFM images of AuNR deposited on glass slides recorded at 100x magnification. 
Insets: Magnified view with enhanced contrast to ease visualization. 
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Figure S32. DFM image of a PUF with 1 µm spacing. Particles used – AgNS @ 0.6 OD. NPP was 

performed with AgNS directly without a DOP step. A pattern of scattering spots is visible, 

showing that it is possible to achieve placement of nanoparticles without DNA Origami. 

However, scattering spot density is low and the hue response is largely monochromatic, with 

a majority of the scattering spots showing blue hues similar to individual AgNS. Scale bar, 

10 µm. 
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Figure S33. SEM images of the PUF in figure S32. Particles used – AgNS @ 0.6 OD. NPP was 

performed with AgNS directly without a DOP step. The placement consists of mostly single 

nanospheres at very low surface density, along with some very large aggregates, consistent 

with the DFM image (Fig. S32). Scale bars, (a) 1 µm, (b) 10 µm. 

 

Supplementary Note S6: 3-D printed DFM 

The 3DFM uses linear bearings to achieve smooth movement of the objective along the steel 

rods. Controlled movement of the objective is realized with a threaded rod and a nut. The 

threaded rod and the nut are connected to the framework and the objective, respectively. 

The threaded rod can rotate along its long axis, screwing the nut up and down and moving 

the objective closer or further from the sample. An ocular focuses the image on the CCD 

colour-sensor of the camera module. The camera module is connected to a Raspberry Pi 3B 

which controls the camera module via the libcamera-still library. The colour gain values were 

calibrated with a white sample and set to 3.6 and 1.1 for red and blue, respectively. Therefore, 
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the roughly 650€ prototype microscope enables imaging of our PUFs. To further reduce the 

cost of the microscope one could engineer a 3D-printed dark-field condenser reducing the 

price by 50%. Utilizing a different ocular would reduce the price by an additional 90€ to a total 

cost of approximately 250€. 

Table S6. Cost-table for the 3DFM. 

Component Cost 

Condenser - LACERTA (CDF MAX) 349.90€ 

Objective - Kern (OBB-A1113) 123.26€ 
Achromatic Doublet - Thorlabs (AC254-030-A-ML) 111.15€ 

Camera - Raspberry Pi High Quality Camera (12MP) 54.61€ 
 Total : 638.92€ 

 

Supplementary Note S7: E-beam lithography nanopatterning 

A Raith eLINE SEM was used to perform lithography on a 1 cm x 1 cm Si/SiO2 wafer with 

100 nm thermal oxide (MicroChemicals). The wafer was primed with 10 ml 

hexamethyldisilazane (HMDS) in a 4 L desiccator. The time of priming was optimized to 

maintain a Si/SiO2 surface contact angle of 70–75° after HMDS deposition. The binding sites 

were patterned into a poly(methyl methacrylate) resist by electron-beam lithography. Then, 

the wafer was developed with a 1:3 solution of methyl isobutyl ketone and isopropanol. The 

HMDS in the developed areas was removed with O2 plasma for 6 s in a plasma cleaner (Pico). 

The resist was stripped by ultrasonication in N-methyl pyrrolidone at 50 °C for 30 min. The 

substrates were briefly rinsed with isopropanol, then dried in a nitrogen stream and used 

immediately. 

 

Figure S34. Schematic of the patterned area. Square binding sites with a side length of 150 
nm are arranged in a hexagonal lattice with 600 nm period. The exposure dose was 
500 uCu/cm2. Inset shows a zoomed-in area of the lattice.   
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