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ZUSAMMENFASSUNG 

Mithilfe der DNA Origami Technik können nanometergroße 1-, 2- und 3-dimensionale 

Strukturen aus DNA mit hoher Präzision hergestellt werden. Die Wechselwirkung 

zwischen Basenpaaren ermöglicht die genaue Kontrolle über die DNA Origami Struktur. 

Im Vergleich zu anorganischen Materialien sind diese jedoch weniger chemisch oder 

physisch stabil. Anorganische Materialien sind meist formstabil und widerstandsfähig. Der 

Nachteil besteht jedoch darin, dass keine hochkomplexen Strukturen durch 

Selbstassemblierung hergestellt werden können. 

In dieser Arbeit wird in Verfahren vorgestellt um anorganisch-organische 

Hybridmaterialien herzustellen, die aus einer formgebenden DNA Struktur und einer 

formerhaltenden Silikahülle bestehen. Damit konnten die Vorteile beider Materialklassen 

genutzt werden um sowohl stabile als auch hochkomplexe Strukturen herzustellen. 

Des Weiteren wurde eine schnelle und einfache Methode entwickelt um silber-

ummantelte Goldstäbchen herzustellen, die an ihrer Oberfläche mit funktionaler DNA 

ausgestattet sind. Diese bimetallischen Stäbchen haben plasmonische Eigenschaften mit 

sehr leicht einzustellender Resonanz im sichtbaren Bereich. Mithilfe der DNA Origami 

Technik konnten die Stäbchen räumlich präzise angeordnet werden um ihre optischen 

Eigenschaften und synergistischen Effekte zu untersuchen. 

Schließlich wurden die bimetallischen Stäbchen in Form von DNA Origami-Nanopartikel-

Konjugaten in chromatographischen Schnelltests eingesetzt um eine Signalverstärkung 

zu erzielen. Da die DNA Origami-Nanopartikel-Konjugate ein viel stärkeres Signal 

emittierten als konventionelle Nanopartikel, konnte die Sensitivität und damit auch die 

Zuverlässigkeit dieser Schnelltests verbessert werden. Die Technik wurde anfänglich 

mithilfe von DNA-Schnelltests entwickelt. Die darauffolgende Weiterentwicklung der 

Technik geschah mithilfe von konventionellen Schwangerschaftsschnelltests und führte 

zu einer signifikanten Erhöhung der Sensitivität. In weiteren hoch-sensitiven 

Antigenschnelltests konnten mithilfe der bimetallischen Gold/Silber-Stäbchen 

unterschiedliche Farbsignale erzeugt werden, die das Potenzial haben zukünftig für die 

Detektion mehrerer Biomarker gleichzeitig eingesetzt zu werden.  
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ABSTRACT 

The DNA origami technique can be used to fabricate nanometer-sized 1-, 2-, and 3-

dimensional structures with high precision and controllability. DNA is an excellent 

construction material owing to its specific base pair interaction. However, DNA origami 

structures are less thermally, chemically or mechanically resilient compared to inorganic 

materials. Inorganic materials keep their integrity but controllable nanostructures are 

virtually not accessible through self-assembly. In this work a method is presented to 

produce inorganic-organic hybrid structures consisting of a template DNA structure and a 

protective silica shell. By combining the advantages of each material class highly stable 

and complex structures could be fabricated.  

Furthermore, a fast and simple method was developed to fabricate gold-silver core-shell 

nanorods with a functional DNA layer on their surface. These bimetallic rods have special 

plasmonic properties with resonances that can be easily tuned in the visible range. They 

were precisely arranged into a chiral structure using DNA origami which allowed us to 

study their optical properties and synergistic effects. 

Finally, these bimetallic rods and other plasmonic particles were applied as DNA-origami-

nanoparticle conjugates in lateral flow assays (rapid tests). The sensitivity and thus the 

reliability of these rapid tests were improved since the DNA-origami nanoparticle 

conjugates emit stronger signals than state-of-the-art individual nanoparticles. After the 

conjugates were applied in DNA detection assays, the technique was further developed 

for reliable antigen detection. An anticipated strong signal enhancement was obtained in 

conventional home pregnancy tests. In further sensitive antigen tests the gold-silver core-

shell nanorods performed excellently while signals of various colors were introduced 

which have a potential for use in multiplex assays.  
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1 Introduction 

For fabricating structures at the nanoscale, two main approaches have been established: 

the top-down and the bottom-up technique.[1] Starting from bulk material, top-down 

techniques involve molding, casting, and ablation producing smaller parts forming the final 

structures. In contrast, bottom-up techniques rely on self-assembly and growth which 

produces larger structures consisting of individual single units. Top-down techniques are 

mostly applied on inorganic hard materials such as silicon where covalent bonds cause 

rigidity and resistance. Breaking and connecting new covalent bonds using mechanical 

and chemical force and energy is key for the fabrication of nanostructures. Weaker 

interactions like hydrogen bonds, electrostatic or Van der Waals forces are prominent in 

soft organic matter, which allow intermolecular movement, bonding and debonding 

processes under mild condition. The dynamic processes allow self-assembly in a 

controlled manner. For instance, the formation of hydrogen bonds between base pairs is 

essential for self-assembly of Deoxyribonucleic acid (DNA) into higher-ordered structures. 

This lays the ground for the DNA origami method where a long, single-stranded DNA 

(ssDNA, ~7 kb�� ¶¶VFDIIROG¶¶) is folded into rationally designed shapes using short ssDNA 

�¶¶VWDSOH�strands¶¶� (Figure 1).[2] DNA origami is one of the most convenient and reliable 

bottom-up strategies used in soft matter. 

 

Figure 1. DNA origami method. Folding mechanism.[3] 
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1.1 Bottom-Up for Hard Matter 
There is no bottom-up strategy for inorganic matter as self-assembly into desired shapes 

is not accessible due to their intrinsic properties. However, some natural, bottom-up 

synthesized hard materials with complex shapes do occur in nature, including minerals, 

crystals, seashells, pearls, bone, and teeth. These materials are fabricated in a controlled 

manner from micro to macro scale resulting in sophisticated and multilevel-ordered 

structures. Furthermore, they are eminent for their impressive mechanical strength and 

rigidity. Biominerals are great examples for the vast variety of distinct patterns. Living 

organisms such as diatoms produce biominerals in order to ensure viability. During the 

PLQHUDOL]DWLRQ�SURFHVV�� WKH�RUJDQLVP¶V� VRIW� WLVVXH� LV� XVHG�DV�D� Wemplate to grow hard 

materials, typically calcium phosphate, calcium carbonate, or silicon dioxide. Here, many 

different, perfectly matched processes take place simultaneously and successively. As a 

result, the structure and shape of the soft organic tissue is transcribed into a solid shell 

that provides stability, protection, and functionality. Constructing such rigid and elaborate 

nanostructures in the laboratory is a major challenge. However, understanding and 

mimicking these individual processes that have been evolutionarily optimized, provides a 

step towards advanced and functional materials. This is performed for example in 

biomimetic chemistry. 
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Figure 2. Scanning electron microscope (SEM) images of diatoms.[4] Adapted with 
permission. 

The concept of pre-organization and templating was first proposed by Stephen Mann in 

the 90s. He described it as ³synthesis-with-construction´�[5] A key aspect of this approach 

is the integration and connection of organic self-assembly and inorganic reaction 

chemistry. Organic-inorganic hybrid materials were synthesized using templates such as 

proteins, DNA, and viruses and coating materials such as silica, titanium dioxide, and 

polymers.[6] Only recently have DNA origami structures been used in the mineralization 

process and subsequently turned out to be an excellent template, particularly since DNA 

origami structures provide custom designed shapes in 2 and 3 dimensions. The first silica-

mineralized (silicified) DNA origami structures adsorbed to a copper grid were reported in 

2018[7], shortly before the work presented here was published.[8] We demonstrated a 

strategy for the silicification of high concentrations of 1 and 3 dimensional DNA origami in 

solution which is presented in Ch. 3. Especially the silicification of a DNA origami crystal 

SURYHG� WKH� ULJLGLW\�DQG�VXSSRUW�RI� WKH�VROLG�VKHOO�VLQFH� WKH� ´QDNHG´�origami crystal was 
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prone to deformation and collapse. Our method was the first bottom-up synthesis of a 

hard nanomaterial with periodic structure in the laboratory. The silicified DNA origami 

structures further showed mechanical, thermal and chemical stability owing to the silica 

shell. The silica mineralization of DNA origami has become a fast-developing technique 

in the last four years. Since the initial interdisciplinary work was reported, a plethora of 

silica structures with high level of complexity and further improvements of the method itself 

have been reported.[7, 9-24] 

1.2 Advances in Colloidal Systems 
Another example of a dispersed system includes metal nanocrystals (nanoparticles, 

colloids) that can be accessed either via bottom-up or top-down techniques, e.g. through 

wet chemical synthesis or lithographic techniques such as laser ablation.[25] For high-

throughput fabrication the bottom-XS�PHWKRGV�VXFK�DV�WKH�³VHHGLQJ�JURZWK�PHWKRG´�DUH�

more efficient. However, metal colloids are not a recent discovery; their use dates back to 

the ancient times (as shown in the timeline of colloidal systems in Error! Reference source n

ot found.).[26] Metal colloids such as gold (Au), silver (Ag), and copper (Cu) nanoparticles 

(NPs) were used in the ancient world by the Romans and the Chinese for staining glass. 

Back then, it was not known that the color originated from the metal nanocrystals 

embedded in the glass. Further examples where metal NPs were used are in medieval 

church windows, Islamic lusterware, and Renaissance pottery. Later, in 1857, Michael 

Faraday accidently produced a solution of dispersed AuNPs while making thin Au films 

using a chemical process.[27] After washing the Au films, he obtained a red solution which 

KH�FDOOHG�³RXE\�JROG´� He deduced that the solution must contain AuNPs which were too 

small to observe with the scientific instruments of his time. Only in 1990, gold-silver alloy 

13V�HPEHGGHG� LQ� WKH� IDPRXV� ³/\FXUJXV� FXS´�ZHUH� ILUVW� YLVXDOL]HG�XVLQJ� WUDQVPLVVLRQ�

electron microscopy.[28] This cup appears green or red depending on the direction of the 

light source. It is probably the oldest (4th century AD) known example with optical features 

caused by the surface plasmon phenomenon (Ch. 2.2). Plasmons are collective electron 

vibrations that are excited through light. These electron vibrations give an intense color 

impression. Despite the ubiquity of NPs since ancient times, the development of scientific 

knowledge about these systems has been relatively recent. Richard Zsigmondy worked 

on the heterogenous nature of colloidal solutions for which he was awarded the Nobel 

Prize in chemistry in 1925.[27] The chemical synthesis was developed and improved over 

https://www.sciencedirect.com/topics/engineering/surface-plasmon
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the years from Turkevich[29] (1951), over Brust-Schiffrin[30] (1994) to the seeding growth 

method[31] (2001). It was not until 2001, when anisotropic gold and silver nanorods (NR) 

were synthesized for the first time. Today, different NP shapes are accessible; the 

spherical ones are most widely and commercially used. Au colloids are used e.g. for 

bioimaging, or as drug, gene, and protein carriers in nanomedicine.[32]  

In recent developments in DNA nanotechnology, metal nanocrystals are integrated in 

controlled systems where they are rationally ordered. This involves knowledge about the 

interplay between colloidal systems and the physical behavior of soft matter. As of today, 

the creation of nanostructures is key for a deeper understanding of the science behind it. 

For understanding metal NP interactions, it is of paramount importance to be capable of 

generating them. This is a general scientific idea coined by Richard Feynman: 

 ³:KDW�,�FDQQRW�FUHDWH��,�GR�QRW�XQGHUVWDQG�´  

The first self-assembly of AuNPs into ordered macroscopic structures using DNA as a 

linker was reported independently by Mirkin[33] and Alivisatos[34] in 1996. After that, more 

complex DNA nanostructures such as tetramers and hexagons[35] were developed to 

organize AuNPs. In 2010, AuNPs were assembled using a DNA origami structure.[36] The 

fabrication of functional materials with structural hierarchy and increasing complexity 

requires a synergy of multiple disciplines, structural addressability being one major 

advantage of DNA origami. By controlling the distance and orientation between NPs, 

complex NP arrays and assemblies in all three dimensions can be fabricated today with 

special optical features based on plasmon interactions. One example of these interactions 

is plasmonic chirality, where a chiral assembly of NPs interacts differently with light 

depending on its handedness.[37-38] 
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Table 1. Timeline: Colloidal systems and their controlled assembly using DNA. 

Time Who/what What  Outline 

4th 
century  "Lycurgus cup" Colored glass with Au0.3-Ag0.7 

alloy NPs 
[39] 

500 ± 
1450 
6th-15th 

European Cathedrals Colored glass with Au, Ag, Cu 
NPs  

9th-17th Islamic lusterware Ag and Cu NPs  

1857 Michael Faraday ³5XE\�JROG´ 

[40] 

1871 Black-and-white 
photography AgNPs  

1900 Richard Zsigmondy AuNP synthesis with reducing 
agents  

1925 Nobel prize Zsigmondy Heterogenous nature of colloid 
solutions 

[41] 

1950 Viktor LaMer and 
Robert Dinegal[42] Monodisperse colloidal materials  

1951 Turkevich[29] AuNP synthesis with reduction of 
HAuCl4 using citrate Known as "Turkevich method"  

1952 Pines and Bohm[43] Plasmons  

1957 Rufus Richie[44] Surface plasmons  

1994 Brust and Schiffrin[30] 
AuNP synthesis using alkane thiol 
as stabilizer; 
AgNP synthesis 

Known as "Brust-Schiffrin 
method"  

1996 Mirkin and Letsinger[33] 
Alivisatos[34] Organizing AuNPs using DNA 

[33] 

2000s Consumer products AgNPs 

 

2001 Jana and Murphy[31] AuNP synthesis "Seeding growth method for 
NPs" 

2001 Murphy[45] AuNR synthesis  

2003 Halas[46] Plasmon hybridization theory 

[46] 

2005 Murphy[47]  Au and Ag NR synthesis "Seeding growth method for 
NRs" 
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2005 Perez-Juste and Liz-
Marzan[48] AuNR synthesis 

[48] 

2006 Sleiman[35]  AuNP DNA hexagon  

 

2006 Yan[49] 
Seeman[50] AuNP arrays [49]

[50] 

2008 Mirkin[51] 
Gang[52] AuNP DNA crystals 

[51] 

2010 Ding[36] AuNPs on DNA Origami 
[36] 

2011 Liedl[53] Chiral AuNP assembly with DNA 
origami 

[53] 

 

The examples shown in Table 1 highlight our access to materials with specific electric and 

magnetic properties. In order to tune these properties for further advancement in this area, 

the use of distinct NP shapes and materials is required. This includes the organization of 

anisotropic metal NPs. Driving progress towards the assembly of anisotropically shaped 

NPs expands our understanding of novel optical phenomena. Rod-shaped AuNPs, for 

example, have distinct plasmon resonances from the visible to the near infrared range 

which not only gives access to a variety of colors but also the possibility to shift plasmon 

phenomena to desired spectral areas, extending their potential application. Silver is 

proposed as best material with respect to plasmonic behavior including long plasmonic 

lifetime and narrow resonance bandwidth with strong intensity (discussed in Ch. 2.2 & 4). 

However, the use and functionality of silver nanoparticles (AgNPs) is still limited due to 

oxidation which involves practical difficulties. Since Au provides excellent chemical 

stability, the use of a bimetallic NR can provide a combination and synergy of desired 

features based on the properties of both metals. The work presented here establishes the 

functionalization and organization of a bimetallic core-shell NR using DNA origami 



1 Introduction 

8 

(Ch. 3.1). The Au core provides stability and supports the Ag shell, while intrinsic 

plasmonic properties of the Ag shell can be generated that are superior to comparable 

metal NRs of different materials. Further development may include using the technique to 

fabricate large periodic 3D structures such as DNA origami crystal lattices decorated with 

NPs in a periodic geometry. These lattices could have optical properties similar to the 

ones found in generic photonic crystals ± nanostructures with a periodic arrangement of 

materials having different refractive indices. Photonic crystals are of great interest to the 

scientific community for several reasons. One of their characteristic features is the so-

called photonic bandgap: depending on the spacing between the building blocks, a 

photonic bandgap is created which describes a range of light frequencies that cannot pass 

through the material while other frequencies can. Another feature of photonic crystals is 

their ability to trap light in a cavity or guide it along certain pathways. Further, there is also 

a great amount of interest in using photonic crystals as a replacement for dyes. 

1.3 Might DNA Origami Revolutionize Rapid Tests? 
Although the DNA origami-based organization of NPs is of great scientific value, the use 

of such materials is as of yet not commercially viable in terms of large-scale production. 

Nevertheless, this thesis presents advancements in this field with improvements in making 

the technology sufficiently sound and dependable for a wide range of applications in the 

near future.  

The ability to make use of the optical properties of individual NPs has shown a great 

economic and social value. The closest encounter of consumers with commercially used 

AuNPs is in the context of point-of-FDUH�ODWHUDO�IORZ�DVVD\V��/)$���DOVR�FDOOHG�³UDSLG�WHVWV´�

(Ch. 2.3). LFAs are designed for fast detection of biomarkers such as RNA, hormones, 

antigens, and antibodies.[54] Their remarkable commercial success can be attributed to 

numerous factors including easy operation, low manual input, portability, and low cost.[55] 

Point-of-care is at the time and place of patient care. A typical advertisement slogan for 

rapid tests is: ³Using the right test in the right place and time.´. The basic and well-

established WHFKQRORJ\�KDV�EHHQ�XVHG�VLQFH�WKH�����¶V.[56-57] Today, it is used in various 

disciplines such as medicine, specifically in hospitals and clinical laboratories, as well as 

in others including agriculture, quality control, food production safety, and environmental 

safety.[58-60] For example, potatoes are screened commercially for pathogens[61], and 

hundreds of millions of malaria rapid tests are supplied globally per year.[62] 

https://www.sciencedirect.com/topics/materials-science/nanostructure
https://www.sciencedirect.com/topics/materials-science/refractive-index
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However, reliability for diagnosing diseases is lower compared to other analytical 

techniques established in laboratories such as real-time reverse transcription polymerase 

chain reaction assay[63] (RT-PCR) and enzyme-linked immunosorbent assay[64] (ELISA). 

Both techniques have become indispensable for the health care system since they provide 

high sensitivity and specificity. In the Third World however, often access to analytical 

instruments and set-ups is not given; medical laboratories and good infrastructure are 

scarcely available. Developing countries are struggling to meet the challenges of disease 

diagnostics and treatment. Since rapid testing provides a fast and cheap solution and 

sometimes is the only diagnostic tool amenable, they have made a great impact 

particularly in such low resource settings.[65] During the COVID-19 pandemic, in a state of 

emergency, the developed countries also have learned to appreciate rapid testing as a 

valid alternative and supplement to the more time-consuming and more expensive PCR 

testing.[66] At high infection rates, other factors than high specificity and sensitivity became 

essential including easy-access, short turnaround time, and frequency of testing. Antigen 

tests are an important complement to nucleic acid testing since they can deliver results 

within minutes by avoiding nucleic acid extraction and amplification steps. The SARS-

CoV-2 rapid antigen test has become the most widely known LFA and gained widespread 

acceptance outside of health care settings. The assay targets the SARS-CoV-2 

nucleocapsid protein, the most abundant protein expressed by the virus. Before the 

pandemic, such LFAs for the diagnosis of different diseases were only allowed to be 

purchased and operated by trained clinical personnel. However, the COVID-19 pandemic 

has brought lateral flow tests to the forefront of many healthcare agendas and to the 

general public. Within a short timeframe, cheap test strips were available for purchase in 

pharmacies, drugstores, and supermarkets. Its availability reduced the workload in 

centralized testing facilities during the height of the pandemic and improved health 

management at an individual level. Home testing allowed people to evaluate individual 

events and spontaneous action, contributing to the interruption of transmission and 

eventually giving back a touch of security and freedom to the individual.  

Another key application of LFAs and also an example of a test strip that can be purchased 

over-the-counter is the pregnancy test. The first one-step pregnancy test was introduced 

in 1988 by Clearblue which was a urine dipstick.[67-69] Depending on the hCG (human 

chorionic gonadotropin) hormone level which rises at the beginning of pregnancy, the 

appearance of either one or two colored lines encodes for either not pregnant or pregnant, 
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respectively. It was not only a technical advance but also a social revolution for women 

as it became available at a time when women were fighting against the male-dominated 

medical establishment.[70] With a minimum of inconvenience and without visiting the 

doctor, thus revealing their sexual activity, women could obtain instantaneous results and 

certainty. Home testing granted women more control while protecting their privacy. 

Although self-diagnosis can potentially bear dangers and risks, the two described 

examples have proven a good and important alternative or supplement in certain 

situations, moving triage out of the GRFWRU¶V office. 

The LFA technology is based on molecular interactions such as antigen-antibody 

interactions (Ch. 2.3). Upon binding, the antigen-antibody conjugate is immobilized on the 

paper-based strip and visualized by so called labels. Typically, the labels consist of AuNPs 

which appear in a red line on the test strip. As described above, Au colloids are the most 

popular label since they are stable in liquid as well as in dried state. Au colloids have been 

used for a long time since they have optical properties that do not need visualizing 

instruments. Other labels such as fluorescent dyes and quantum dots cannot be detected 

directly by the naked eye and therefore require dedicated reading devices. Latex beads 

can be produced in multiple colors; therefore, they can be applied in multiplex assays. 

Yet, multiplex assays had no lasting commercial success so far compared to single-

analyte assays. The technological challenges involve cross-reactivity with related proteins 

and readouts that are more complex. The LFA technology is still a hot topic in current 

research aiming at more efficient performances.[71-73] This is due to the advances made in 

nanotechnology, driving creativity to find new strategies to continuously raise the quality 

of rapid tests. In general, the quality of a LFA is indicated by its sensitivity and selectivity. 

On a molecular level high specificity means that binding events must happen only between 

the target and its specific binding partner(s) without interference by other sample 

components. A blood sample, nasal swab, or saliva contains many other molecules which 

may interfere with the target interaction and lower the specificity. Right assay conditions, 

choice of molecule interaction, and engineered affinity can raise specificity. A high 

specificity leads to less false-positive results.  

The sensitivity of LFAs is limited by the Kd (dissociation constant), which describes the 

affinity between the two interacting molecules, and by the colorimetric read-out. Therefore, 

increasing either affinity or read-out signal could lead to a better sensitivity. High sensitivity 

leads to less false-negative results. The integration of multivalency, a higher number of 
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binding sites, could address this challenge. However, the complexity of such a system has 

yet hampered its application. A problem that arises from engineering the tests for higher 

sensitivity is a potential decrease in specificity since stronger binding and high number of 

ELQGLQJ�HYHQWV�FDQ�LQFUHDVH�³IDOVH´�ELQGLQJ�  

Since the read-out signal originates from plasmons, strategies for creating strong 

plasmons for a more sensitive visual read out are required. This could be met by the use 

of a metal which supports stronger plasmons in the visible range. It is known that the 

strongest plasmons in the visible range are supported by Ag.[74] However, this metal has 

not yet been used as a label in rapid tests since Au displays a more stable alternative. 

One could think of using other metals, e.g. aluminum. Once passivated, aluminum is a 

stable metal (aluminum foil does not oxidize) which supports strong plasmons in the UV. 

However, this requires specialized readers. Another crucial problem is the limited 

availability of aluminum nanoparticles (Al NPs). 

The sensitivity of human eyes is highest for wavelengths ~ 530 ± 580 nm, i.e. people see 

the color green better than any other color. Therefore, green NPs are favorable for 

increasing the read-out sensitivity. Since the target molecules usually present a limited 

number of binding sites to bind NPs, another strategy leading to an enhanced read-out 

signal involves raising the number of NPs per target molecule.  

In sum, generating stronger plasmons and green-shifting them, having multiple labels 

bound per target, increasing binding affinity to promote desired binding, and eliminating 

false binding will lead to the most efficient performance of LFAs. The practical 

implementation and feasibility of these aspects are currently studied, with focus on 

increasing number of NPs bound per target. Since origami nanostructures can be used to 

bind multiple NPs, dyes and proteins with tunable binding sites, we used a DNA origami 

structure as a connector between one target and a multitude of NPs. Initial approaches 

and advances achieved during this work are presented in Ch. 5. Owing to the DNA origami 

structures the number of labels could be increased which lead to a signal amplification at 

constant target concentration. Technologically, we are stepping towards real-life 

applications of DNA origami structures in rapid tests. The integration of an engineered 

function facilitates the response to complex situations, potentially having a great impact 

on health care and social life.   
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2 Theoretical Background & Methodology 

2.1 Sol Gel Chemistry  

The sol-gel method is widely used for the fabrication of metal oxides, especially the oxides 

of silicon (silica, SiO2) and titanium. The process involves converting a molecular 

precursor (usually metal alkoxide) into a sol (colloidal solution). The sol gradually evolves 

into a gel containing metal oxides with morphologies ranging from discrete particles to 

continuous networks (Figure 3, left).  

 
Figure 3. Sol gel process applied on DNA origami (e.g. ring). Left: the sol gel method 
involves the formation of a sol (colloidal solution) that gradually converts into a gel based 
on a continuous network of individual colloids grown together. Through evaporation of the 
liquid phase, a light weight material with low density and high surface area is obtained. 
Right: TMAPS is a special precursor used to associate with DNA. The silica growth is 
constrained to the origami surface. The structural integrity of the origami is preserved upon 
drying. 

The sol-gel method can be combined with the DNA origami method[75] (Figure 3, right) to 

produce more complex silica structures depending on the shape of the DNA origami. The 

https://en.wikipedia.org/wiki/Silicon
https://en.wikipedia.org/wiki/Titanium
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silica growth on the origami surface provides mechanical support as well as chemical and 

thermal stability. The molecular growth process and association of silica and DNA 

nanostructures are described below. 

The Stöber Process 
The most widely used sol gel process to produce silica structures was reported by Werner 

Stöber in 1968.[76] Usually, alkoxy silanes such as tetraethyl orthosilicate (TEOS) are 

hydrolyzed in alcohol (typically methanol or ethanol) in the presence of a catalyst, e.g. 

ammonia or hydrochloric acid. 

The ethoxy groups of TEOS are hydrolyzed which produces ethanol and a mixture of 

ethoxysilanols (Si(OEt)3(OH), Si(OEt)2(OH)2, Si(OEt)(OH)3, Et = ethyl) and silicic acid 

(Si(OH)4) which can then condense amongst each other with loss of ethanol or water (cf. 

alcohol and water condensation in Ch. 6.1 Scheme S1). The condensation reactions lead 

to crosslinking and the formation of a silica network.  

 
Figure 4. (a) pH-dependency of silica growth.[77] (b) Hydrolysis and condensation rate at 
different pH values.[78-79] Adapted with permission. 

The Stöber method can be performed at either acidic or basic condition. Strongly acidic 

values (pH 2 ± 3) induce a slow gelation which is ideal for the formation of an extended 

network while basic values (pH 8 ± 9) induce a fast gelation, ideal for the formation of NPs 

(Figure 4a). The pH adjustment is essential since at neutral condition the reaction rate is 

low (Figure 4b). Although the condensation rate is higher than the hydrolysis rate at pH 

7, an initial hydrolysis step must precede to enable the following condensation. Therefore, 

the reaction kinetic at pH 7 is determined by the hydrolysis rate. 

https://en.wikipedia.org/wiki/Tetraethyl_orthosilicate
https://en.wikipedia.org/wiki/Hydrolysis
https://en.wikipedia.org/wiki/Methanol
https://en.wikipedia.org/wiki/Ethanol
https://en.wikipedia.org/wiki/Catalyst
https://en.wikipedia.org/wiki/Ammonia
https://en.wikipedia.org/wiki/Silanol
https://en.wikipedia.org/wiki/Silicic_acid
https://en.wikipedia.org/wiki/Condensation_reaction
https://en.wikipedia.org/wiki/Crosslink
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Silica Association with DNA Origami 
Silica comprises an amorphous network of SiO4 tetrahedra in the bulk and siloxane (Si௅

2௅6L� and silanol (Si௅OH) groups at the surface (Figure 5). The silanol groups are 

deprotonated (Si௅O௅) at pH 2 ± 14 leading to a net negative charge.  

 
 

Hence, DNA and silica repel each other due to their charge. To facilitate an association 

between the two, a ³FR-VWUXFWXUH�GLUHFWLQJ�DJHQW´ was proposed: N-trimethoxysilylpropyl-

NNN-trimethylammonium chloride (TMAPS).[80] TMAPS is not a commonly used silane in 

the sol gel process; however, its chemical structure allows for an electrostatic interaction 

of the quaternary ammonium group and the phosphate group of the DNA backbone while 

the methoxy groups can undergo hydrolyzation and subsequent condensation with TEOS 

(Figure 6). 

 
 

  

Figure 6. N-trimethoxysilylpropyl-NNN-trimethylammonium 
chloride (TMAPS). 

Figure 5. Silica surface groups. 
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2.2 Plasmon Hybridization Model 

The plasmon hybridization model was proposed in 2003 by N. Halas et al..[46] The model 

describes the plasmon coupling in a similar way to the hybridization of atomic orbitals. 

The orbital hybridization model was developed in 1931 by L. Pauling to explain molecular 

geometries of simple molecules such as methane. Both the plasmon and the orbital 

hybridization model are quantum mechanical approaches that are used to calculate the 

HOHFWURQ¶V� HQHUJ\� VWDWH�� 7KHUHIRUH�� WKH plasmon coupling between two metal NPs is 

viewed as the hybridization of their individual plasmon modes. The theory shows how to 

classify the hybridized plasmon modes and helps to predict their corresponding energy. 

The plasmon interaction leads to an energetic splitting of the single particle plasmon 

modes. Hybridization either in-phase or out-of-phase leads to the formation of a (low 

energy) bonding and a (high energy) anti-bonding plasmon mode, respectively. 

The plasmon energy levels for a dimer of spherical particles can be depicted in a 

hybridization model diagram (Figure 7). Under the excitation of light polarized along the 

axis of the dimer (longitudinal polarization), the dipoles of the bonding mode V are 

arranged parallel �ĺ�ĺ��to each other, therefore moving in phase with respect to each 

other (Figure 7, right). This gives rise to a finite total dipole moment unequal to zero. In 

the anti-bonding mode V*, the dipoles are arranged in an anti-parallel configuration �ĺ�ĸ��

and therefore move out of phase with respect to each other, leading to an extinction of the 

total dipole moment. The far-field optical properties of the dimer are governed by the 

modes with a net dipole; therefore, only the V-PRGH�LV�µEULJKW¶�ZKLOH�WKH�V*-PRGH�LV�µGDUN¶��

In other words, the charge oscillation is canceled out in the anti-bonding mode and without 

that oscillation a coupled state with a photon cannot arise. Therefore, only the bonding 

mode can couple with external light leading to a red-shift of the LSPR frequency. Due to 

the concentration of light within the dimer junction, the electric field is largely enhanced in 

that spot. 
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Figure 7. Hybridization diagram for transverse polarization (left), and longitudinal 
polarization (right). Single particle modes hybridize to form collective plasmon modes by 
splitting in low-energy (V, S) and high-energy modes (V*, S*); the bright modes V and S* 
have a net dipole moment. 

In case of the polarization being perpendicular to the dimer axis (transverse polarization), 

the situation reverses meaning that the dipoles are anti-parallel (ĹĻ��move out-of-phase) 

in the bonding mode S and parallel (ĹĹ��move in-phase) in the anti-bonding mode S* 

(Figure 7, left). Since only the S*-mode has a finite total dipole moment and can be excited 

by far-field light, it is bright while the S-mode is dark. Therefore, the plasmon interaction 

leads to a blue shift of the LSPR frequency.  

The frequency splitting is due to electrostatic interaction between the NPs. In the high-

energy mode, the dimer dipoles interact repulsively and therefore have an increased 

restoring force of the charge oscillation which explains the higher resonant frequency 

compared to a single particle. On the contrary, the low-energy mode supports an attractive 

interaction which has a lower resonant frequency as a result. The higher energetic splitting 

of the longitudinal polarization compared to the transverse polarization is based on the 

closer proximity of the charge oscillation in this direction. 

When the geometrical shape of a particle deviates from a sphere, the plasmon resonance 

are no longer equivalent for all polarization directions (i.e. they become anisotropic). By 

virtue of the assembly of two AuNRs in close proximity to each other, their plasmon 
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resonance modes can couple and form collective plasmon modes. The strength of 

plasmon coupling increases with increasing aspect ratio of the AuNRs.[81] Further, it 

depends on the same structural parameters as for spherical NPs, e.g. the coupling 

strength increases with decreasing distance between the AuNRs, and increasing number 

of interacting AuNRs.  

The coupling of the longitudinal modes of two AuNRs in the side-by-side assembly is 

described in a way very similar to the hybridization of px-orbitals, while the tip-to-tip 

assembly resembles the overlap of pz-orbitals in molecular orbital theory (Figure 8).[82] 

Hence, regarding the side-by-side assembly, the hybridization of the LSPRs leads to the 

formation of a bonding mode S and an anti-bonding mode S*. In case of the tip-to-tip 

assembly, the bonding and anti-bonding modes are referred to as ı and ı*. (A bonding 

state is understood to be more stable than the anti-bonding state from an energetic 

perspective.) The ı-interaction is stronger than the S-interaction. A stronger LSPR 

interaction results in a larger energetic splitting; hence, the ı-ı*- energy separation is 

larger than the one of ʌ-ʌ*.  
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Figure 8. The plasmon coupling in metal NR dimers described by the hybridization model 
showing the basic picture of the coupled longitudinal plasmon modes of tip-to-tip and side-
by-side assembled NRs. The coupling between the transverse modes is described in an 
analogous way.  

As only the modes with a net dipole moment can be excited, the ʌ*- and the ı-mode are 

³EULJKW´��ZKLOH�WKH�RWKHUV�DUH�³GDUN´��$V�D�UHVXOW��WKH�VLGH-by-side assembly gives rise to a 

shift towards higher LSPR compared to a single NR, whereas for the tip-to-tip assembly 

the LSPR is red-shifted. The plasmon coupling between the transverse modes is very 

weak but can be described in a similar way to the longitudinal modes.[83] By increasing the 

distance between the NRs, bonding and anti-bonding mode converge as the 

electromagnetic field interaction becomes weaker. When the gap distance becomes 

smaller than 0.5 nm, the quantum tunneling effect should be taken into account. When 

the two nanorods get in contact, the coupled bonding plasmon mode undergoes an abrupt 

large blueshift, and a new charge-transfer plasmon mode, representative to the newly 

elongated nanorods, appears far redshifted.[83] 
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2.3 Rapid Test / Lateral Flow Assay 

A rapid test (lateral flow (immuno)assay (LFA, LFIA)) is a simple cellulose-based device 

which gives information about the content of a sample. It confirms the presence or 

absence of a target analyte through a visual readout. LFAs are applied, for example, as a 

tool for environmental monitoring, and quality control of products and raw materials. 

Further, they are used in clinical settings, e.g. as medical tests such as the home 

pregnancy test and the SARS-CoV-2 antigen test. They are designed for detecting a large 

variety of analytes including cardiac and tumor markers, as well as illegal drugs such as 

cocaine, opiates, cannabinoids, and methamphetamines.[84-85] Samples can be body 

fluids (e.g. saliva or urine) or finger-prick blood. Rapid tests are easy to handle, cost-

effective, portable, do not require laboratory resources, and deliver results after only 5 ± 

15 minutes. Therefore, they are assigned to point-of-care (POC) diagnostics. POC tests 

include any type of tests that are carried out in the presence of the patient or by the patient 

himself without the need to send a sample to a laboratory.  

A rapid test consists of a test strip which is often encased in a plastic cassette (Figure 9). 

The test strip consists of a porous nitrocellulose membrane which has three different 

cellulose/glass fiber pads attached: the absorption pad, conjugation pad, and the waste 

pad (details below). These components are mounted over a flexible backing card.  
Once a sample droplet is applied to the absorption pad, the fluid migrates through each 

component by capillary flow. The reagents involved in the assay are dispersed and 

immobilized on the strip beforehand. During the flow process, specific interactions of 

immunoreagents are actuated which results in the staining of certain zones (test line, 

control line). The presence of the target is indicated by the test line while the control line 

confirms that the test is working properly. Since the whole flow process involves a 

separation of molecules which is based on immunochemical reactions and on differences 

in migration speed, LFA is defined as an immunochromatographic technique. 
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Figure 9. Lateral flow immunoassay (antigen test as example) showing positive (top) and 
negative result (bottom). 

(1) Positive sample is absorbed and migrates through the strip by capillary flow. 

(2) Antigen-target binds to an antibody 1 ± gold nanoparticle (AuNP) conjugate.  

(3) Test line: Antigen ± antibody 1 ± AuNP conjugates binds specifically to antibodies of 
type 1 that has been pre-immobilized. Control line: Antibody 1 ± AuNP conjugates bind 
non-specifically to antibodies of type 2 that have been pre-immobilized. (Antibodies 1 and 
2 interact non-specifically and independently from presence and absence of antigen.) 

(1)* Negative sample is absorbed and migrates through the strip. There are no antigen-
targets that could interact with antibody 1 ± AuNP conjugates. 
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(2)* Antibody 1 ± AuNP conjugates encounters antibodies of type 1 that are pre-immobilized 
on strip. 

(3)* Test line: Antibody 1 ± AuNP conjugates pass test line without binding to antibodies of 
type 1. There is no interaction between two antibodies of type 1 in absence of an antigen. 
Control line: Antibody 1 ± AuNP conjugates bind non-specifically to antibodies of type 2 
that has been pre-immobilized on strip. Waste pad collects unbound antibody 1 ± AuNP 
conjugates. 

Details of the flow process are depicted in Figure 9. The absorption pad acts as the first 

stage of the flow process. It absorbs the sample and ensures a consistent and controlled 

flow. The conjugation pad contains labeled biorecognition molecules, e.g. antibodies, 

ZKLFK��³UHFRJQL]H´�� LQWHUDFW�ZLWK�VSHFLILF�WDUJHW�PROHFXOHV�RI� WKH�VDPSOH��H�J��DQWLJHQV��

For example, a SARS-CoV-2 antigen test has anti-SARS-CoV-2 antibodies, and a hCG 

antigen test (pregnancy test) has anti-hCG antibodies adsorbed to the conjugation pad 

which interact with their specific antigens. Once the fluid reaches the conjugation pad, 

specific immunoreactions are initiated, e.g. target-antigens interact with labeled antibodies 

(Figure 9 (2)). When the target molecules are not present in the sample, there will be no 

interaction with the labeled recognition molecules (Figure 9 (2)*). Gold nanoparticles 

(AuNPs) with a diameter of 40 nm are typically used as labels. Other labels include carbon 

or colored latex nanoparticles, magnetic beads, and colored polystyrene beads. Due to 

the AuNPs, the liquid turns into a slightly reddish color after it has passed the conjugation 

pad. After the conjugation process, the conjugates are carried with the flow into the 

nitrocellulose membrane until they hit the test zone. $W�WKH�WHVW�]RQH��³FDSWXUH´�DQWLbodies 

have been pre-immobilized and fixed to the membrane. Once the antigen-antibody-AuNP 

conjugates bind to the pre-immobilized recognition molecules, they will be captured at the 

test zone (Figure 9 (3)). Due to the AuNP labels, the test zone turns red and a red line 

appears. The intensity of the red line varies depending on the quantity of the target. When 

the antigen-target is not present, the test zone will not turn red since the labeled antibodies 

pass that zone without being captured (Figure 9 (3)*). The next zone of the membrane is 

the control zone which indicate that the sample has sufficiently migrated. At the control 

zone, antibodies have been pre-immobilized which are different from the ones at the test 

zone. These antibodies bind the labelled antibodies from the conjugation pad since there 

is a non-specific interaction between them, the C-zone antibodies and the labeled 

antibodies. The binding is independent from the presence of the antigen. Hence, the 
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control line turns red for both a negative as well as a positive sample. The last stage of 

the flow process is the waste pad which collects remaining fluid and molecules. The waste 

pad also helps maintaining the flow rate and prevents back flow.   
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3 DNA Origami-Directed Silica Mineralization 

Silica nanostructures are formed in nature through a biomineralization process. 

Biominerals are organic-inorganic hybrid materials with exceptional structural features 

(Figure 10). They are synthesized for different purposes including structural stability, 

rigidity, protection and defense. The structure is precisely controlled over several 

hierarchical orders from nano to micro scale resulting in complex architectures.  

³)RUP�LV�IXQFWLRQ´ 
Diatoms, for example, are aquatic organisms which use silicates to stiffen and protect their 

tissue providing them with resilience for viability. The silica walls have openings and slits 

for the diatom to interact with its environment. For example, light-sensitive species reduce 

their exposure through elaborate patterning. There are hundreds of thousands of diatoms 

species with distinct silica patterns providing multiple functionalities.  
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Figure 10. Scanning electron micrographs of most of the dominant diatom species in the 
investigated sediment coUH�RI�/DNH�6RNRFK��6FDOH�EDU�UHSUHVHQWV���ௗȝP�IRU�DOO�RI�WKH�VKRZQ�
species, except for number 31 marked with an asterisk. For this single species, the scale 
EDU�UHSUHVHQWV����ௗȝP�[86] Adapted with permission.  

Since biomineralization has been a process for more than 500 million years, it has been 

highly optimized through evolution. Therefore, mimicking the biomineralization process is 

a great motivation for researchers in the field of biomimetic materials chemistry. Although 

the naturally occurring structures are still extremely difficult to replicate, they give an 

inspiration to follow the biomimetic approach. Understanding and abstracting the 
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mechanisms allows us to design and fabricate new architectures with defined physical 

properties. Pioneering work in biomimetic mineralization was made especially by Seiji 

Shinkai[6], Stephen Mann[87], Jeffrey Brinker[88], and Shunai Che[89]. 

Examples for biomimetic nanostructures are DNA-silica fibers, multi-helical DNA-silica 

fibers, helical DNA-silica impellers, polypeptide-silica spheres, polypeptide-silica fibers, 

chiral peptide-silica complex with ordered lamellar structure, PLL-silica platelets, 

cellulose-silica with birefringence patterns, chiral cellulose-silica films, virus (TMV)-silica 

showing hexagonally ordered mesoporous structure, pili-silica lattices.[90] )URP� WRGD\¶V�

point of view the shapes were simple and fairly irregular. Yet, there is a limited selection 

of template patterns used for mineralization and hence a lack of nanoscopic inorganic 

material with special structural features.  

DNA nanotechnology provides new opportunities for biomimetic materials chemistry. 

Especially, the DNA origami technique gives access to a plethora of structures in 1, 2, and 

3 dimensions. DNA origami structures are customized and provide an unlimited degree of 

structural complexity which makes them ideal candidates to be used as templates for 

defining new silica patterns.  

At the same time, the silica mineralization provides stability and rigidity for the DNA 

origami nanostructures. Without the silica protection the DNA origami structures would 

decompose once they were exposed to extreme conditions such as heat, low/high pH, 

and low salt buffers. Further, the nanostructures are prone to deformation and loss of 

dimensionality upon drying. Especially, 3-dimensional DNA origami lattices are very 

delicate and fragile. For example, they would collapse under their weight and mechanical 

stress upon transition to the dry state. Hence, with respect to both perspectives, DNA 

origami mineralization does not only raise structural variety but also stability, integrity, 

functionality, and applicability. The work presented here is interdisciplinary; it provides an 

approach to solving challenges in biomimetic chemistry as well as in DNA 

nanotechnology.  

DNA Origami Meets Silica Mineralization 
The main goal of this work was to transcribe DNA origami shapes into silica structures by 

templating and directing the silica growth. The first DNA origami-templated silica 

structures (immobilized on a surface) were reported in July 2018 by the group of Chunhai 

Fan.[7] The work presented in this dissertation was published shortly after, in November 
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of the same year, presenting origami-silica structures which are dispersed in water. In the 

so-called sol gel process to grow silica, silanes are used as precursor. TMAPS (N-

trimethoxysilylpropyl-NNN-trimethylammonium chloride) is not a commonly used 

precursor. However, it is used here as it is important for the association with DNA in order 

to transcribe the origami shape. The approach of using TMAPS as a linking molecule 

between the DNA-silica interface was first reported in 2003 by Shunai Che in the context 

of making silica structures using single stranded DNA as templates.[80] In their publication 

the crucial role RI�D�³FR-structure-GLUHFWLQJ�DJHQW´ was demonstrated since DNA and silica 

repel each other due to their opposite charge. Three years later, in 2006, the DNA origami 

technique was introduced for folding single stranded DNA into arbitrary shapes. Using 

DNA origami one can access any desired 1, 2 and 3D shape with varying sizes. However, 

it took more than one decade for the silica mineralization process and DNA origami to 

meet each other. This could be due to difficulties in growing silica in a controlled manner 

and exclusively on the DNA origami surface which is highly dependent on parameters 

such as temperature, amount of precursor, pH and mixing speed. Synthesis and growth 

conditions need to be precisely adjusted to overcome random silica growth and to obtain 

a smooth silica layer. Moreover, better research exchange might have promoted the 

encounter of both disciplines.  

After the presentation of our interdisciplinary approach, various publications followed 

introducing new silica patterns and objects including highly ordered, distinct, and 

elaborate crystalline structures.[9-11, 14-16] Especially fragile and delicate DNA crystals 

benefit from the rigid silica support layer (Figure 11). Two further publications followed 

presenting calcium phosphate mineralization on DNA origami.[13, 17] The calcium 

phosphate shell can provide rigidity and support as well, however, it has a higher degree 

of unevenness and less stability against extreme pH and heat. 
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Figure 11. Structural and elemental characterization of silica-AuNP replica lattice by 
electron microscopy. (A) Scanning electron microscopy (SEM) images of grains of SiO2-
coated FCC DNA-AuNP superlattice. (B) High-resolution SEM reveals that each grain is a 
monodomain with sharply terminated grain boundaries and dihedral angles corresponding 
to the symmetry of the lattice.[16] Adapted with permission. 

The silica encapsulation of DNA origami provides an effective experimental method for 

the controllable fabrication of functional inorganic materials. As of yet, potential 

applications of such silica structures have not been exploited to the full. 7KH�ELRPLQHUDOV¶�

structure is as yet superior to artificially produced ones. It results from a very specific 

interaction at the organic-inorganic interface involving specific proteins. Therefore, the 

development of next generation biomimetic systems may involve these kinds of proteins. 

Further, as presented by our method the DNA origami mineralization method helps 

overcoming stability and deformation issues of soft DNA structures. Prospectively, using 

this method, the structure variety of DNA origami will shift towards stable, and at the same 

time, intricate and delicate structures such as 3D lattices with even thinner struts and 

larger cavities.  
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3.1 Associated Publication 1 
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4 One-Pot Synthesis of Gold-Silver Nanorods 
for Plasmonic Application 

Plasmonic nanoparticles have interesting optical properties which depend on their 

material, size and shape. They come in a variety of colors and were used since ancient 

times to stain the windows of churches.[91] Their plasmonic behavior originates from a 

strong interaction between incident light and the free electrons giving rise to collective 

electron vibrations that are defined as plasmons.[92-93] Depending on the boundary 

condition there are bulk plasmons, propagating and localized surface plasmons (PSP and 

LSP). As in this case the plasmons are confined to the surface and volume of the NP; they 

DUH�ORFDOL]HG�RQ�WKH�SDUWLFOH¶V�VXUIDFH��7KH�/63�FDQ�EH�H[FLWHG�E\�H[WHUQDO�OLJKW�ZLWK�DQ�

energy corresponding WR�WKH�QDQRSDUWLFOH¶V�UHVRQDQFH�ZDYHOHQJWK��7KH�PHWDO�13�FDQ�EH�

seen as an antenna that converts the light into strong localized electric fields and as a 

waveguide routing the light to desired locations with nanometer precision. There has been 

growing interest in using strong field enhancement and light localization in plasmonic 

nanostructures to control the polarization properties of light. 

Today, a wide application of metal NPs includes the detection of biomarkers in so-called 

rapid tests (see Chapter 2.3). The collection of individual and randomly oriented gold 

nanospheres with no special interparticle interaction (e.g. plasmonic coupling) are used 

to give a visual impression as read out. Besides the unique properties of individual NPs 

multiple plasmonic NPs with defined inter-particle distance (of a few nanometers) and 

orientation to each other have a synergistic physical effect called plasmonic coupling. The 

plasmon coupling of particle dimers was described in 2004[82] similarly to the well-

established atomic orbital hybridization theory by Pauling[94] (see Chapter 2.2 Plasmon 
Hybridization Model). Plasmon coupling is used to concentrate the light in the gap 

between the NPs giving rise to an extremely enhanced electric field within that small area 

- WKH� ³KRW� VSRW´�� )URP� WKH�KRW� VSRW� YHry specific and strong optical responses can be 

obtained. For example, the interaction of the near-field with a chiral molecule that is placed 

in the hot spot can be used to optimize the selective light absorption by the molecule. 

Chiral molecules are molecules whose mirror images cannot be superimposed by any 

translation or rotation. These molecules are ubiquitous in nature and play a key role in 
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chemical and biological processes. For example, the therapeutic effects of chiral drugs 

can diverge strongly depending on their chiral properties. 

As in case of chiral geometrical assemblies of NPs chiral plasmons are generated through 

the coupling of plasmon modes of the interacting NPs.[95]. Chiral plasmonic structures 

exhibit significantly large optical activity since they interact strongly and differently with 

right- and left-handed circularly polarized light leading to enhanced chiroptical 

responses.[96] Therefore, they are of great practical interest for chemical and biological 

research.[97] 

For the arrangement of nanoparticles in a controlled manner DNA origami has proven to 

be a great tool.[98] Yet, the method has been applied to a limited number of different 

plasmonic nanoparticles. Although metals supporting plasmons in the visible and near 

infrared include gold, silver, copper, aluminum, and lithium (Table 2, Plasmonic ability), 

their practical use is rather dependent on their stability, availability, and optical losses (free 

electron losses). The loss mechanism originates from interband electronic transitions. 

This means that electrons jump to higher, empty energy levels caused by absorption of 

incident photons. Bound electrons can also shift to the Fermi surface or to the next higher 

energy levels. Both processes result in significant losses. 

Gold has high interband losses at wavelengths below or about 500 nm. Although the 

plasmon resonances of Au nanospheres cover a small range (510 ± 570 nm), they are 

still widely used owing to their chemical stability, non-reactivity, and commercial 

availability. Copper has large losses over most of the visible spectrum and aluminum has 

interband transitions around 800 nm, both giving rise to plasmon damping in the visible. 

However, Al is an attractive plasmonic material in the UV range. The application of Cu 

and Al is further restricted by their colloidal instability. Moreover, progress and advances 

in synthesizing Cu and Al NPs with sufficient quality are still to be made.[99]  

Alkali metals such as Li have very poor stability under atmospheric condition, hence are 

not suitable for practical use. 
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Figure 12.[100] Dielectric function İ of Au, Ag, and Cu. The imaginary part İ��is associated 
with the losses in the metal; the dissipation of energy into the medium. The losses of Ag 
are the lowest. The real part İ
�represents the ability to permit the electric field. The real 
part is an indication of the degree to which a material can be polarized. Negative values 
mean that the excited field is in opposite direction to the external field. From Vis to NIR Ag 
shows the best polarization ability. Adapted with permission. 

Here, we emphasize on plasmonic applications of silver NPs as they are very promising 

in terms of property, stability, and quality. Silver is known to exhibit superior plasmonic 

properties including long plasmonic lifetime, sharp resonance band, and large plasmon 

tunability range.[74] According to theoretical studies Ag is considered the best material for 

plasmonics due to its lowest optical loss in the visible and NIR spectral range.[101] Silver 

is able to support strong surface plasmons from 300 ± 1200 nm since its interband 

transitions lie outside that region. 

The dielectric function İ�  İ
�� Lİ��(Figure 12) describes how a material's optical properties 

are dependent on the incident wavelength of light. The real part İ
�describes the strength 

of polarization by an external electric field. The imaginary part İ��indicates WKH�PDWHULDO¶V�

losses and is related to interband transitions. It describes the losses encountered when 

polarizing the material. Thus, a low loss material is associated with small values of İ�. 



4 One-Pot Synthesis of Gold-Silver Nanorods for Plasmonic Application 

36 

Table 2. Stability of different metals and their ability to support plasmons.[102] 

Metal Stability Plasmonic ability 
Aluminum Easy oxidation; Stable after 

surface passivation 
Good in UV region 

Copper Easy oxidation Good; interband transition below 600 nm 
Gold Very stable Good; interband transition below 500 nm 
Lithium extremely reactive Good 
Silver oxidation Very good; low optical loss 

Although the chemical synthesis of silver NPs of different shapes were reported, the 

literature lacks reliable protocols for the fabrication of silver NPs that are functionalized 

with DNA and have a prolonged stability for further utilization and long-term application. 

As indicated above, the chemical properties such as stability and reactivity of a metal are 

very crucial for its practical exploration (Table 2, Stability). Therefore, to study 

plasmonics in a broader (spectral) range and to extend its applicational scope there is an 

XUJHQW�QHHG�WR�HQVXUH�WKH�PHWDO¶V�VWDELOLW\�GXULQJ�DQG�DIWHU�V\QWKHVLV��$IWHU�WKH�V\QWKHVLV�

the subsequent functionalization with DNA is essential for the defined assembly using 

DNA origami to study the interparticle plasmon coupling effects. Conventional DNA 

functionalization methods were optimized only for gold spheres. Further, the reported 

methods involve an exchange process where the stabilizing capping agent is replaced by 

the DNA which is time consuming and inconvenient and meanwhile during that process 

the NPs are susceptible to aggregation and decomposition. Therefore, the great challenge 

includes stability preservation during and after DNA adsorption on the surface as well as 

after the assembly with DNA origami and after the final purification process. 

Our idea includes having a supportive and stable gold nanorod core and a thick shell out 

of silver providing the desired plasmonic features mentioned above. We present a simple 

procedure for the fabrication and functionalization of gold-silver core-shell nanorods, their 

subsequent geometrical arrangement using DNA origami, and their use for optical signal 

enhancement. The implementation works under normal condition and it is extremely fast 

and convenient; since it excludes the exchange process, stability issues cannot arise. 

Instead, the Au/Ag core-shell rods are instantaneously functionalized with thiol modified 

DNA during the reduction of silver nitrate on the gold surface. The growing silver shell is 

immediately covered by the DNA owing to the strong silver-sulfur bond.[103] The excess 

thiols are removed to hinder subsequent reactions such as sulfidation which would lead 
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to the production of a silver sulfide (Ag2S) shell. During sulfidation the S-C bonds are 

broken and the S atoms are shifted below the surface while Ag atoms are brought to the 

surface which leads to a cleavage of the linked DNA.[104] Hence, the removal of excess 

thiols is essential to avoid that process, leading to an enhanced shelf life of the Au/Ag 

core-shell NRs. 

Subsequent arrangement of the fabricated bimetallic nanoparticles into a chiral structure 

using DNA origami enabled us to study their plasmonic behavior and relate them to our 

theoretical studies.[105] We anticipated and observed stronger plasmon interactions and 

optical activity induced by the silver-shell. For quantification the anisotropy factor was 

determined. The anisotropy factor g is often used as a measure of optical activity and 

characterizes the strength of interactions between light and particle.[106] It quantifies the 

relative strength of the CD signal over extinction and is given by the following equation: 

g  ���ıL í�ıR���ıL ��ıR), where ıL and ıR are extinction cross-sections with left and right 

circularly polarized light, respectively. The silver shell raised the g-factor of the core 

AuNRs by a factor of 7 which is considered high compared to other chiral systems.[107] 

The presented practical method enabled us to generate and enhance chiral plasmonic 

interactions. The results promote a deeper understanding and set the foundation for future 

studies of more complex chiral plasmonic structures. Chiroptical systems have great 

potentials for use in e.g. detection of diseases, photocatalysis and chemical sensing.[97] 
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4.1 Associated Publication 2 
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5 Using DNA Origami in Rapid Tests for Signal 
Amplification 

Rapid tests (also lateral flow (immuno)assays (LFAs, LFIAs) or point-of-care tests (POC-

tests)) are assays which are used to detect analytes such as pathogens, toxins, and 

biomarkers with a visual read-out.[54] The enzyme troponin for instance is a standard 

biomarker for detecting an acute myocardial infarction (heart attack, AMI).[108-109] When a 

patient has an AMI, time is of the essence. The great advantages of a LFA such as the 

troponin rapid test include fast detection (5 ± 15 min), easy access, low cost, and minimum 

inconvenience for the patient. Rapid tests can help to rule-in AMI earlier than laboratory-

based assays.[108] However, laboratory-based assays have lower cut-off values (lowest 

amount of analyte that can be detected and that is defined as the limit of detection (LOD)) 

which contributes to a better sensitivity.[110]  

A viral infection is another example which can be diagnosed using either lateral flow or 

analytical laboratory assays.[111] Particularly at an early stage of the infection when the 

viral load is still low nucleic acid detection assays such as the real-time reverse 

transcription polymerase chain reaction (rRT-PCR) are principally more reliable than 

antigen tests (Figure 13).[112-113] Here, the virus RNA is transcribed to DNA (reverse 

transcription) which is then amplified by PCR to achieve a detectable amount. The amount 

of RNA is determined by monitoring the amplification reaction (in real-time) using 

fluorescence.[114] 
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Figure 13.[113] Test sensitivity for low and high sample viral load. Adapted with permission. 

The limit of detection for rRT-PCR lies between 100-200 copies/mL. That analytic 

sensitivity is several orders of magnitude greater than for antigen rapid tests.[112] As 

elaborated in the introduction (Ch. 1), there are benefits and drawbacks for both 

diagnostic tools. Nevertheless, antigen tests are an important complement to rRT-PCR. 

They are generally faster and require less specialized equipment enabling wider 

deployment and high throughput screening. Therefore, LFAs can be beneficial in time-

critical situations in which the contagiousness of a person must be assessed easily and 

rapidly on site. The significance of this point has become clear to the majority of people 

during the Severe Acute Respiratory Syndrome Corona Virus 2 (SARS-CoV-2) pandemic 

since analytical laboratory tests could not deliver results at the point-of-care.[66, 113] Even 

when time is not critical, being able to move on with diagnosis and treatment is beneficial 

to the patient.  

The lengthy turn-around-time of analytical laboratory tests is because many steps are 

involved: The process involves sample collection, transportation to laboratory, RNA 

extraction, rRT-PCR, and last, results communication.[115] Further requirements include 

special biochemical compounds, refrigeration, lab equipment and maintenance, quality 

control programs and trained personnel. These factors lead to the absence of analytical 

tests in many areas of the world with less well-developed infrastructure. Therefore, 
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research is constantly focusing on widening the scope and raising the specificity and 

sensitivity in order to improve the quality and applicability of rapid tests.[73] 

The general performance of a rapid test is described by its sensitivity and specificity 

number which is given as a percentage. A test that identifies 98 of 100 infected people 

has a 98% sensitivity. When 5 of 100 healthy people are identified as false-positive the 

specificity is 95%. The analytical sensitivity of rRT-PCR varies between laboratories but 

is almost 100% under optimal laboratory condition however the Robert Koch Institute does 

not publish these numbers.[116] As for rapid tests the clinical numbers must be given by 

each manufacturer. The World Health Organization (WHO) stated that SARS-CoV-2 

DQWLJHQ� UDSLG� WHVWV�PXVW� KDYH� D�PLQLPXP�SHUIRUPDQFH�RI� ����� VHQVLWLYLW\� DQG� �����

specificity.[117]  

The quality of rapid tests strongly depends on the manufacturer and on what its target is 

(e.g. drugs, tumor markers).[112, 118] As for a SARS-CoV-2 infection the nucleocapsid 

protein (N protein)  has been confirmed as an ideal target for an early diagnostic detection 

by means of LFA since it is predominantly expressed and produced at high levels within 

infected cells.[66, 119] However, LFAs give no quantitative results of the N protein. rRT-PCR 

can deliver quantitative results, since the nucleic acid amplification cycle (Ct value) gives 

an indication of the initial amount of RNA (virus and RNA have a one-to-one relation, cf. 

Figure 14).[114] The virus is expected to be abundant in respiratory samples when the rRT-

PCR cycle threshold (Ct) is below Ct = 25 (which corresponds to ~106 RNA copies/mL), 

and the rapid test sensitivity correspondingly high.[120] Therefore, the performance of LFA 

is best within the first 5 ± 7 days of symptoms. 

Since viral specific proteins are more abundant and easier to detect than the virus RNA, 

they are usually favored as biomarkers in rapid tests.[66] However, the protein 

concentration is not sufficient for an early detection of an infection.  
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Figure 14. Scheme of SARS-CoV-2.[121] Adapted with permission. 

Due to advances in nanotechnology new strategies are steadily developed and employed 

in lateral flow assays.[73] The general technology of LFAs which is simple, at the same 

time sophisticated and effective, is described in detail in Ch. 2.3. In short, the target 

migrates through a membrane where it binds specifically to a label present in the 

membrane. Once the target-label conjugate reaches the test zone of the membrane it is 

immobilized there. Only the labels that are bound to the targets accumulate at the test 

zone. Labels which did not bind to a target pass the test zone. The labels send a signal 

with an intensity that is dependent on the nature of the label. The more labels accumulate, 

the more intense is the signal that is emitted at the test zone. Labels can be for example 

metal nanoparticles, latex beads, or fluorophores.[73] Colloidal gold has proven an 

excellent label to detect and visualize the presence of biomarkers.[122] The most commonly 

used ones are 40 nm gold nano spheres.[54] 

The signal and thus the optical behavior of colloidal gold originates from plasmons which 

are collective electron vibrations (vibrations of the electron plasma).[93] The type of metal 

DQG�WKH�SDUWLFOH¶V�VL]H�DQG�VKDSH�GHILQHV�WKH�SODVPRQLF�SURSHUWLHV�DQG�WKXV�WKH�YLEUDWLRQ�

frequency. Plasmons can propagate along the surface of a bulk metal for which they are 

also called surface plasmons. Surface plasmons of NPs however are confined to the 

particle, thus they are localized. The plasmon frequency that is specific to each particle 

size is called the resonance frequency. The localized surface plasmon resonance (LSPR) 

of 40 nm gold spheres lies in the visual spectral range at ~ 510 nm giving us a red color 

impression. The LSPR red-shifts and its intensity raises with increasing particle size. The 

ability to perceive the red color with our eyes is limited by the LSPR intensity which is 
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dependent on the dielectric constant of gold. The net optical response is a sum of the 

LQGLYLGXDO�QDQRSDUWLFOH¶V�UHVSRQVH��+HQFH��WKH�KLJKHU�WKH�QDQRSDUWLFOH�FRQFHQWUDWLRQ��WKH�

more intense is the color line and a minimum analyte concentration is required to bind and 

immobilize a detectable number of NPs at the test zone. However, often the analyte is 

immersed in a migration solution before being loaded on the test strip which further 

decreases the analyte concentration.  

 

 
Figure 15. Scheme of DNA origami-based LFA to detect a biotin-labeled DNA target with 
specific sequence. Streptavidin is pre-immobilized at the test zone of the strip. (1) 6 HB-
biotin conjugate (hybridized beforehand) binds to streptavidin. (2) DNA-functionalized 
AuNPs bind to 6 HB via DNA hybridization. (1)* and (2)* control assay without 6 HB to rule 
out unspecific binding of AuNPs at the test zone.  
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Figure 16. LFA vs. origami-based LFA. Comparison of signal intensity using 40 nm AuNPs 
from BBI Solutions and test strips from Milenia Biotech (c.f. Figure 17). Assay design and 
flow process are shown in Figure 15. Figure by courtesy of Maximilian Urban. 

To improve the rapid test sensitivity, we employed DNA origami to increase the number 

of AuNPs that were captured at the test zone. Using DNA origami, the target could bind 

not only one but multiple AuNPs (depending on AuNP size and number of binding sites 

on the origami). Through the use of a low ratio of NPs, multiple origami could be linked 

together to form clusters (Figure 22) which further increased the number of NPs per target 

molecule. These large origami-NP clusters showed even stronger signals. The read-out 

signals were 1000-times enhanced. Without enhancement a minimal analyte 

concentration of 100 pM was detected. Using the enhancement strategy, a minimal 

analyte concentration of 100 fM was detected (Figure 16). Control tests ensured that 

there was no signal enhancement in the absence of the analyte in order to rule out 

unspecific binding.  

The signal enhancement strategy is designed to be applied in commercially available rapid 

tests by simply adding the origami to the flow process. In initial studies commercial test 

VWULSV�³+\EUL��7´�ZHUH�XVHG�IURP�0LOHQLD�%LRWHFK��6LQFH�WKH�FRPSDQ\�RIIHUHG�VWULSV�ZLWK�

pre-immobilized streptavidin at the test zone, a biotin-DNA target was employed in the 

assay (streptavidin has four binding sites for biotin). An origami structure (6-helix-bundle 

(6 HB), 3 anchor strands for conjugation with the biotin-DNA target at the tip, 55 anchor 

VWUDQGV� IRU� FRQMXJDWLRQ� RI� 13V� GLVWULEXWHG� RYHU� WKH� ³ODWHUDO´� RULJDPL� VXUIDFH� cf. 5.1 
Associated Manuscript, Figure 2) was conjugated to the target via DNA hybridization 
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and the whole conjugate was captured at the test zone during the flow process. Finally, 

40 nm-AuNPs (other NP sizes see below) were conjugated to the 6 HB for the optical 

signal. Later, we employed different sizes of spherical and rod-shaped NPs (stated in 

figure caption) which were captured by the 6 HB (Figure 17). A signal enhancement by 2 

± 3 orders of magnitude was obtained. 

 
Figure 17. LFA detection of 0.1 pM ± 10 nM biotin-DNA using 60 nm and 80 nm AuNPs 
(Sigma Aldrich) and 43 × 20 nm Au/AgNRs with and without 6 HB enhancement (c.f. 
Figure 16). Assay design and flow process are shown in Figure 15. 

A detailed protocol is described in the following: The 6 HB was mixed with the biotin-DNA 

to allow hybridization. For this, a buffer solution containing a final concentration of 20 mM 

Tris, 100 mM NaCl, 0.1% SDS, and 1 mg/mL BSA with pH 8 was prepared. To 5.5 µL of 

that solution, 3 µL of 0.1 M MgCl2 and 20 µL of 2.5 nM 6 HB (in 1×TAE, 11 mM MgCl2) 

was added. Then, 1.5 µL of 10, 5, 2.5, 1, 0.5 pM biotin-DNA was added resulting in final 

concentrations of 250, 125, 75, 50, 25 fM (for other concentrations the biotin-DNA 

concentration was adjusted keeping the volume constant). The final MgCl2 concentration 
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in each sample was 10 mM. The mixture was transferred to the absorption pad and 

allowed to migrate through the LFA strip which had streptavidin pre-immobilized at the 

test zone. The 6 HB-DNA-biotin conjugate was captured by the streptavidin via 

streptavidin-biotin interaction. A washing step was carried out using 40 µL of the initially 

prepared buffer to wash off residuals and unbound 6 HBs from the membrane. In a last 

step, 10 µL of ~ 10 nM polyT functionalized NPs (40, 60, 80, 43 × 20 nm) were allowed to 

migrate through the membrane which were captured by the 6 HB via DNA hybridization 

(of poly A and poly T strands) which resulted in a colored line at the test zone. 

 
Figure 18. LFA detecting FITC-DNA-biotin. Label: 0.8 nM Au/AgNRs (LSPR 680 nm). Test 
zone with streptavidin pre-immobilized. Control zone with FITC pre-immobilized. Test strips 
from Microcoat Biotechnology. 

In previous studies, we incorporated our reported bimetallic Au/AgNRs (~ 71 nm × 14 nm; 

LSPR 680 nm) (Ch. 4.1 Associated Publication 2) into the lateral flow assay without 

using the 6 HB for enhancement yet (Figure 18). Test strips from Microcoat 

Biotechnology were used. The assay was designed to detect a FITC-DNA-biotin target 

(FITC = fluorescein isothiocyanate). Streptavidin was pre-immobilized at the test zone (T), 

while FITC was pre-immobilized at the control zone (C). The Au/AgNRs were 

functionalized with anti-FITC (purchased from Jackson ImmunoResearch) by the passive 

adsorption method.[123] This system showed a detection limit at around 200 pM target 

concentration. The Microcoat strips had a third zone with pre-immobilized anti-digoxigenin 

https://www.dianova.com/en/shop/?ep_filter_pa_manufacturer-brand=jackson-immunoresearch&post_type=product
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between the test and control zone. No unspecific binding between anti-FITC and anti-

digoxigenin was observed at that zone indicating good specificity.  

Au/AgNRs of different colors could be applied in multianalyte testing (multiplex assays).[59] 

 
Figure 19. SEM micrographs of 40 nm-AuNPs on a glass surface which accumulate to rod-
like shapes indicating a successful conjugation between DNA origami and AuNPs. Scale 
bars are 500 nm. Images by courtesy of Christoph Sikeler. 

 
Figure 20. TEM micrographs of spherical and rod-shaped NPs attached to 6 HB. (a) ± (c) 
Gold spheres (d) ± (e) Gold rods (f) ± (h) Gold/silver rods. Scale bars are 100 nm. 

To verify the hybridization between the 6 HB and AuNPs, the flow process was mimicked 

on a glass surface. The 6-helix-bundles were pre-immobilized on the surface via BSA-

streptavidin. 40 nm-AuNPs functionalized with DNA were incubated. SEM micrographs 

show that the AuNPs accumulate on the surface indicating the shape of the DNA origami 

(Figure 19). Further, the hybridization was carried out on a TEM copper grid in order to 
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subsequently perform TEM analysis (Figure 20). Spherical and rod-shaped AuNPs of 

different sizes as well as Au/AgNRs were used for conjugation. 

 
Figure 21. SEM micrographs of the target zone (cellulose membrane). Sample with 1 nM 
and 0 nM biotin-DNA target. Scale bars are 1 ȝm. Images by courtesy of Christoph Sikeler. 

 
Figure 22. TEM micrographs of 6 HBs and AuNPs forming clusters. Scale bars are 200 nm. 

LFA may not replace molecular testing, but their combination will substantially improve 

diagnostic capabilities. An increased sensitivity can help to provide convenient medical 

assessment, effective decision making, and early treatment. An early diagnosis reduces 
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mortality and transmission. The scientific advancement in LFA technology must also meet 

economic and commercial requirements. Eventually, it must align with the most beneficial 

features of LFA (low-cost, ease of use, and rapid) to generate a real impact.  
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Abstract 

The COVID-19 pandemic has revealed the urgent need for quick, reliable, easy to handle, 

and sensitive diagnostic methods. Lateral flow assays (rapid tests) have proven to be a 

powerful tool in the combat against the spread of COVID-19. Their cheap and easy 

application and direct read-out make them ideal for point-of-care (POC) diagnostics. 

However, the advantages of these tests still come at the cost of reliability and analytical 

performance while more time-consuming laboratory tests are still the gold-standard in the 

field. Here, we present a strategy for improving the reliability of rapid tests by employing 

DNA origami to provide high control over target recognition and sensitivity. By virtue of 

this strategy, the detection limit of a rapid test could be shifted from the nanomolar to the 

picomolar concentration region. 

 

Rapid tests (also referred to as lateral flow (immuno)assays, LFA) were first commercially 

launched in 1984 by Unipath.[1] They are a simple, yet very sophisticated system to detect 

and quantify analytes.[2-3] Rapid tests are used for clinical analysis, the detection of 

mailto:urban.max@physik.uni-muenchen.de
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toxins[4-5] and pathogens[6-8] as well as pesticides[9-11] and drugs[12-14]. Small sample 

volumes and no sample preparation are required while an easy to analyze visual read-out 

is obtained after a few minutes. Ecological factors such as low material cost and energy 

consumption add to their unparalleled advantages as an analytic method for sample 

containing analytes with nanomolar concentration.[15] 

However, for low target concentrations (picomolar region) the reliability of rapid tests 

decreases dramatically with decreasing target concentration. The development of rapid 

tests capable of detecting targets within the picomolar range would be greatly beneficial 

to global healthcare providers.[16] LFAs can provide point-of-care diagnostics making 

sample processing and transportation and difficult lab set-ups obsolete, particularly 

improving diagnostic services in the developing world due to suboptimal infrastructure and 

resources. Therefore, increasing the sensitivity of rapid while ensuring safety and 

reliability addresses a real-world problem.  

The design of a rapid test is simple.[17] A paper-based test strip is encased by a plastic 

cassette (Figure 1, right). The sample can be applied to the hole in the cassette which 

gives access to the absorption pad of the test strip. It then sequentially moves through 

several compartments on the strip by virtue of capillary forces. After passing the 

conjugation pad and migrating through the nitrocellulose membrane, the sample finally 

gets absorbed by the waste pad. The system is based on specific binding events between 

biomolecules: While migrating through the strip, the analyte interacts with particles and 

molecules which are dispersed and pre-immobilized on the strip. The qualitative read-out 

consists of a colored line that is observed by naked eye. The target concentration at which 

a distinct line can still be observed determines the level of sensitivity. The colored line 

consists of so-FDOOHG�³ODEHOV´�ZKLFK�DUH�UHVSRQVLEOH�IRU�WKH�FRORU�LPSUHVVLRQ��7KH�WDUJHW�

itself is not visible; therefore, it is marked with the label for the visual detection. The label 

is dispersed on the conjugation pad and conjugates the target once it passes through. 

The most common labels are gold nanoparticles (AuNPs) which appear as a red line at 

the test zone. Once the target-label conjugate reaches the test zone, it is captured by pre-

immobilized molecules. Hence, target and label concentrate at the test zone during the 

flow process. 

Usually, a target molecule has one binding site for binding one label. By increasing the 

number of labels per target molecule, the intensity of the red line can be increased. This 

strategy to improve assay sensitivity has recently been implemented in different ways.[15] 
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For example, complementary oligonucleotides were used to conjugate multiple AuNPs to 

the target which led to a 2.5-fold improved sensitivity in HIV nucleic acid LFA.[18] Further, 

using dendrimers to assemble gold multimers led to a 20-fold higher sensitivity[19] and 

using silica nanorods coated with colloidal gold achieved a 50-fold signal enhancement in 

the detection of rabbit IgG.[20] A label, composed of many small (16 nm) gold labels bound 

to individual chitosan-coated Fe2O3 nanoparticles improved sensitivity 3-fold in an aflatoxin 

B2 assay.[21] 

The significance of this work is to introduce a DNA origami structure which can bind to the 

target as well as to a multitude of AuNPs improving the detection limit by four orders of 

magnitude. The DNA structure is assembled using the DNA origami technique[22] that is 

capable of arranging inorganic nanoparticles with specific distance, direction, and order 

which is beneficial for tuning the optical signal.[23] The enhancement system is designed 

to be added to commercially available LFAs.  

 

Results 
For developing our method, a setup for testing for pregnancy was chosen due to 

convenience, accessibility, and variety. The enhancement strategy was carried out using 

the pregnancy test One+Step®. The pregnancy test detects human chorionic gonadotropin 

(hCG) which is a hormone elevated during pregnancy. The hCG was produced from a 

sterile preparation of placental glucoprotein (source: urine of post-menopausal women). 

The purchased lyophilized powder was reconstituted in MilliQ water with 0.1% bovine 

serum albumin (BSA).  

To improve the rapid test sensitivity, we employ a DNA origami structure to increase the 

number of AuNPs that are captured at the test zone. By binding to a AuNP-functionalized 

DNA origami structure, the target can bind not only one but multiple AuNPs (depending 

on AuNP size and DNA origami design). The DNA structure used consists of a 6-helix-

bundle (~ 414 × 7 nm) with 55 DNA anchor strands (poly A15) for the conjugation of 40-

nm AuNPs functionalized with poly T8-25 (Figure 2).  

Before applying the 6 HB origami in the One+Step® test, the original One+Step® labels 

(AuNPs) were removed from the conjugation pad. A sample containing hCG was allowed 

to migrate through the test strip by applying it to the absorption pad. Once the sample 

reached the test zone, hCG was captured by pre-immobilized anti-hCG (Figure 3). Then, 
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6 HBs that were previously conjugated to anti-hCG were added. The 6 HB-anti-hCG 

conjugates were captured by hCG at the test zone. In a last step, DNA-functionalized 

AuNPs were added to the flow process to be subsequently captured by the 6 HBs via 

base pair hybridization. Between all steps, a washing step was carried out using MilliQ 

water to flush excess and unbound hCG and 6 HBs from the membrane.  

Using DNA origami, a minimal concentration of 0.1 pM was detected (Figure 1), whereas 

without enhancement, a minimal concentration of 1 nM was detected, therefore showing 

an increase in sensitivity by a factor of 104. Control tests ensured that there was no signal 

enhancement in the absence of the analyte in order to rule out unspecific binding. In 

reference studies the original testing system was not changed. The process was carried 

out without addition of our enhancement DNA structure: 5 ȝL of hCG (100 pM, 1 nM, 10 

nM, 25 nM) were added to the absorption pad (Figure 1). Subsequently, 20 ȝL MilliQ 

water was added to enable a good flow through the membrane. The original AuNPs of the 

pregnancy test are responsible for the obtained signal.   

Since the hybridization between 6 HB and AuNPs was carried out in a flow process, the 

incubation time was difficult to control. Hybridization kinetics are an important factor 

affecting the quality of the assay which can also be influenced by ionic strength of the 

solution. To confirm the hybridization, the 6 HBs and NPs were mixed and immediately 

transferred to a TEM grid for analysis. The TEM images of the DNA origami-NPs 

assemblies (Figure 2b) suggest a very fast hybridization process within the time frame of 

seconds. In addition, hybridization was also performed on a glass surface for SEM 

analysis (Figure 2c). The AuNPs accumulate to rod-like shapes indicating a successful 

conjugation between DNA origami structures and AuNPs. 

 

Discussion  
A problem that often occurs is non-specific binding between the label and the capture 

antibody at the test zone. This raises false positive results und lowers the specificity of the 

assay. Blocking mechanisms using BSA can reduce this issue by saturating the excess 

protein binding sites making the antibody more affine only to its specific antigen. [24] In the 

presented method AuNPs are coated with DNA which circumvents that problem. There 

might be a non-specific binding between the anti-hCG at the test zone with the anti-hCG 

bound to the DNA structure. However, a non-specific binding was not observed. This could 
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be due to the fact that 0.1% BSA was allowed to first migrate through the membrane along 

with hCG which blocked the left-over binding sites before anti-hCG was applied to the 

strip. 

It may be discussed if it is of higher clinical relevance to develop signal amplification using 

e.g. the troponin I rapid test that is used for detecting a myocardial infarction.[25] Since only 

a small number of manufacturers produce troponin I tests, its limited access and variety 

would have impeded a fast development of the presented technology.  

While searching for better detection systems and strategies for signal amplification, 

attention should also be paid to the strip components. Pregnancy tests of different 

manufacturers vary in membrane and pad material as well as pore size and texture 

thereof. These features are very important for obtaining desired diffusion rates, 

hydrophobicity, and successful conjugation while avoiding undesired interactions and 

physical adsorption to the membrane. Testing a great variety of manufacturers is 

important, especially when new parameters are added to a working system. Therefore, 

the hCG test was favored over the troponin test and other LFAs. Some manufacturers 

showed poor surface passivation which resulted in suboptimal flow properties and surface 

interactions, as well as NP aggregation. 

Techniques for improving LFA sensitivity often require multiple steps and longer assay 

times.[15] The presented enhancement strategy adds to the assay time, assay complexity, 

and assay cost, since additional steps must be performed to deliver strong signals. 

Therefore, balancing further improvement in sensitivity and number of steps involved 

remains a major challenge. An advantage of sequential flow is that the immunoreactions 

are faster when the antigen first binds with a capture antibody and then a conjugated 

label.[26] When the label binds the antigen first and before the capturing process happens, 

in our case meaning a 6 HB covered with AuNPs migrating towards the test zone, diffusion 

issues can arise. In typical one-step systems large labels have shown limited diffusion.[27] 

A one-step process with our enhancement method led to aggregation of the sample 

components upon entering the nitrocellulose membrane. 

 

Materials and Methods 
DNA and modified DNA were purchased from Eurofins Genomics (Ebersberg, Germany) 

and Biomers. HybriDetect lateral flow strips were purchased from Milenia biotec. AuNPs 
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were purchased from BBI. Magnesium chloride, Tris, acetic acid and 

Ethylenediaminetetraacetic acid (EDTA) were purchased from Carl Roth GmbH & Co. KG 

(Karlsruhe, Germany). Human chorionic gonadotropin (hCG) was purchased from 

GENAXXON, Cat# C6051.2500, 36.7 kDa, 1 ௠௚
௠௅

, 27.25 µM. Anti-hCG beta subunit was 

ordered from antibodies-online.com, ABIN6391425, 23 kDa, 7.11 ௠௚
௠௅

, 309 µM. One+Step® 

pregnancy test was purchased from time4baby.de. Bovine serum albumin (BSA, 

BioReagent) was purchased from Sigma Aldrich. 

 

Using DNA origami in a lateral flow assay (pregnancy test) 
First, the test strip was prepared: The conjugation pad was removed and the absorption 

pad was moved to create a 1-mm overlap with the remaining nitrocellulose membrane. 

The following substances were slowly and successively pipetted onto the absorption pad: 

5 µL hCG (in concentrations of 25 nM, 10 nM, 1 nM, 100 pM, 10 pM, 1 pM, 0.1 pM, and 

0.01 pM, respectively; reconstituted in MilliQ water with 0.1% BSA), 5 ௅ 10 µL MilliQ H2O, 

3 µL 6HB@anti-hCG (20 µL 23 nM 6 HB (in 1×TAE 11 mM MgCl2) + 1.5 µL 9 µM anti-

hCG (in PBS buffer pH 7.4)), 5 ௅ 10 µL MilliQ H2O, 1 ௅ 2 µL AuNPs (40 nm, ~ 10 nM in 

0.1% SDS), and 15 µL 10 mM MgCl2. To ensure good flow through the membrane, the 

liquid must be absorbed by the waste pad completely before the next substance was 

added. 

 

Conclusion 
Improving the performance of point-of-care rapid tests towards higher sensitivity is 

essential for modern health care. It is crucial to overcome the limitations of LFA in regard 

to early diagnosis. We demonstrated a strategy to enhance the sensitivity of a LFA by 

using a DNA origami structure for signal amplification. The strategy involves the DNA 

structure acting as a linker between the target (pregnancy hormone hCG in the presented 

case) and the label. It captures an increased number of AuNPs at the test zone giving rise 

to a recognizable red line even at 104 times lower target concentrations. This result 

contributes to the development of high sensitivity LFAs. Future work will include the 

optimization and application of this strategy for detecting different analytes. Continuing 

improvements of this technology will expand the overall utility of LFAs. 
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Figure 1. Visual read out of LFA (pregnancy test; target: hCG) with and without signal 
enhancement using DNA origami. AuNPs from BBI were used for the assay with 
enhancement. The assay without enhancement corresponds to the original assay from the 
manufacturer. Right: Test strip components. 

 
Figure 2. (a) TEM image of 6 HB. (b) TEM image of 6 HB with 10 nm AuNPs attached. (c) SEM 
image of 6 HB with 40 nm AuNPs attached. Scale bars are 100 nm. (d) Front and side view 
of 6 HB (3 DNA anchors for hybridization with anti-hCG and 55 anchors for NP conjugation). 
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Figure 3. Test zone (in presence and absence of hCG): Step (1): The 6 HB origami binds via 
antigen-antibody interaction when hCG is present. No binding when hCG is not present. 
Step (2): AuNPs bind to the origami via DNA hybridization. Control zone: Step (1): The 6 HB 
origami binds via non-specific antigen-antigen interaction. Step (2): AuNPs bind to the 
origami via DNA hybridization. 
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