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DNA origami nanostructures are self-assembled into almost arbitrary two- and three-dimensional shapes
from a long, single-stranded viral scaffold strand and a set of short artificial oligonucleotides. Each DNA
strand can be functionalized individually using well-established DNA chemistry, representing addressable
sites that allow for the nanometre precise placement of various chemical entities such as proteins,
molecular chromophores, nanoparticles, or simply DNA motifs. By means of microscopic and
spectroscopic techniques, these entities can be visualized or detected, and either their mutual interaction
or their interaction with external stimuli such as radiation can be studied. This gives rise to the Lab-on-a-
DNA origami approach, which is introduced in this Feature Article, and the state-of-the-art is summarized
with a focus on light-harvesting nanoantennas and DNA platforms for single-molecule analysis either by
optical spectroscopy or atomic force microscopy (AFM). Light-harvesting antennas can be generated by
the precise arrangement of chromophores to channel and direct excitation energy. At the same time,
Received 15th February 2023, plasmonic nanoparticles represent a complementary approach to focus light on the nanoscale. Plasmonic
Accepted 8th March 2023 nanoantennas also allow for the observation of single molecules either by Raman scattering or
DOI: 10.1039/d3cc00718a fluorescence spectroscopy and DNA origami platforms provide unique opportunities to arrange
nanoparticles and molecules to be studied. Finally, the analysis of single DNA motifs by AFM allows for an
rsc.li/chemcomm investigation of radiation-induced processes in DNA with unprecedented detail and accuracy.

1. Nanoscale assembly using DNA
origami nanostructures
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cost, and reduced waste. Lab-on-a-chip technologies are already
available and combine in only one chip different chemical
processes that allow the preparation, separation, detection,
and analysis of molecules, principally in biomedical diagnosis.
Nevertheless, advancements in chemistry and nanotechnology
enable further miniaturization, and it is now possible to per-
form physical-chemical analysis at the single-molecule level.
Here we show some of the progress enabled by DNA origami for
studies in the few- to single-molecule regime. We envisage that
the contributions shown here will further develop Lab-on-a-
DNA origami techniques.

DNA origami is a highly interdisciplinary research field,
unifying concepts from chemistry, physics, biology, and engi-
neering to further develop and explore the limits of DNA in
creating unique nanostructures and exploiting them for new
applications. DNA nanotechnology uses a bottom-up strategy to
form nanostructures. Compared to other molecules, DNA has
well-predictable interactions derived from the very specific
Watson-Crick-Franklin base pairing model, giving rise to
nanostructures programmed by the DNA sequence. DNA chem-
istry also enables the precise orthogonal placement of various
chemical modifications. An excellent recent review by Seeman
and Sleiman’ is suggested for those interested in the historical
evolution of DNA nanotechnology.

Even though DNA nanotechnology started in the 1980s, the
DNA origami technique was only developed in 2006, when the
idea of using designed DNA strands to fold a single-stranded
viral DNA into any desired shape was first shown by Paul
Rothemund.” From the first publication in 2006 until now,
the field evolved from simple two-dimensional nanostructures
to very complex 3D, dynamical, and fully functional assemblies
for various technological applications.® An interesting review by
Tapio and Bald® discusses many experimental strategies to
obtain novel DNA origami nanostructures. At the same time,
recent reviews focused on specific applications for DNA origami
nanostructures, such as drug delivery,” bioanalytical chemistry,®

Amr Mostafa received his BSc in
Pharmacy and Biotechnology from
the German University in Cairo
(GUC) and his MSc in Pharma-
ceutical Biotechnology from Martin
Luther  University of  Halle-
Wittenberg, Germany. Since 2018
he has been a PhD student in
Prof. Ilko Bald’s group at the
University of Potsdam. His work
nowadays focuses on designing
and using DNA origami nanostruc-
tures to create plasmonic nanostru-
ctures for the analysis of proteins by
surface-enhanced Raman scattering
(SERS).

74

Amr Mostafa

This journal is © The Royal Society of Chemistry 2023

View Article Online

ChemComm

plasmonics, and photonics.” Single DNA origami structures can
easily be analyzed by atomic force microscopy (AFM), which was
the basis for early studies to use DNA origami as platforms for
single-molecule placement and detection, such as RNA detection
by AFM.®® Optical studies followed later using single-molecule
fluorescence methods taking advantage of the precise placement
of dyes with well-defined distances."® For other optical techni-
ques, such as Raman scattering, signal-enhancing elements,
such as plasmonic nanoparticles, are required.

Herein we will present some developments to enable single-
molecule physical-chemical studies using DNA origami and
opportunities to explore in the future. In this direction, we give
a short overview of the basics of DNA origami, the use of DNA
programmability in generating light-harvesting nanoantennas
in the few-molecules regime, and later the use of DNA origami
as single molecule platforms for surface-enhanced spectro-
scopy studies and also as a method to directly quantify DNA
radiation damage of DNA strands.

1.1. The concept of DNA origami nanostructures

DNA origami technology is a technique to create well-defined
and almost arbitrarily shaped 2D and 3D nanostructures, which
are programmed from DNA. The basic idea is to fold a long
single-stranded DNA chain with the help of short single-
stranded DNA staple strands. The design concepts of DNA
nanotechnology are based on the B-type DNA structure, which
has 0.34 nm of distance between two base pairs (bp), and every
turn of the helix comprises about 10.5 bp (3.6 nm), giving rise to
a diameter of the double helix of about 2 nm."' With the
structural information and design concepts available nowadays,
it is possible to design any nano-object made entirely from DNA.
The shape can be controlled by arranging DNA double helices in
hexagonal or square cross sections, and curved structures can be
obtained by systematically introducing mismatches.'*"* The size
of a single DNA origami structure is limited by the length of the

Ilko Bald studied chemistry at the
FU Berlin/D where he also obtai-
ned a PhD in Physical Chemistry.
After a postdoc at the University
of Iceland he moved to the Inter-
disciplinary Nanoscience Center
(iNANO) at Aarhus University/
DK working on scanning probe
microscopy and DNA nanotec-
hnology. In 2013 he established
a junior research group “Optical
Spectroscopy and Chemical Imag-
ing” at the University of Potsdam
and the Federal Institute for
Materials Research and Testing (BAM, Berlin/D). Since 2019 he is
Professor for Hybrid Nanostructures at the University of Potsdam
investigating nanomaterials, their optical properties, and electron
induced processes.

Ilko Bald

Chem. Commun., 2023, 59, 4726-4741 | 4727


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cc00718a

Open Access Article. Published on 31 March 2023. Downloaded on 4/18/2026 3:24:25 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

ChemComm

scaffold strand. Recently, a concept for tailor-made scaffolds has
been introduced. Wireframe DNA origami structures are larger
structures with lower DNA density and higher flexibility. Larger,
micrometer-sized DNA structures can be assembled by assem-
bling individual DNA origami building blocks into large-scale
structures."*® For a recent and profound review of DNA origami
technology, refer to Dey et al.*®

DNA origami presents two fundamental properties for single
molecule studies: the orthogonal position placement of chemical
entities on the DNA origami platform due to the well-known
B-type DNA structure and the versatile possibilities for chemical
functionalization. Both properties are nowadays easily achieved
due to the advancements in the chemical synthesis of DNA. In
this way, after the nanostructure design, enabled by many
available open-source software packages, such as cadnano and
others,* it is possible to place chemical moieties, positioned
with nanometer precision and study single molecule chemical
processes with a large variety of experimental physical chemical
techniques for this review more notably optical spectroscopy
and AFM.

Some DNA origami shapes are well-established due to their
simple preparation and high stability, such as Rothemund’s
triangle, nanoframes, 6-helix bundles, and DNA rectangles.
Since most of those shapes are simple 1D or 2D nanostructures,
it is easy to precisely modify distances between moieties, such
as fluorophores or enzymes in enzymatic cascades. However,
3D shapes favor arranging optically active functionalities in
three dimensions for spectroscopic studies. Moreover, 3D
structures are less flexible than 2D structures, making it easier
to implement dynamic structural changes. Some examples of

A. DNA origami folding and modification scheme
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Fig. 1 (A) DNA origami folding scheme. From a single stranded circular
viral DNA two different sets of staple strands are mixed and after proper
incubation two different nanostructures are formed, a 2D nanotriangle and
a 3D nanofork. The nanotriangle is a perfect canvas to precisely place
different functional groups with nanometer precision and it is usually a
good starting point for later optimization. The nanofork is a 3D nanos-
tructure used to self-assemble nanoparticle dimers for single molecule
SERS. (B) Some of the techniques used to characterize physico-chemical
processes on DNA origami platforms, and examples of AFM and transmis-
sion electron microscopy images, and a SERS spectrum of a single dimer.

4728 | Chem. Commun., 2023, 59, 4726-4741

View Article Online

Feature Article

DNA origami nanostructures already used as single-molecule
platforms for chemical studies are presented in Fig. 1.

2. Light-harvesting nanoantennas

Light harvesting and energy transfer are the most important topics
in science and engineering. This is due to the high relevance of
future technologies that transform sunlight into electrical or
chemical energy. In nature, light harvesting and energy transfer
were optimized such that the energy pathways occur without
significant losses. This is achieved by carefully positioning different
proteins within the cellular environment, for example in the natural
occurring photosynthetic protein complex. Being inspired by nat-
ure, there is a strong desire to create artificial light-harvesting
systems for other purposes. However, conventional self-assembly
processes make it very difficult to precisely organize different
components in an ordered manner to achieve maximum response.
In this sense, the orthogonal placement of various elements on
DNA origami can be used to optimize many parameters to obtain
the highest energy conversion efficiency. Herein we call such
assemblies nanoantennas since they can also concentrate light.
Below we will discuss two kinds of structures used to harvest light,
the first based on chromophores usually studied by fluorescence
spectroscopy, and the second using plasmonic metal nanoparticles,
which are used both in surface-enhanced Raman scattering (SERS)
and surface-enhanced fluorescence (SEF).

2.1. Fluorescence-based nanoantennas

After the initial years of DNA origami research, when the field used
the versatility of the technique to evolve from simple 2D nano-
structures to complex and dynamical 3D creations, researchers
started to use the many functionalities that such systems
provide to study energy transfer processes.” Due to the simple
functionalization of DNA origami with organic dyes, early
studies focused on fundamental Forster resonance energy
transfer (FRET) processes. FRET refers to the dipole-mediated
energy transfer between an excited donor dye and an acceptor
dye. For FRET to occur, the fluorescence emission must overlap
with the acceptor’s absorption. Both chromophores must be at
a close distance, ie., typically between 1 nm and 10 nm,
depending on the characteristic Forster radius R, of the
donor-acceptor pair, Fig. 2A. The following dependence on
the distance between dyes gives the FRET efficiency:

6
- o
R§ + RS
It can be determined experimentally either from the fluores-
cence intensities of the donor alone (ID) and its intensity in the
presence of the acceptor (Ip,) or from the respective fluores-
cence decay times (1 and Tp,, respectively):

Ipa TDA
E=1_-2A_1_2PA 2
o - (2)

The group of Yan Liu used a 3D DNA origami structure to
show that DNA could be used to channel the energy absorbed

This journal is © The Royal Society of Chemistry 2023
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A. Forster resonance energy transfer (FRET) principle
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Fig. 2 (A) Schematics of a FRET assembly containing three different dyes,
on the right side the required spectral overlap is shown between the
emission and absorption between two dyes able to transfer energy by
FRET. (B) Three-color FRET cascade self-assembled using DNA origami
nanotriangles, and the operational principle of the K* sensor due to
G-quadruplex formation, and on the right the switching of the FRET effi-
ciency due to presence or absence of K* ions is shown. Reproduced from ref.
21 with permission from Royal Society of Chemistry. (C) DNA origami
wireframe that generates a 2D excitonic network upon incubation with a
K21 dye, which can transfer energy multi-directionally. Reproduced from ref.
22 with permission from Wiley. (D) Illustration and fluorescence emission
spectra for investigation of the individual energy transfer processes between a
polymer and fluorophores when excited at 425 nm. (1) Assembly containing
only the polymer and acceptor molecule; (2) assembly containing the
polymer and the donor group; (3) full assembly containing the donor,
polymer and acceptor. Reprinted with permission from ref. 23. Copyright
2023 American Chemical Society.

by ethylpyrene dyes (primary donor) to an intermediate donor
(cyanine 3) and finally to an acceptor chromophore (Alexa Fluor
647) at the tip of the structure.> Phillip Tinnefeld’s group used
a rectangular DNA origami block to study the distance depen-
dence of FRET within the distance range between 2.5 and
14 nm.”® The same group studied directional energy transfer
pathways at a single-molecular level, again using a blue fluoro-
phore (ATTO488) as the input dye, ATTO565 as an energy
conductor or jumper dye placed between two other dyes, the
red ATTO647N and the IR fluorophore Alexa 750 as output

This journal is © The Royal Society of Chemistry 2023
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6 After those three seminal works, the topic

acceptors.
blossomed.

After the initial works showing the capabilities to create
assemblies to transfer energy, such systems were applied to
analytical processes and single-molecule devices to study
charge transfer processes in the single-molecule regime. DNA
nanotriangles were equipped with telomeric DNA sequences
that form G-quadruplexes in the presence of monocations.?”
The G-quadruplex structure allows the assembly to act as a
sensor. In the presence of potassium ions, the G-quadruplex
closes, enabling the energy transfer between the dyes of a FRET
chromophore pair, one attached to the DNA origami platform
and the other attached to the 5’ end of the G-rich sequence
extending from the DNA origami. Interestingly, the G-rich
sequence alone (without the DNA origami platform) also folds
into a G-quadruplex in the presence of Na' ions. However, this
is not the case when it is attached to the DNA origami structure.
This effect is ascribed to steric hindrance and/or kinetic trap-
ping and allows for selective sensing of K* ions even in the
presence of high concentrations of Na'. This work was later
expanded to allow the fabrication of switchable photonic wires
consisting of three and four-color FRET cascades, Fig. 2B.”'
Also, due to the very high selectivity of the G-quadruplex
towards potassium,*® the creation of more advanced photonic
circuits or DNA-based logic gates is possible.

The conjugation of FRET pairs on DNA origami was further
optimized to achieve maximum energy transfer efficiency by
increasing the number of donors and acceptors and system-
atically varying their relative position.>® Structures containing
the dyes were arranged in arrays of 3 x 4, with an average
distance of 6.8 nm between dyes, obtaining FRET efficiencies in
the order of 0.65. The optimized array was then used to obtain a
ratiometric pH sensing system using a pH-responsive dye as an
acceptor. Again, the design was optimized regarding its analy-
tical capabilities and showed a linear behavior in the pH range
between 5 and 8. This served as a proof-of-concept for a
versatile ratiometric sensing scheme in which the acceptor
dye can be easily replaced with another analyte-responsive dye.

Hemmig and co-authors also showed the optimization of a
ring-like antenna. The maximum efficiency was achieved with
one acceptor molecule in the center of a ring with six other
donors.*® Our group studied a similar assembly, in which the
stoichiometry between the donor and transmitter molecules
was varied to obtain the maximum FRET efficiency and antenna
effect AE, obtained as®!

AE = ZAD exctation) (3)
IA(A excitation)

In this arrangement, AE (which is, in contrast to the FRET
efficiency, an acceptor property) was larger than 1, ie., the fluores-
cence intensity of the acceptor was higher upon donor excitation
(TaD excitation)) than direct acceptor excitation (Ix excitation))- IN gen-
eral, the results showed that the FRET efficiency could be increased
by tuning the spectral properties of the molecules. At the same
time, the antenna effect is strongly influenced by the number of
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energy-delivering pathways directly related to the number of
donor and transmitter molecules. In another work, energy
transfer using the same kind of fluorophores (HOMO-FRET)
was also tested and showed the possibility of transferring
energy directionally over a distance of 16 nm.**

More recently, DNA origami was used to create excitonic
wires and networks.”>”? DNA origami allows precise control
over the geometric arrangement and energy flow through
photonic materials. The DNA double helix was used to guide
the assembly of the cyanine dye K21, which forms a closed-
packed aggregate exhibiting strong excitonic coupling between
chromophores, Fig. 2C. In the first work, an excitonic wire was
created from the DNA double helix with a maximum energy
transfer distance of about 100 bp (~32 nm) with donor-to-
bridge-to-acceptor transfer efficiency in the order of 90%.**
After this, larger DNA origami nanowires were realized using
4-helix bundles achieving 500 nm energy transfer distance, and
even more complex photonic assemblies were fabricated based
on modular building blocks.*® The same strategy was used to
create 2D wireframe DNA origami nanostructures for multiple
excitation energy transfer pathways increasing the light collection
efficiency, decreasing possible failures, and enabling a more
robust and resilient system.*

Due to the relatively straightforward chemical functionalization
of DNA, energy and charge transfer between short polymers
were also already studied. For example, Wang et al.>*> modified
DNA frames with polyaniline and poly(phenylenevinylene),
which would reversibly change a fluorescence signal output
upon a redox reconfiguration. More recently, Madsen et al.>*
modified a phenylene-vinylene-based polymer with multiple
DNA strands to immobilize the polymer linearly extended in a
DNA origami structure. Later donor and acceptor dyes were
incorporated into DNA at various distances to study the energy
transfer from the donor to the polymer to the acceptor, Fig. 2D.
The energy transfer efficiency was calculated to be around 5%
on the longest separation distance. Those works show the
possibilities of using more complex structures on DNA origami
nanostructures to better understand energy transfer processes
in complex molecules and to create more advanced light-
harvesting systems.

Energy transfer studies represent exciting uses of DNA
nanostructures since it is easy to precisely modify the position,
orientation, and other properties of the involved entities,
mainly by changing a few DNA sequences. Moreover, we can
observe that the topic is recently evolving from simple FRET
pairs studies to more complex energy transfer pathways such as
the excitonic networks and the use of conjugated polymers,
opening many possibilities to use DNA in more sophisticated
photonics studies. In the next section, the conjugation of
nanoparticles to the DNA origami will be discussed, introdu-
cing another optically active entity that enables even more
complex energy transfer processes.

2.2. Nanoantennas based on plasmonic nanoparticles

One advancement in the study of nanoantennas was the intro-
duction of nanoparticles to DNA nanostructures, principally
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plasmonic nanoparticles. Plasmonic nanoparticles, in most
cases made of gold and silver (Au and Ag), are versatile
materials that resonantly absorb light in the visible region of
the electromagnetic spectrum.® After light absorption, a cas-
cade of different processes is triggered, which can lead to the
generation of hot charge carriers and later thermalization of
the system.>” Due to the easy modification of metallic nano-
particles with DNA sequences containing thiolated ligands, it is
possible to build many different constructs by self-assembly to
study other light-harvesting processes.

The first work showing an energy transfer process between a
10 nm AuNP and a fluorophore on DNA origami was published
in 2012.%® Again, the ability of DNA to place the dye at specific
distances was essential. The experiments showed that at any
distance below 15 nm, the fluorescence emission was strongly
quenched by the nanoparticle. Later a similar study was per-
formed with a semiconductor quantum dot in proximity to a
30 nm AuNP. Again, a strong quenching of the fluorescence
emission was observed. The study also showed that increased
nonradiative decay pathways dominated the quenching effect
with semiconductor quantum dots.*® Both works envisaged
that such assemblies would be used as nano rulers, but it is a
technology that has yet to be fully employed. At the same time,
nano rulers based on DNA origami and chromophoric groups
are already widely used in superresolution microscopy.*®*!

A more advanced example used AuNPs to transfer the
absorbed energy to a transmitter and an acceptor, measuring
the output intensity in a PRET (plasmon-coupled resonance
energy transfer) scheme.*” In this system, DNA origami orga-
nized the AuNPs and the dyes with a specific distance between
chromophoric centers. The results showed that when the AuNP
was excited, the FRET efficiency was enhanced 5-fold. The
authors showed that the energy pathway in such a system is
bidirectional, i.e., the nanoparticles act as an energy donor and an
energy transmitter, opening multiple energy transfer pathways.
Also, the electric field around the nanoparticles plays an essential
role in enhancing fluorescence emission. Another work also tested
FRET in the presence of 5 nm AuNP and showed only moderate
enhancement of the FRET efficiency. However, at the same time,
the work showed that this enhancement is mainly given by an
increased nonradiative contribution to the transfer rate, thus
increasing the FRET action radius in the presence of the
AuNP.** Those works show that the design of such materials is
more complex and challenging compared to simple FRET sys-
tems. However, it could lead to the development of biomimetic
energy harvesting systems.

Since the initial development of the DNA origami technique,
several works have focused on the creation of assemblies
containing multiple nanoparticles in a more straightforward
methodology compared to lithography, for example.®** If it was
possible to arrange plasmonic nanoparticles with small inter-
particle gaps, such complex assemblies could eventually create
plasmonic waveguides. The first work showing the use of DNA
to create plasmonic waveguides was published in 2016 by Pirzer
et al.* In this work, DNA origami organized five 10 nm AuNPs
linearly over about 60 nm. An acceptor dye was introduced on

This journal is © The Royal Society of Chemistry 2023
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one end, and an emitter dye was added on the other. Due to the
plasmonic coupling between the nanoparticles, the energy
absorbed by one dye was transferred through the nanoparticle
chain, and the emission of the different dye was observed. Also,
a thermoresponsive peptide was added to the system. The
signal varied up and down as the system was heated and
cooled, and the energy transmission was only happening in
the perfectly assembled waveguide, Fig. 3A.

Later, Roller et al.*” assembled a trimeric structure containing
two AuNPs interspaced by an AgNP, and the plasmonic proper-
ties of the construct were studied using scattering spectroscopy
and computational simulations. The results showed a very
efficient passage of the plasmon from one AuNP to the other
through the AgNP. More than this, the process was suggested to
be ultrafast and to happen without any significant energy loss at
the transmitting element. A similar strategy was used to study
chiral plasmonic transfer over long distances: Two gold nano-
rods (AuNR) were assembled using DNA origami in a Z-shape,
Fig. 3B. This construct presented a chiral response to light, but
the chiral response was amplified when a spherical gold nano-
particle was introduced in the interspace between the two
nanorods. The results showed both experimentally and compu-
tationally that the bridging nanoparticle is increasing the signal
due to the generated hot spot between NP and NR and also by
the near-field around the plasmonic nanoparticles, Fig. 3B.**

Using a 6-helix DNA origami bundle, Giir et al.*® linearly
arranged eight 40 nm AuNP as a waveguide.>® Due to the
placement provided by DNA, the distance between the nano-
particles was in the order of 2 nm. This spacing reduced the
energy propagation losses dramatically. The waveguide was
later conjugated to a fluorescent nanodiamond at one end.
The energy transfer was tested by electron energy-loss spectro-
scopy and cathodoluminescence imaging spectroscopy.*® Using
microscopy methods, one end of the assembly was optically
excited, and the fluorescence emission was observed on the
other. When the waveguide was complete, the nanodiamond
fluorescence was observed, and when one or two nanoparticles
were missing in the waveguide, the fluorescence decreased
dramatically. The same nanoparticle assembly was also coupled
to silicon nanowires and explored in SERS applications.*® Many
of the results presented in this topic are also fundamental to
developing tools for surface-enhanced spectroscopy. In this
sense, the following sections will cover the use of DNA origami
for single-molecule studies.

3. Single-molecule platforms

The last two sections showed how light is harvested and modified
through specific and well-defined interactions either between
chromophores alone, between plasmonic nanoparticles and
chromophores, or between plasmonic nanoparticles alone. Even
though some cases study the interactions between single
molecules, many measurements were obtained under ensemble
conditions, measuring an averaged property change due to
the specimen’s placement on the DNA origami nanostructure.

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Energy transfer guided by plasmonic nanoparticles self-assembled
using DNA origami. (A) Plasmonic waveguide containing five gold nanoparticles,
at one end donor molecules are placed. The absorbed energy is transferred by
the AuNP and later the energy is emitted by an acceptor. The same system
shows reversible thermoresponsiveness enabling on and off states of energy
transfer. Reproduced with permission from ref. 45. Copyright 2023 American
Chemical Society. (B) Chiral plasmonic assembly using Au nanorods and a
AuNP, due to the appropriate plasmon coupling the circular dichroism signal is
enhanced compared to the incomplete assembly. Reproduced with permission
from ref. 44. (C) Plasmonic waveguide showing energy waveguiding through
AuNPs to a fluorescent nanodiamond. Below the cathodoluminescece emis-
sion dependent of the excitation placement is shown. Reproduced with
permission from ref. 46. Copyright 2023 American Chemical Society.

The present section focuses on isolated molecules responding to
an external stimulus, emphasizing radiation in its various forms.
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3.1. Surface-enhanced Raman scattering (SERS)

Raman spectroscopy is a characterization technique that
detects the inelastic scattering of light by molecules and is
commonly used to study molecular and structural vibrational
fingerprints. However, Raman scattering is very weak, i.e., only
1 out of 10° scattered photons is scattered inelastically. A way to
circumvent this inherent weakness is to use metallic substrates
as a Raman platform. Surface-enhanced Raman scattering
(SERS) is mainly based on the enhanced electromagnetic field
close to the metal surface upon light excitation of the surface
plasmon resonance (SPR) (Fig. 4).*>°° Such a process increases
the Raman signal of molecules by many orders of magnitude,
between 10° to 10", depending on the substrate and molecule.
Martin Fleischmann first observed the SERS effect in 1974,
and later confirmed by Richard Van Duyne in 1977 from the
study of adsorbed pyridine on a silver electrode surface.>® The
sensitivity of SERS signals depends on the size and shape
(geometry) of the plasmonic nanostructures, which, however,
can be maximized to a greater extent via plasmonic coupling of
nanostructures as already described above.>?

Due to strong signal generation, SERS was envisioned to
detect single molecules and to study their behavior and
dynamics. In this regard, the 2-D and 3-D DNA origami techniques

A. Comparison between SERS and SEF
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Fig. 4 Comparison between SERS and SEF. (A) SERS and SEF intensity as a
function of the distance between the probe molecule and the nanoparticle
surface. At very small distances (<5 nm) SERS is dominant, as the distance
increases (~10 nm) the SEF dominates, and at very long distances
(>10 nm) both effects are very weak. (B) Nanoparticle dimer with a
distance between nanoparticle surface below 5 nm for SERS applications,
and the energy diagram comparing the energetics of conventional Raman
and SERS. (C) Nanoparticle dimer with gap distance of more than 10 nm for
SEF applications, and the energy diagram showing that SEF creates new
energy decay mechanisms.
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offer a good platform for constructing plasmonic nanoantennas
for effective and reproducible SERS.*** The inherent addressa-
bility and rigidity offered by DNA origami allow programmed self-
assembly of different plasmonic nanostructures and the precise
placement of target molecules in the region of interest.”

A very first approach towards utilizing DNA origami to
construct plasmonic nanoantennas for analyzing SERS from a
few molecules was demonstrated by our group in 2013.>* In this
study, 40 nm spherical AuNPs coated with TAMRA modified
DNA sequences were assembled using a triangular DNA ori-
gami nanostructure to obtain AuNP dimers. This ensured that
approximately 40 TAMRA dyes were trapped at the hot spot
contributing to the SERS signal. On the other hand, for single
TAMRA dye measurements, a single dye is incorporated into a
specific location of the triangular DNA origami, followed by the
hybridization of 25 nm AuNPs, such that the dye is positioned
between the particles, spatially close to the plasmonic hot spot.
The correlated AFM imaging and Raman measurements of the
same allowed assignment of SERS signals arising from a low
number of individual DNA-AuUNP hybrid systems, Fig. 5A.>*
Those results from our group were the first ones showing the
use of DNA origami for single- or few-molecule SERS. Around
the same time, two papers showed DNA origami 3D nano-
structures for SERS applications; both used two 40 nm
AuNPs.”>”° The first used the assembly to detect DNA sequence
variations by SERS, although not in the single-molecule scale.
The second used the nanocavity formed between two nano-
particles to detect intercalated SYBR Gold dyes. Due to the
unspecific dye incorporation method, it is estimated that
around 25 molecules are possibly located in the nanocavity.*®

After the initial results showed that DNA origami could
generate SERS-active assemblies, optimizing such devices was
the next step by first increasing the obtained signal and later
stabilizing the signal over a long time. Using fully dye-covered
nanoparticles arranged on DNA origami nanotriangles, we
studied how the enhancement factor is distributed depending
on the size of AuNPs, the chosen dye, and the excitation
wavelength.>® The results showed that AuNPs with a diameter
of 60 nm is optimal for obtaining SERS spectra of single dimers.
Increasing the diameter to 80 nm only increased the signal
slightly, but at the same time, 80 nm AuNPs are significantly
more challenging to modify and stabilize. Also, we observed
that 633 nm is the optimal laser wavelength for Raman excita-
tion of Au dimers.”® We also showed graphene as a protection
layer covering the AuNP dimers assembled over nanotriangles.
The SERS signals of the TAMRA dyes were still observed
after 800 s of continuous irradiation, showing that graphene
reduced the photobleaching effect, possibly due to protection
from the atmospheric oxygen and by enabling efficient heat
dissipation.®® The SERS signal intensity was also optimized by
electroless deposition of Ag around AuNPs.®® This procedure
decreases the gap distance and also shifts the plasmonic
resonance of the nanoparticles to the blue, enabling a higher
signal enhancement at 532 nm, reaching enhancement factors
in the order of 10'°, and being able to detect single molecules
efficiently.®

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 DNA origami assemblies for single-molecule SERS. (A) Nanoparticle dimers with different diameters for three-molecule SERS detection, SEM on
the left, electric field simulation, and TAMRA SERS spectra. Reproduced with permission from ref. 54. Copyright 2023 American Chemical Society. (B)
Two different gold nanolenses and the respective SERS spectra show enhancements in the order of 10°. Reproduced with permission from ref. 57.
Copyright 2023 American Chemical Society. (C) DNA origami nanoantenna using a nanofork structure to assemble nanoparticle dimers; in the example, it
is used to study hemin. On the right, the single molecule SERS spectra and the statistics of event observation are due to the addition of strong and weak
field ligands to the hemin. Reproduced from ref. 58 with permission from the Royal Society of Chemistry.

Assemblies composed of spherical gold and silver nano-
particles were also obtained for single-molecule SERS. For
example, Tanwar and collaborators arranged gold and silver
nanostars in DNA origami rectangles.®>®® Due to the spiked
structure of the nanostars, the electromagnetic field is more
strongly confined, and due to the DNA origami nanostructure,
it is possible to space the particles in such a way that the
particle-to-particle interaction is maximized. The authors
showed that about 5 nm of gap distance provided a maximum

This journal is © The Royal Society of Chemistry 2023

enhancement factor in 10'°. Such assembly was used for the
single-molecule SERS analysis of dyes and single thrombin
proteins.®*®* The same group used Au@Ag nanostars
assembled in dimers using DNA origami to quantify pyocyanin,
an important bacterial biomarker, using SERS.***! The detec-
tion limit was 335 pM in solution, which implies that the dimer
probes only a few molecules.

The DNA origami triangle was also used to assemble silver
nanocubes in six different conformations by specific patterns of
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DNA capture strands on the DNA origami nanotriangle.®® The
authors used SERS to study the signal from fully covered
particles and detect single-molecule SERS spectra of a com-
monly used dye. The enhancement factor of the plasmonic
device was calculated to be around 10”. In this work, up to four
Ag nanocubes have been combined on one DNA origami, and
the capabilities of DNA allow for the construction of even more
complex arrangements.

Our group created plasmonic nanolenses composed of three
nanoparticles of different sizes. Nanolenses, as introduced
by Stockman in 2003, provides a very efficient cascaded field
enhancement.®® However, the experimental methods to obtain
such nanolenses are very limited, but DNA origami provides a
possible route to self-assemble them in solution in a few
steps.””®” We constructed and optimized Au nanolenses for
SERS analysis of dye-coated nanoparticles. By selective labeling
of the outer nanoparticles, we could, for the first time, verify
experimentally that the stronger hot spot is located between the
medium-sized and the small particle, in line with computa-
tional predictions but in contrast to what is intuitively expected,
Fig. 5B.”” With AgNPs, it was possible to achieve even stronger
enhancements of more than 105, while with Au nanolenses,
10° was observed. The DNA origami technique allowed for the
targeted placement of single streptavidin proteins into the hot
spot with the highest signal enhancement.®” Single-molecule
SERS detection of streptavidin was possible by introducing
an alkyne label that allowed for an unambiguous assignment
of SERS signal to single streptavidin molecules.®” Ensembles
composed of four nanoparticles were obtained by Fang et al.®®
The obtained metamaterials were tested to quantify the inten-
sity of single-molecule SERS. For this, a Raman dye was placed
in the region with the maximum calculated electromagnetic
field enhancement, and one to twelve dyes were placed in this
region. The obtained results showed that the hot spot created
could fit a maximum of six dyes in a row, and with more dyes,
the SERS intensity was not changing anymore. The authors also
showed that the intensity of the studied spectra increased
linearly between one to six dyes added in the assembly. Those
results open up the possibility of quantifying molecules in the
single to the few molecules regime, which poses a severe chal-
lenge because of the intrinsic heterogeneity of SERS hot spots.®

Large micrometer scale linear and two-dimensional assem-
blies were constructed and tested for SERS applications by Ren
et al.”® The self-assembly of the metamaterial was optimized
and showed a very satisfactory SERS enhancement when
composed of 50 and 80 nm AuNPs. Single-molecule SERS
detection was not the focus of the study. Still, the work
demonstrates that DNA origami can escalate the complexity of
the obtained assemblies with a feasible self-assembly process.
However, the devices are still not fully operational because the
hot spot is confined and not easily accessible for free molecules.

The first effort to create a clear hot spot was made by Zhan
et al,”" where gold nanotriangles were self-assembled in a
bowtie format. Such assembly achieved a gap distance between
nanotriangle tips of about 5 nm, with one single Cy5 dye placed
in the hot spot yielding very reproducible single-molecule SERS

4734 | Chem. Commun., 2023, 59, 4726-4741

View Article Online

Feature Article

signals. The versatility of the open hot spot was tested using
two more molecules, Cy3 and an alkyne-modified DNA strand.
To obtain a versatile DNA nanodevice with a cleared hot spot,
we recently showed the creation of a DNA origami nanofork
capable of creating nanoparticle dimers.”” In between the
particles, a bridge DNA strand can be freely modified to attach
different functional groups and molecules. This assembly
detected single-molecule SERS spectra of three dyes and two
proteins, both with Au and AgNPs. The gap distance between
particles can also be modified by increasing or decreasing the
length of DNA coating strands on the nanoparticles. The same
DNA origami nanofork was used to detect and investigate the
molecular states and the spin crossover of hemin by single-
molecule SERS, Fig. 5C.”® After initial characterization of the
hemin binding aptamer, its folding into a G quadruplex and the
binding and spin states of the hemin, strong-field ligands that
chemically interact with hemin was added to the self-assembly
mixture. The obtained single-molecule SERS spectra showed
the modification of the spin and oxidation state of the iron ion
in the hemin complex, Fig. 5C.

DNA origami represents a very fruitful technique for funda-
mental studies in plasmonics because it is possible to obtain
many self-similar devices with precisely arranged nanoparticles
and molecular entities exploiting a simple design and a facile
lab preparation. More than this, DNA offers many possibilities
by using DNA-responsive properties towards external stimuli,
as was tested by SERS on the single-molecule level.”*7® An
important field for DNA origami plasmonic devices is the
fundamental study of chemical and plasmon-induced reactions
by SERS. The decomposition of DNA nucleobases by plasmo-
nically generated hot electrons was already studied extensively.
It can be expected that the same could be done at the single-
molecule scale using DNA origami assemblies.””””® In the next
section, we will expand the discussion of studies from SERS to
the use of surface-enhanced fluorescence.

3.2. (Surface-enhanced) fluorescence studies

The plasmonic evanescent field can not only be used to increase
the light scattering from a molecule, such as observed in SERS
studies, but it can also enhance fluorescence emission. However,
while SERS requires a close distance between molecule and
nanoparticle surface, in surface-enhanced fluorescence (SEF)
the distance between nanoparticle and emitter must be larger,
i.e. around 10 nm (Fig. 4). This distance is needed because the
close proximity of the fluorophore with the metallic surface of
the nanoparticle quenches the radiative decay. In contrast, at a
larger distance, the E-field exerted by the plasmonic nanoparticle
increases molecular absorption due to light confinement and
opens new decay pathways. In this way, the DNA origami
orthogonal positioning system allows the construction and
simple optimization of devices to maximize fluorescence emis-
sion, allowing its use in single-molecule studies.

The first demonstration of a plasmonic nanoantenna for fluores-
cence enhancement was reported by Acufia et al in 2012.7°
The authors constructed a pillar made by DNA origami with
docking positions for two AuNPs and for one fluorophore, and

This journal is © The Royal Society of Chemistry 2023
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by confocal fluorescence microscopy a fluorescence enhance-
ment of 117-fold compared to the free fluorophore emission
was observed. Like the development of SERS assemblies, the
constructs for SEF evolved in obtaining the highest possible
fluorescence signal and applying it to (bio)physical and (bio)-
analytical studies. In 2015, Puchkova et al used the same
nanopillar to assemble a dimer of 100 nm AuNPs with a gap
distance of about 12 nm.*® The authors showed the single
molecule detection in solution even with a high concentration
of the fluorophore present. Due to the plasmonic assembly, an
enhancement of 5000 was observed.

Even though AuNPs are the most common and easiest to
modify, AgNPs and Au nanorods were also used in SEF studies.
Ochmann et al used one 80 nm AgNP assembled in DNA
origami nanopillar to specifically detect Zika-specific DNA
and RNA, with important discrimination towards non-specific
oligo sequences.®" The enhancement performance of dimers of
80 nm diameter AgNP was compared to AuNP dimers of the
same size by Vietz et al.®* The results showed superior perfor-
mance of AgNP dimers principally in the visible range of the
spectra, a region where AuNPs showed a minor enhancement.
More than this, it showed comparable performance in the red
part of the spectra (650 nm), enabling the same antenna to be
used with broadband excitation. Using DNA nanorectangles to
assemble Au nanorods, Zhang et al. showed enhancements in
the order of 470 fold with a gap distance of about 6.1 nm
between nanorods tips.®* Also, using Au nanorods assembled
using a DNA origami nanopillar, Trofymchuk et al. showed an
enhanced fluorescence emission in the near IR (760 nm) by three
orders of magnitude compared to an assembly using 40 nm
spherical AuNPs.** Those efforts increase the possibilities of con-
trollably using SEF as an analytical tool; however, in many of those
works, the hot spot is not accessible to diffusing molecules.

To overcome the limitation of hot-spot accessibility, Trofym-
chuk and Glembockyte et al. developed a new DNA origami
nanotower where the recognition element is placed between the
nanoparticles keeping an open space in which molecules can
diffuse into.®” The authors showed the use of such assembly to
detect labeled single molecule DNA, in and out of the hot-spot,
and as a proof-of-principle, demonstrated the use of the con-
struct to detect a single gene sequence qualitatively. Further
optimization led to the development of a DNA nanotrident.
In this case, an even larger open diffusion space is obtained
without increasing the nanoparticles’ distance, resulting in a
design with enhancements in the order of 76 fold.®® At the
same time, the larger area was used to detect DNA single
strands with a length of 151 nucleotides. Such open space
can further contribute to studies on biophysics since different
active biomolecules, such as proteins, can be placed there to
study dynamic processes. Fig. 6 shows the DNA origami design
for the three generations of SEF nanoantennas constructed as
the nanopillar, the nanotower, and the nanotrident.

One example of a biophysical study using SEF enabled by
DNA origami assemblies was reported by Kaminska et al. in
2018.*” Using a DNA origami nanopillar, the natural light-
harvesting complex of peridinin—-chlorophyll o-protein was

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Evolution line of the DNA origami design used in SEF studies. The
first structure (i) was called “nanopillar” which did not allow the entrance of
analytes, the second (i) called “nanotower” presented an open region of
about 6.5 nm, and the third and newest design (iii) the “nanotrident” has an
opening of about 19 nm, which is enough to accommodate proteins.
Reproduced from ref. 86 with permission from Wiley.

placed in the hot-spot of a dimer structure composed of both
Au and AgNP. Even though there is no new biophysical result,
the assembly showed that DNA origami could be used to
spectroscopically study biomolecules in their native state,
principally to develop bioinspired plasmonic light harvesting
constructs further. The analytical use of the DNA origami
nanotower was also demonstrated by the single antibody
detection in the nanocavity. The mechanism of detection
involved the opening of a DNA nanoswitch, and after an
incubation time of 20 min it was possible to detect the signal
from concentrations as low as 1.4 nM.*® Those results open up
many possibilities for studying different light-induced pro-
cesses in the nanocavity of the DNA origami construct, and in
the future many more single-molecule mechanistic studies are
expected to be realized using such nanostructures.

DNA origami nanostructures are already very well developed,
and most of their properties are fundamentally studied. In the
future, we expect that more studies involving dynamic processes
and mechanisms will be solved using single-molecule SERS and
SEF. So far, we showed the application of DNA origami to organize
different molecules and nanoparticles to study processes by
optical spectroscopy, which is only possible due to the use of
plasmonic nanoparticles. In the next section, the use of DNA
origami to study DNA radiation damage by AFM will be explained.

3.3. Atomic force microscopy: quantifying DNA radiation damage

DNA origami platforms can be easily analyzed by AFM, which
is, on the one hand, routinely used to characterize the integrity
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of single DNA origami nanostructures.*°° On the other hand,
the lateral resolution of AFM is sufficient to resolve the posi-
tions of molecular modifications on the DNA origami struc-
tures, most important proteins, and bulky DNA structures.
Consequently, AFM is ideally suited to identify the presence
of such entities at specific positions on the DNA origami
platforms. This can be exploited to study, e.g., chemical and
biochemical processes at a single-molecule level,”"**> which has
been reviewed in detail before.’

AFM is a type of scanning probe microscopy that relies on
the sensitive detection of forces between the tip and the sample
surface. AFM tapping mode (AFM-TM) works by oscillating the
cantilever near its resonant frequency close to the surface of the
sample and lightly tapping the surface of the sample during
each oscillation. The amplitude of the cantilever is monitored,
and this information is processed to create a topographical
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image of the sample surface. AFM-TM is thus less likely to
damage soft samples compared to other commonly used AFM
imaging modes, e.g., contact mode. Here, we focus on one
example of Lab-on-a-DNA origami, where the interaction of
DNA origami with different kinds of radiation sources is
studied. The basic experimental scheme used for these studies
is illustrated in Fig. 7A.>® Triangular DNA origami structures
are mainly used because they are the stiffest 2D DNA origami
structure that does not tend to form aggregates.”® The target
DNA structures are extended from staple strands of the DNA
origami and are labeled with biotin. After deposition on a solid
substrate, the samples are irradiated, and after rinsing, the
structures are incubated with streptavidin to visualize the
remaining intact DNA structures in the AFM images.
Radiation-induced strand breaks in the target sequences result
in missing streptavidin labels. The method allows for absolute

A. Quantification of DNA double-strand breaks using DNA origami nanotriangles
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(ssDNA, dsDNA; respectively), to low-energy electrons (<20 eV), and thus allowing for the determination of absolute cross-sections for electron-
induced DNA strand breakage. Adapted with permission from ref. 93. (B) Studying the effect of DNA topology on electron-induced DNA single-strand
breaks in telomere-derived DNA sequences (Telo2, Telo3, Telo4), which are known to fold into G-quadruplexes in the presence of monocations, e.g., K,
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quantification of strand break yields in terms of strand
break cross sections. The absolute quantification of radiation-
induced DNA strand breaks with other methods is very challen-
ging, and another advantage of the use of DNA origami
platforms is the possibility of comparing two different DNA
sequences in a single irradiation experiment. A complementary
approach has been developed by Sala et al.®® using a DNA
origami nanoframe to quantify double strand breaks in DNA
that are spanned between two sides of the frame and exposed
to different types of radiation, as illustrated in Fig. 8A. The
double-stranded DNA is directly visualized by AFM, which also
allows for direct visualization of strand breaks without further
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modification after the irradiation. The irradiation can be per-
formed in solution (and subsequent deposition of the DNA
nanostructures on a suitable surface) and directly on a sub-
strate. As shown in Fig. 8B, this approach has been recently
used to study the effect of high-energy electrons (16 MeV) on
the double-strand break yields for specific DNA sequences.
Such high-energy radiation is used in cancer therapy to reduce
the tumor tissue with high local control of dose deposition.
Most of the cellular damage induced by high-energy photons
or particles is not directly due to the primary particles but due
to the secondarily generated particles that are mostly products
of water radiolysis. The most important secondary particles are

A. Quantification of DNA double-strand breaks using DNA origami nanoframes
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hydroxyl radicals and low-energy electrons.’® Low-energy elec-
trons have a kinetic energy distribution that peeks around
10 eV and reaches very low energies close to zero eV.?® As these
energies are close to or even below the ionization energies of
DNA, they have been regarded as irrelevant for DNA radiation
damage for a very long time. However, it was shown that low-
energy electrons could efficiently induce several types of DNA
damage, such as base loss, single and double-strand breaks,
and interstrand cross-links by dissociative electron attachment
(DEA) processes.'?°™'% In DEA, the electron occupies a formerly
empty molecular orbital of the DNA nucleobases or the DNA
backbone, which can eventually weaken and cleave a C-O bond
between the sugar and phosphate bond in the DNA backbone,
which represents a DNA strand break.'®*1®

DNA origami platforms have been used to study the low-
energy electron-induced strand breakage for a broad range of
DNA sequences and electron energies. The energy dependence
of single and double-strand breaks shows the characteristic
resonant features of the DEA process (Fig. 7A) that are peaking
at 10 eV for DNA. The experiments using DNA origami plat-
forms have, in general, showing that there is not a pronounced
dependence of low-energy electron-induced strand breakage on
the DNA sequence. The only exception revealed so far is that the
G-rich telomeric repeat unit 5-d(TTAGGG) is more prone to
electron-induced strand breakage than a sequence with the
same number of each nucleobase but randomly mixed.’® This
was explained by a polarization of the G stack by the neighboring
A, leading to stronger electron attraction. Telomeric DNA is
found at the ends of chromosomes, and their length determines
the life span of a cell. Four repeat units can fold into a G
quadruplex structure (Fig. 7B) in the presence of K+ ions and
other mono- and divalent ions.”®*'%” The G quadruplex stabilizes
the telomeric DNA towards low-energy electrons. Nevertheless, it
was suggested to use G-quadruplex targeting molecules to exploit
the intrinsic sensitivity of the telomeric G-rich sequence towards
radiation to treat cancer cells.

Conventional cancer radiation therapy is often combined
with the administration of radiosensitizing therapeutics,'®®*%°
such as fluorinated nucleosides to show a supra-additive effect,
ie., the combination of radiation administration and che-
motherapy shows a synergy and better treatment results than
each treatment alone.’'® In the case of halogenated nucleo-
sides, the radiosensitizing effect can at least partly be ascribed
to a higher reactivity towards secondary electrons compared to
non-halogenated nucleosides. This effect can be demonstrated
accurately using the DNA origami technique because two
different, but well-defined target sequences can be compared
in a single irradiation experiment, e.g., one sequence modified
with a radiosensitizer and another without this modification.
After irradiation at a specific electron energy, the yield of strand
breaks can be determined in terms of absolute strand breaks for
both sequences, and the ratio of the strand break cross sections of
modified and non-modified sequences corresponds to the
enhancement factor that is characteristic for the respective radio-
sensitizer. Using the DNA origami technique, enhancement factors
for 5-fluorouracil,"****? 2-fluoroadenine,"*® and 8-bromoadenine'**
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containing sequences have been determined at various electron
energy, yielding values between 1.5 and 2.0. This demonstrated that
the DNA origami technique could be used to accurately assess the
effectivity of a radiosensitizing compound to identify potential new
therapeutics but also to understand the radiosensitizing mecha-
nism in more detail.

By using the DNA nanoframes an interesting proximity effect
was observed with 8-bromoadenine. Irradiation with 16 MeV
electrons does not only lead to enhanced strand breakage in the
modified DNA double strand but also in a larger number of
strand breaks in the neighboring, unmodified control strand.®
This is probably due to a generation of secondary reactive
products from 8-bromoadenine that can also damage the
surrounding. Such effects can be very well studied using DNA
origami platforms and are important for developing efficient
radiosensitizers for radiation therapy and need further funda-
mental investigations in the future.

In a series of studies,"**™"” the DNA origami technique was
also used to study the interactions of vacuum-UV (VUV)
photons with well-defined DNA sequences attached to DNA
origami. VUV photons are interesting because they possess
energy around the ionization threshold of DNA and help to
gain a fundamental understanding of photon-induced DNA
damage processes. It was found that strand breaks can be
generated even by photons having energy as low as 6.5 €V,
and the damage yield increases steeply above the ionization
energy of the nucleobases, which is at 8.4 eV for A. The
advantage of using the DNA origami technique in this context
is the absolute quantification of strand break cross sections.
These values can be compared with the absolute cross sections
for absorption, and the ratio of both values yields the quantum
yield for strand breakage. It was found that the quantum yield
for strand breakage induced by 8.4 eV photons is as high as
50%. In further studies, the dependence of photon-induced
strand breakage on the DNA sequence and, in particular, the
effect of the photosensitizer 5-bromouracil was studied using
DNA triangles.

Very recently, the radiation stability of the DNA origami triangles
themselves was studied using *°Co y-rays (1.17 and 1.33 MeV) and
30 MeV proton beams (Fig. 8A).”” It was found that the DNA
origami triangles exhibit significantly higher radiation stability
than the double-stranded M13mp18 DNA. Even under radiation
doses as high as 300 Gy, as shown in Fig. 8B, the DNA origami
structures remained largely intact, which was ascribed to the
strongly interconnected and dense DNA structure.

4. Conclusion and future directions

The Lab-on-a-DNA origami approach combines state-of-the-art
nanoengineering tools with highly sensitive detection techniques.
It provides, in this way, novel possibilities for the interrogation of
nanoscale systems and for creating new concepts for sensing and
energy conversion.

In the future, the single-molecule detection methods by
SERS or SEF need to be developed into a routine tool for

This journal is © The Royal Society of Chemistry 2023
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biological and chemical sensing, but also for fundamental
biophysical studies. An interesting possibility for sensing is the
interfacing of DNA origami platforms with other technologies,
such as optical fibers. For such approaches, the surface anchor-
ing of DNA origami and their stability must be improved. For the
latter, several strategies have been suggested, e.g., UV cross-
linking, enzymatic ligation, and polymer coating."**™"**

Apart from sensing, the Lab-on-a-DNA origami approach
allows for unprecedented fundamental biological, physical
and chemical studies, and especially SERS provides the possi-
bility to obtain direct chemical information of an analyte to
study molecular properties and chemical reaction pathways as
it was recently demonstrated using hemin.”® Despite the
potential of SERS and SEF for biophysical studies, fundamental
interactions of single molecules and plasmonic nanostructures
need to be understood in more detail. Other highly interesting
fields of application for the Lab-on-a-DNA origami approach are
e.g. enzymatic reaction cascades'® or the interrogation of
biomolecular systems by force measurements.**?

The Lab-on-a-DNA origami approach already allowed us to
collect detailed information about the sequence-dependence of
DNA strand breaks. Still, this field is just at the beginning of
what is possible in the future. New and optimized DNA origami
structures can be developed and applied to study the effect of
newly designed therapeutically relevant radiosensitizers using a
broader range of primary radiations. Moreover, the investiga-
tion of radiation damage mechanisms to other therapeutically
relevant approaches, such as photodynamic and photothermal
therapy (PDT and PTT, respectively), can be extended. Very
recently, the DNA single and double strand breaks induced by
irradiation of a molecular ruby have been quantified, which
opens a new field of application for the Lab-on-a-DNA origami
approach.™*
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