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1. Introduction

The ability to construct dynamic materials from nano- to macroscale makes
DNA a popular and powerful molecule. DNA, through inherent programma-
bility and biocompatibility, is infiltrating itself into multiple fields of science
and engineering.(1–4) Thus, the utilization of DNA as a molecular con-
struct is bridging the gaps in between fields and promoting the emergence
of new interdisciplinary areas of science.

DNA provides the opportunity to construct self-assembled bottom-up
systems in a precise manner not just on a nano- but also on a macroscale.
DNA offers the ease of assembling various shapes and sizes of molecular
constructs. Moreover, DNA can be modified with different functional
elements, which has enabled the multitude of stimuli-responsive DNA-
based systems. DNA is also one of the most interesting building blocks for
the realization of artificial molecular machines.(5–10)

In this thesis, we introduce DNA not just as a structural building block
for the fabrication of complex programmable assemblies but also as a
stimuli-responsive element for dynamic functional devices and materials.
DNA can be used together with other organic or inorganic building blocks.
Moreover, here DNA is used both on a nano- and a macroscale. DNA is
partnered with gold nanorods that endow the systems with programmable
optical responses.

DNA exhibits inherent stimuli-responsiveness to, for example, tempera-
ture, ionic strength, proteins, small molecules, and pH.(11–17) The respon-
siveness can be coupled to structural changes and plasmonic optical output
signals. In this thesis, these dynamic motions of the structure are directed
by light and pH and, secondly, by small molecules. However, in every case,
gold nanorods are used as optical reporters. Furthermore, the advances in
DNA nanotechnology(18–21) have allowed us to construct chiral plasmonic
metamolecules (CPMs) that can be modified to respond to different stimuli
dynamically.

From the stimuli perspective, the focus will first be on visible-light.
Light is an inexpensive and abundant resource. Moreover, the highlight
will be on implementing light-responses without using photoresponsive
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modifications in DNA itself. Next, the focal point will be using small
molecules as stimuli to induce structural changes in dynamic DNA-based
chiral plasmonic metamolecules, which will be coupled with plasmonic
output to implement a sensing and analytical nanoscale device.

The ability and the ease with which DNA can be modified(22, 23) plays
a pivotal role in many DNA nanotechnology-based systems.(24–30) The
highlight of this thesis is using DNA not just a nanotechnology building
block, but also in macroscale materials. DNA is a versatile molecule and
supramolecular polymer that can be used in unison with other chemicals
and materials. This thesis uses DNA in a marriage with synthetic polymers
and gold nanorods to create a functional nanocomposite hydrogel. The
gold nanorods are used not only as optical reporters but also as heating
elements.

To sum up, in this thesis, DNA-based systems are presented with inher-
ent dynamic responsiveness to cues from the environment. These stimuli
will bring forth structural changes in the materials. Thus, a function will
arise from the stimuli-responsiveness. Due to gold nanorods functional-
ized into the DNA-based systems, plasmonic optical features are observed
from the structural changes. Moreover, in most cases, these changes are
reversible.

The first chapter of the thesis introduces the field of DNA nanotechnology.
The second chapter delves into stimuli-responsive dynamic DNA-based
systems. The thesis then moves to protonated merocyanine as a means
to create a photoresponsive medium in the next chapter. The fifth chap-
ter focuses on chiral plasmonic structures brought to life through DNA
nanotechnology. Then the thesis moves on to nucleic acid aptamer-based
systems in chapter six. The final literature chapter examines DNA-based
hydrogels. Chapter eight introduces methods used in the publications, and
finally, chapter nine summarises the publications included in the thesis.
The final chapter concludes the thesis.
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2. DNA nanotechnology

2.1 Structural DNA nanotechnoloy and its origins

DNA nanotechnology has provided a versatile toolbox for bottom-up fab-
rication through self-assembly. The field began with a vision of immobile
synthetic holiday junctions (31) and continued with ligation of branched
DNA junctions to larger assemblies (Figure 2.1).(32) The later strategies
involved forging 2D tiles from two DNA helices with double-crossovers
where strands exchange over from double helix to another.(33) The pro-
grammable DNA self-assembly was used to form micrometer scale lattices
by combining several tiles with sticky ends.(33) Soon, it was realized that
the programmable complementary Watson-Crick-Franklin (W-C-F) base
pairing could also be used with nanoscale precision for building dynamic
molecular structures (Figure 2.1) as elegantly demonstrated by Yurke et
al.(5) which used DNA not only as a construction material but also as
programmable fuel to control the state of molecules in the system. The
dynamic molecular tweezer structure was fueled by the so-called toe-hold
mediated strand displacement reaction by DNA strands. The authors
demonstrated several cycles of the opening and closing of the tweezers.(5)

2.2 DNA origami

Two-dimensional DNA could be assembled with rigid DNA tensegrity tri-
angles constructed by flexible four-arm junctions.(35) In 2006 different
bottom-up fabrication strategy was developed by Paul Rothemund.(18)
The method dubbed DNA origami allowed the author to design various
two-dimensional shapes by folding single stranded DNA, called scaffold,
obtained from the M13mp18 virus with the help of short complementary
strands called staples (Figure 2.2). DNA origami introduced a sophisticated
bottom-up nanofabrication method with high material yields. Any arbi-
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Figure 2.1. DNA nanotechnology development timeline from simple junctions to dynamic
and multi-component devices. Reproduced with permission from (34). Copy-
right 2021 WILEY-VCH Verlag GmbH & Co. KGaA.

trary shape or pattern could be fabricated without complicated equipment.
The origami method introduced a relatively simple method to fabricate
such complex patterns and shapes with nanoscale precision that was and
is complicated with other nanofabrication methods. The research done
in the past and present on DNA origami technique has allowed for the
fabrication of the structures presented in this thesis.
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A B

Figure 2.2. A) DNA origami design with scaffold and colored staple strands. B) Various
2D origami designs and corresponding TEM micrographs. Scale bar, rectangle:
1 µ m, others: 100 nm. Adapted with permission from (18). Copyright 2006
Springer Nature Limited.

2.3 Bottom-up assembly in three dimensions

The developed origami method provided a platform to design precise DNA
nanoscale assemblies in 2D. Douglas et al. designed three-dimensional
folding of DNA origami structures.(19) This work demonstrated the as-
sembly of various 3D architectures using different scaffold lengths. More-
over, larger three-dimensional structures were realized via multi-step
hierarchical assembly (Figure 2.3). The work provided an understanding
of how structural DNA nanotechnology can evolve toward larger three-
dimensional assemblies. The strategy to fold DNA origami in three di-
mensions used similar crossovers between DNA helices to combine them
into larger assemblies. Similar to the previously demonstrated 2D assem-
blies, which created tightly packed structures that required a long scaffold
strand, countless staple strands, and high cationic salt concentrations
to screen the negative charges on the DNA backbones. Publications I
and III in this thesis use the advantages of 3D folding of DNA origami.
The research in the publication I involved putting the ionic strength of
the operational solution of the DNA origami into focus. Another strategy
to create three-dimensional DNA structures was introduced by Benson
et al.(36) They demonstrated a 3D polygonal mesh design tool for DNA
nanostructures.(36) Using 3D mesh designed with 3D drawing software
and routing DNA scaffold strands with an algorithm based on graph theory
and a relaxation simulation, the authors created hollow three-dimensional
DNA-based structures. The advantage of such structures is that they offer
flexibility and stability in low-salt conditions.
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Figure 2.3. A) 3D DNA origami design with scaffold (gray) and staple (colored) strands.
B) Larger structures are achieved via multi-step hierarchical assembly. Scale
bars: 100 nm. Adapted with permission from (19). Copyright 2009 Springer
Nature Limited.
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2.4 Arrangement in nanoscale and metalization

DNA nanotechnology provides tools to design precise bottom-up fabrication
strategies and the ability to arrange objects with nanoscale precision
(Figure 2.1). Proteins were arranged into arrays on a 2D origami sheet
by labeling the structure with platelet-derived growth factor (PDGF) and
thrombin binding aptamers at approximately 32 nanometers apart.(37)
This allowed the accurate assembly of protein arrays. Kuzyk et al., on
the other hand, used specific DNA staple strands modified with biotin
functional groups.(38) This allowed a specific streptavidin arrangement on
DNA origami due to biotin-avidin binding chemistry. Furthermore, DNA
has been used to precisely orient a wide-range of organic and inorganic
materials, such as antigens(25) and nanoparticles(20).

In addition to using DNA origami structures as templates for the attach-
ment of nanoscale components, several other approaches with relevance
for nanofabrication were proposed. A strategy of seeded growth of gold
nanoparticles on DNA origami surface has been used in an attempt to
achieve metalization of the origami structure as a whole.(39) The gold
nanoparticles were covered with negatively charged amines that promoted
binding to the origami structure due to electrostatic interaction with the
positively charged DNA backbone.(39) Gold ions were further deposited
from the solution on the pre-seeded DNA origami structures. A non-
uniform coverage of gold nanoparticles on the DNA surface was achieved.
Thus, the DNA origami was not metalized. Instead, only gold nanoparti-
cles (AuNPs) were grown on the surface. In another approach, a hollow
DNA brick was used to control gold nanoparticles’ size and morphology by
metalization inside the brick.(40, 41) First, small gold nanoparticles cov-
ered with single stranded DNA were deposited on a DNA origami mold by
complementary DNA sequences. Then, the growth of the initial AuNP was
initiated in the presence of a gold precursor and reducing agent.(40) A full
gold coverage of the inside of the origami mold was achieved. Therefore, the
DNA origami technique can be used to create arbitrary shapes of nano- and
molecular scale assemblies to further realize plasmonic metal structures
that are difficult or near impossible to achieve with other methods.

DNA origami structures have been covered with other inorganic ma-
terials such as silica.(42–44) Coating the DNA origami structures with
silica improves the stability in regards to chemical and enzymatic degra-
dation(42, 44) Moreover, it allows the use of physiologically relevant low
salt conditions. The procedure used simple hydrolysis and condensation
of silanes. The amount of silica deposited on DNA origami is time depen-
dent which allows controlling the thickness of silica layers. For Example,
Nguyen et al. reported deposition of 1.5, 2.3, and 3.3 nm thick silica after
8h, 1 day, and 4 days, respectively.(42)
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2.5 Dynamic DNA-based assemblies and further developments

While DNA nanotechnology has been widely used to create nanostructures
in solution, DNA engineering is also taking hold in macroscale and solid-
state materials.(45, 46) Strand displacement reactions have been used to
impose structural changes on the DNA-based systems.(47) Another tech-
nique, DNA kirigami, has been demonstrated to make dynamic structural
changes in the design.(48) Unlike other supramolecular and o soft matter
systems, DNA nanotechnology offers ease of design and synthesis. The
simplicity of adaptation of the method to various systems and applications
has allowed DNA nanotechnology to branch out into a plethora of research
fields, such as plasmonics, nanofabrication, synthetic biology, biosensing,
diagnostics, and therapeutics.(49–54) DNA nanotechnology is moving from
the emphasis on structural achievements towards dynamic DNA-based
devices such as vesicles for drug delivery and molecular machines.(55,
56) The next chapter focuses beyond structural DNA nanotechnology on
stimuli-responsive dynamic DNA-based assemblies since the publications
presented in this thesis involve dynamic stimuli-responsiveness in several
different ways.
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3.1 Stimuli-responsiveness in DNA-based systems

DNA as a building block for nano- and molecular level systems gives the
capability to incorporate responsiveness to various stimuli into the system.
Furthermore, DNA allows the ease of modifications that brings forth
avenues for stimuli-responsiveness. Several of these are introduced in the
following sections. Moreover, DNA can function as both the building block
and the trigger. In addition, DNA is a supramolecular biomolecule where
the hydrogen bonding between two strands is sensitive to the surrounding
conditions such as temperature and ionic strength.

3.2 DNA as a trigger: toe-hold mediated strand displacement
reactions

A dynamic molecular system can be fully constructed from DNA, which is
the building material and acts as the stimulus. The programmability of
DNA enables the design of the binding probabilities of DNA duplex forma-
tions. Moreover, this allows for designing toe-holds onto DNA duplexes that
act as a binding site for outside DNA oligonucleotides that will displace
one of the strands in the duplexes through the so-called toe-hold mediated
strand displacement reaction (SDR). Yurke et al. made the initial DNA
switch (Figure 3.1 A) that was fuelled using DNA strands.(5) This was
further developed (5) at Bell labs to realize more advanced dynamic DNA
systems.(57, 58) The more advanced DNA nanoactuator could experience
two states: relaxed and straightened.(57) The two states were cycled with
the addition of DNA strands. The actuator was designed with two strands
that hybridized in a loop made out of a stiff double stranded region and
a soft single stranded part. The addition of a fuel strand straightened
the structure. The actuator was switched back to a relaxed state with the
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addition of a complementary strand that removed the previous fuel by a
strand displacement reaction. The actuation in cycles was realized by the
manual addition of fuel and removal strands, which resulted in waste in
the form of double stranded (dsDNA) produced in each cycle.

The same system was further developed to allow a DNA switch with three
distinctive states.(58) By designing a second fuel strand the nanoactuator
could be cycled through relaxed, closed, and straightened states (Figure
3.1 B). The fuel strands were once again removed with toe-hold mediated
strand displacement by the addition of complementary strands. DNA
fueled nanoactuator that can be cycled through multiple intermediates has
also been designed.(59) The actual double stranded DNA actuator consisted
of two states: extended and contracted. However, one cycle consists of four
steps. The operation involved the addition of two separate fuel strands
and produced two unique double stranded waste products at each cycle.
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Figure 3.1. A) Design and operation of two-state molecular tweezer. Open and closed
states are cycled by adding fuel (F) and complementary removal strands. B)
Design and operation of a three-state molecular switch. The device is cycled
through relaxed (a), closed (b), and straightened (c) states by the addition of
fuels and their complementary strands. A) Adapted with permission from (5).
Copyright 2002 Springer Nature Limited. B) and C) Adapted with permission
from (58). Copyright 2002 AIP Publishing.

Using DNA as fuel is a robust method for designing DNA-based molec-
ular machinery. No external elements beyond DNA are required to be
brought into the system to realize structural reconfigurability. For exam-
ple, Tian and Mao designed double stranded DNA circles dubbed molecular
gears.(60) The two circles were connected by adding fuel strands. The
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initial fuel strand tied the circles together, and the second fuel strand
pulled them together. Cycling of the states was achieved by adding comple-
mentary strands that, through the toe-hold mediated SDR, released the
circles while creating double stranded DNA waste in the system.

It is essential to mention that DNA-fueled systems are scalable to more
complex assemblies. A tetrahedron design moved DNA-fueled stimuli-
responsive systems to 3D.(61) Tetrahedron structure designed with 4 DNA
strands was cycled in between open and closed states. One of the edges
in the tetrahedron was designed to be reconfigurable. After assembly, the
structure was in the closed configuration with a hairpin loop protruding
from the reconfigurable edge. The addition of the fuel strand opened up
the hairpin loop and, thus, relaxed the structure. The reconfigurable edge
was left with a toehold for the addition of so-called anti-fuel to switch the
structure back to a closed form. As previously, DNA duplex waste was
formed when the structure cycled between states.

Lubrich et al. introduced another DNA-fueled assembly with their de-
sign of a contractile DNA machine.(62) The research used the previously
reported molecular tweezer design and attached several of them to one
long single stranded DNA. Each tweezer unit in the machine design could
be contracted by adding a fuel strand. The fuel strands hybridized onto
the certain complementary region, the tweezer unit, on the long single
stranded DNA, thus, contracting that hybridized part. The fuel strand
left a toehold hanging out where the so-called opening strand would bind.
Toe-hold mediated strand displacement reaction worked, once again, as the
mechanism for opening the tweezer unit into an open state while producing
DNA duplex as a waste.

A 3D DNA origami box with a programmable lid opening mechanism
was designed to introduce further complexity to the DNA-powered ma-
chines.(63) The box design utilized the single-stranded DNA genome of
M13 bacteriophage for the scaffold (Figure 3.2 A). One of the faces of the
box (D) was functionalized with DNA duplexes protruding from the struc-
ture (Figure 3.2 B). The DNA duplexes provided a few nucleotide toehold
for toehold-mediated strand displacement to take place by externally added
"key" DNA strands. Opening of the lid due to DNA stimulus was observed
with Förster resonance energy transfer (FRET) (Figure 3.2 C).

Grosso et al. improved upon the double stranded waste-production prob-
lem of toehold-mediated strand displacement reactions. (64) The authors
introduced a fuel-consuming unit that fragmented the fuel strand into a
waste, allowing dissipative control over the reaction. When the fuel strand
was consumed after the toe-hold mediated strand displacement reaction
had taken place, it allowed the reaction to recover to the starting point.
The authors designed an RNA fuel that could bind to the toe-hold of the
DNA strand, creating an RNA/DNA duplex. The RNA fuel, in turn, was
consumed by RNase H.(64) The output signal, measured with fluorescence,
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Figure 3.2. A) 3D DNA origami design using 7249 nucleotides M13mp18 scaffold. B)
Illustration of the lock-and-key mechanism for the dynamic lid design, which
highlights the duplex strands with toeholds and fluorophores used for FRET
measurements. C) FRET measurements display the closed box (black curves)
and open box after the addition of the "keys" (red curves). Adapted with
permission from (63). Copyright 2009 Springer Nature Limited.

increased sharply after adding fuel strands. After the peak reached in a
matter of minutes, the fuel strand was consumed, and the signal slowly
returned to the initial level. The authors cycled the system ten times with
no signs of fatigue.

Using DNA as a trigger requires no additional modifications to the build-
ing blocks. However, triggering the dynamic system with DNA requires
adding fuel and anti-fuel strands into the system at each step, which
creates waste and fatigue. As apparent from the multitude of different
systems highlighted here, in most cases, the strand displacement reaction
systems typically experience characteristic fatigue after a few cycles of
operation. The system does not operate with the same precision, speed, or
intensity.
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3.3 Temperature as a stimuli

DNA hybridization is temperature-dependent. The Watson-Crick-Franklin
base pairing gives control over the temperature range the DNA hydrogen
bonding occurs. Therefore, due to the system’s temperature, one can design
dynamic responses into DNA-based devices based on DNA hybridization
and dehybridization. Thus, it is only natural that temperature as a stimu-
lus has been used for dynamic DNA-based devices. Moreover, the ease of
modification of DNA brings forth the opportunities to attach temperature-
responsive functionalizations.(65) This gives a myriad of ways to control
DNA-based systems regarding thermoresponsiveness. For example, a strat-
egy of incorporating thermoresponsiveness into DNA nanostructures is
functionalizing DNA with thermoresponsive polymers (Figure 3.3).

Furthermore, one popular polymer conjugated with DNA is a thermore-
sponsive PNIPAM.(66, 67) The conjugation has been achieved using click
chemistry. Modifying DNA with DBCO (dibenzocyclooctyne) has allowed
the use of copper-free click chemistry with azide terminated PNIPAM.
Furthermore, the programmability of DNA has warranted the precise
placement of DBCO modifications. Thus, the precise and easy conjugation
with PNIPAM creates DNA-PNIPAM co-polymers. (Figure 3.3).

A B

Figure 3.3. A) Dynamic thermoresponsivess of DNA-PNIPAM copolymer. B) Thermally ac-
tuated DNA origami flexor structure with PNIPAM modification. A) Adapted
with permission from (66). Copyright 2018 American Chemical Society. B)
Adapted with permission from (67). Copyright 2018 WILEY-VCH Verlag
GmbH & Co. KGaA.

Li and Schroeder conjugated several PNIPAM polymers onto the DNA
backbone.(66) PNIPAM exhibits temperature-induced reversible
hydrophilic to hydrophobic transition. The property transition took place
at a certain critical solution temperature, 32 ◦C (Figure 3.3 A). Heating
the system slightly above room temperature collapsed the copolymer.
Cooling reversed the action, and the copolymer untangled to linear
conformation. Turek et al. used a similar strategy for functionalizing DNA
origami flexor structure with PNIMPAM. Cycling temperature of the
system around 32 ◦C closed and opened the dynamic DNA origami
construct. The dynamic cycling was observed by fluorescence intensity
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increasing when the closing of the origami brought AuNP from one arm
near a fluorophore placed on the opposite arm (Figure 3.3 B).

A

B

Figure 3.4. A) Dynamic shape complementary DNA structure. Thermal switching was
observed using FRET, and over 1000 cycles were completed. B) Thermally
actuated hinge design with several overhang sites. Hinge thermally actuated
at one site with varying overhang lengths. Temperature-dependent data was
obtained by following the changes in the intensity of the Alexa 488 fluorescence
signal. A) Adapted with permission from (68). Copyright 2015 the American
Association for the Advancement of Science. B) Adapted with permission from
(69). Copyright 2019 American Chemical Society.

Gerling et al. constructed a shape complementary 3D DNA structures
that do not use W-C-F base pairing (Figure 3.4 A). Such a dynamic struc-
ture could switch between states due to shape-complementary DNA helical
partners and their susceptibility to temperature. The structure was cycled
in between open (25 ◦C) and closed (50 ◦C) states for over 1000 times
(Figure 3.4 A). FRET signals displayed step-like changes in response to
switching between the states of the structure upon heating and cooling.
A similar dynamic DNA origami hinge, as shown previously with PNI-
PAM functionalization (Figure 3.3), has been constructed, but instead
of using polymer modifications, the authors used the inherent thermore-
sponsiveness of DNA.(69) The authors functionalized AuNP with 23T
single stranded DNA. The hinge design had several binding sites for the
DNA-AuNP to move across the structure (Figure 3.4 B). The binding sites
boasted different lengths of oligonucleotides, thus, having different melting
temperatures when it comes to hybridization with the poly-T. The single
stranded overhangs had varying lengths in the lower arm of the design.

38



Stimuli-responsive DNA systems

While the top arm had 20 nt overhangs that offered stable binding sites,
which allowed for the dynamic thermal actuation of the structure. The
authors also cycled the hinge around a single overhang site by varying the
overhang lengths (Figure 3.4 B).

The programmable thermal response and melting profile of DNA were
used to bring-forth dynamic material in publication III. The inherent tem-
perature dependency of DNA hybridization has been used, for example,
to construct a functional DNA valve.(14) The origami nano valve was de-
signed to open with the increased system temperature. The opening and
closing of the valve were cycled around 40 ◦C, which allowed the dynamic
nano valve to sense near the ambient temperatures. Thus, the programma-
bility of the DNA hybridization allowed the nano valve to remain closed at
ambient temperature and to be opened when the temperature reached 40
◦C. Opening the valve would potentially let small molecules through the
membrane.

The inherent thermoresponsiveness of DNA could be used for the re-
alization of an accurate thermosensor. Mechanically interlocked DNA
catenanes have been used in this context.(70) The two DNA rings, made
out of double stranded (ds) DNA, were partly hybridized together (Figure
3.5 A). Both ring designs featured single stranded (ss) regions for this
purpose. Moreover, the rings featured two distinctive ss regions giving
rise to a dynamic switchable system. The two DNA ring systems could be
switched thermally around the melting temperature (Tm) of ds region. Be-
low Tm, the catenanes remained interlocked and were released from each
other with increasing temperature. By design, the temperature response
remained almost independent of the concentration (Figure 3.5 B).(70)

A B

Figure 3.5. A) Dynamic interlocked DNA design for thermal sensing. B) Fluorescence
measurements of different concentrations of thermally actuated catenanes.
Adapted with permission from (70). Copyright 2020 WILEY-VCH Verlag
GmbH & Co. KGaA.
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3.4 Variations in the ionic strength as a stimuli

The DNA backbone is negatively charged due to phosphate groups. Thus,
DNA nanostructures are often kept in solution with relatively high concen-
trations of cations to overcome the electrostatic repulsion.(71) The ionic
strength plays an integral part in DNA-based devices, which is why this
topic also plays a vital role in the publication I. However, this can also be
used in dynamic DNA nanotechnology. Using the ionic strength variations
of the system as a stimulus uses the inherent electrostatic properties of
DNA as a molecule, which provides a robust method to apply changes
to a DNA-based system. However, it requires direct manipulation of the
system by adding chemicals. The need to physically add chemicals into
the system can also cause fatigue and limit the number of actuation cycles.
The structural reconfigurability of the dynamic structures presented in
the previous section (Figure 3.4 A) can also be cycled by alternating the
cation concentration of the solution.(68) The structure could be switched
from open conformation to closed by increasing the cation concentration.
Moreover, the authors demonstrated the reversible assembly of arbitrarily
shaped multi-state DNA devices by varying the cation concentration of the
system.

In addition to ionic strength variations in the solution, DNA experiences
specific binding to certain cations, such as Ag(I) and Hg(II).(72) Specific
binding to such ions has been used to construct molecular machinery in
the form of a two DNAs ring catenane system.(7) Instead of rotary motion
of the rings stimulated by temperature, the specific binding of Hg(II)
to DNA worked as the stimulus. The mercury bound between thymine
bases provided a cooperative bridge that assisted the base pairing.(7) Two
distinctive DNA duplex hybridization regions could cycle the catenanes.
One site featured an i-motif that responds to changes in pH and the other
Hg(II) binding region. Cysteine was used to release the Hg(II) ions from
the duplex and returned the system to its original state.

Moreover, 3D DNA nanostructures can be dynamically reconfigured
using i-motif and Hg(II) binding sites.(73) One such construct that was
responsive to multiple stimuli has been used as a dynamic DNA-based
structure to obtain different logic gated outputs.(73) Furthermore, dual
stimuli of i-motif and Hg(II) binding sites have been used to fashion a
bipedal molecular walker.(74) The DNA-based molecular machine was
able to move forward with cycling stimuli of Hg2+, H+, OH−, and cysteine.
However, such a system is somewhat complex and incorporates multiple
slow steps to function.

G-Quadruplex DNA structures that can bind to certain cations, such
as K+, have been used to switch DNA-based systems dynamically.(75)
For example, one such system was demonstrated by Aizen et al.(13) The
authors demonstrated a structure with K+ induced G-quadruplex and the
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removal of the cation with 18-crown-6 or [2.2.2] cryptand. The cycling
was observed using fluorescence spectroscopy. Furthermore, the G-rich
oligonucleotide was attached to the Au electrode with thiol-coordination
chemistry. In this design of an electrocatalytic switch, hemin was used
to create a complex with the potassium ion-induced G-quadruplex. The
complex displayed electrocatalytic activity for the reduction of H2O2. Thus,
the electrocatalytic activity could be cycled with the subsequent additions
of K+ and [2.2.2] cryptand.(13)

3.5 Proteins as a trigger

DNA-based molecular structures can also be fabricated with proteins as the
trigger or stimulus for function. DNA-protein binding is often specific but
concentration dependent. One way to utilize protein binding is to program
the DNA oligonucleotides to function as aptamers.(76, 77) Aptamers are
short oligonucleotide sequences that bind to specific targets due to their
secondary and tertiary structures. Aptamers are further discussed in
chapter 6.

Moreover, publication III takes advantage of aptamers for analytical and
sensing purposes. For example, the aptamer sequence was used as a bridge
between two origami arms to bring structural changes. This stimulated
movement enhanced the chirality of the structure.(78) Through aptamer
binding specific proteins can be used as the trigger.

Aptamers can be used in dynamic structures as the locking mechanism.
For instance, a barrel-shaped DNA origami nanobot has been used for
cargo delivery.(79) Previously, DNA was used as an opening trigger for
a DNA box design.(63) Here, instead, a DNA aptamer-based molecular
lock was used that opened by binding to antigen proteins (Figure 3.6). In
addition, the design featured two locks, which allowed the machine to be
programmed to respond to one or two stimuli. The nanobot could thus be
designed to open upon protein antigen stimuli at the cell surface and thus
expose the cells to the cargo, which opens future opportunities to use such
DNA-based systems for controlled delivery and release.

Specific DNA sequences have inherent supramolecular interaction with
specific proteins. Such sequences have been used to study nucleosome-
nucleosome interactions.(80) A DNA origami hinge design with radially
protruding DNA strands that can bind to histone octamers was used for
this purpose. The hinge could open and close freely when no histone
octamers were bound to the structure. The binding of the protein octamers
into both arms of the system would affect the opening and closing of the
DNA origami hinge as the DNA-histone octamers would interact with each
other nearby.(80)

Similar work was published by Le et al., where the authors used DNA
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Figure 3.6. A) The design of the nanorobot. B) Schematic of the aptamer-based lock
mechanism with the target antigen key. C) Schematic of the design used as a
logic-gated nanocarrier with cell targets. Adapted with permission from (79).
Copyright 2012 the American Association for the Advancement of Science
(AAAS) Publishing.

origami nano hinge to probe nucleosome stability.(81) Instead of protruding
DNA from the hinge arms that interacted with histone octamer, the DNA-
nucleosome was incorporated onto the origami with biotin-neutravidin-
biotin linkage. The hinge sans protein interaction could open and close
freely, and wide-angle distributions were observed. Binding the histone
octamer would affect the angular distribution of the DNA origami hinge.
The angular distributions were used to study the nucleosome stability.

A large variety of proteins can bind to specific DNA sequences that distort
the structures of dsDNA. In the case of TATA box binding protein (TBP), a
bending of DNA is observed. Nickels et al. devised a DNA origami-based
force clamp to study the TATA-binding protein-induced bending of a DNA
duplex.(12) The authors used FRET to observe the bending of DNA induced
by TBP.

Aptamers can be incorporated with DNA origami to induce structural
changes in the self-assembled structure. This method was used for ana-
lytical purposes in publication III. Moreover, the approach can be used for
therapeutic delivery assemblies.(82) For instance, a DNA origami-based
nanorobot consisting of a DNA sheet with thrombin conjugated with DNA
extensions on the surface has been designed. The origami sheet was rolled
into a hollow tube with fastener DNA strands containing aptamer se-
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quences. The tube would thus unfold into a sheet upon correct protein
stimulus. The nanorobot would switch from closed to open configuration
upon encountering a nucleolin protein stimulus.(82) Importantly, the closed
configuration would shield the thrombins until a target cell was reached.

Using proteins as a stimulus for dynamic DNA-based devices takes
advantage of the programmability of DNA. Due to the binding specificity
that can be programmed, several different dynamic devices that undergo
structural changes can be imagined in terms of sensing and molecular
machinery. Furthermore, as aptamers can be set up to bind proteins, they
can also be programmed to bind small molecules. Chapter 6 will expand on
the nucleic acid aptamers. Moreover, publication III in this thesis builds
an analytical device to study the binding of small molecules.

3.6 Electrical fields and potentials as stimulus

DNA remains inherently charged due to its phosphate backbone. Thus, it
appears only natural that dynamic DNA-based devices would be designed
with electrical potential or electrical field as the stimulus. However, elec-
trical fields remain an elusive stimulus for DNA-based devices. Using such
stimuli can give actual remote control over the system. An electric poten-
tial can be switched rapidly. DNA origami-based structures can rapidly
follow the changes in such AC signals.(83) Due to electrophoretic effects,
such DNA-based assemblies would always need to be bound to surfaces.

Dynamic DNA machines usually function in aqueous buffered cationic
solutions to screen the negative charges of the DNA strands. These cations
also screen the electrical fields and potentials in the solution.(84) Yang
et al. demonstrated reversible electrochemically actuated DNA switch.
(85) The aim was to realize a rapid molecular switch that was actuated
through electric signals. The authors fabricated an electrochemical device
that responds to changes in the electric potential leading to pH changes
in the solution of the well. The DNA assembly used i-motif, which was
sensitive to the pH of the solution. The system’s pH was electrochemically
actuated between pH 5 and 8. The i-motif switched from compact form
to a random coil structure between these two different pH values. The
authors demonstrated 24 cycles of robust switching of the DNA system
with 20-second intervals per step.

The steps of the electrochemically actuated DNA system are still rather
slow compared to exclusively electromechanically actuated systems. Me-
chanical responses have been induced on DNA levers, double stranded
DNA, and DNA origami structures with alternating electrical voltages.(83,
86, 87) In the work by Kroener et al. 100 nm long origami structures
consisting of six-helix bundles were tethered onto a gold electrode (Figure
3.7 A). The origami switch structures were actuated 24 cycles electrically
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with a period of less than 100 µs. The DNA nano levers were hybridized
onto the surface of the electrode via 48 base overhang complementary to
surface-immobilized oligonucleotides (Figure 3.7 B). The voltage on the
electrode was cycled between -0.2 to 0.2 V. The voltage has to be high
enough to overcome the cationic screening of the solution but also low
enough not to disturb the thiol-gold coordination chemistry of the DNA
surface immobilization.
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Figure 3.7. A) AC voltage actuated nanolever with dye labeling for fluorescence spec-
troscopy. B) DNA origami nanolever immobilization on the surface and the
actuation of the device. Measurement conditions had an AC potential of ±0.2
V applied vs. an ITO counter electrode at 0.2 Hz. C) Schematic of the DNA
origami plate and the robotic arm. D) The robotic DNA origami arm rotated as
it carried a 50 nm AuNR cargo attached to the arm. Two dyes are continuously
excited as the arm moves to carry the AuNR load. The robotic arm was rotated
at 1, 2, and 4 Hz. A) and B) Adapted with permission from (83). Copyright
2017 American Chemical Society. C) and D) Adapted with permission from
(56). Copyright 2018 the American Association for the Advancement of Science
(AAAS) Publishing.

DNA origami structures require high cationic strength for successful fold-
ing. However, it has been shown that DNA origami designs are stable and
can be operated at low cationic (< 1 mM Mg2+) conditions.(71, 88) Kroener
et al. electrically actuated several rod designs in various magnesium
concentrations.(84) The ability to operate at low cationic concentrations
expands the potential applications of DNA-based molecular machines with
electric signals acting as the stimulus. The authors observed that the
origami structures were stable in low ionic strength conditions and could
be electrically actuated even in zero magnesium concentrations. Moreover,
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by lowering the ionic strength, the authors observed a rising switching
amplitude of the system.

Kopperger et al. demonstrated a more complex system where a robotic
DNA origami arm was attached to a DNA origami plate (Figure 3.7 C).(56)
By designing the DNA origami structure as a 55x55 nm plate with a 25
nm arm allowed a simple one-pot of synthesis of the molecular machine. A
cross-shaped four-electrode fluidic system ensured dynamic full circular
manipulation of the arm. The electrical setup allowed for potential up to
200 V (Figure 3.7 C). The arm could have flexible movement due to a single
stranded DNA scaffold joint connecting the base plate and the robotic arm.

The authors demonstrated high-speed 360-degree rotation with a fre-
quency of 25 Hz. Aside from full rotation, the authors designed two DNA
hybridization-based docking sites. Two different lengths of docking sites
were designed as 9 bp and 20 bp. Unzipping of the double strand and
hybridization on another docking site was demonstrated for 1-, 2-, and
4-Hz rotation using 110 V (Figure 3.7 D).(56) The higher frequency re-
sulted in a higher number of errors and missed turns by the robotic arm.
Cargo-carrying abilities were demonstrated by attaching a gold nanorod
to the robotic arm. The gold nanorod movement was followed by FRET
measurement based on fluorescence signals’ dependence on the distance
between a fluorophore and AuNR.

Electrically actuated DNA-based devices are still far and few in between.
However, electrical stimulus promises a clean and reliable source of ac-
tuation. Thus, more devices are bound to be assembled in the future. In
addition, more problems concerning ionic strength and electrophoretic
forces will be solved as more research focuses on the subject.

3.7 Magnetic fields as stimulus

A magnetic field, besides an electrical field, is a logical stimulus for dynamic
molecular DNA-based devices. Magnetic fields add another dimension
for direct real-time and non-local manipulation of minuscule DNA-based
nanodevices. However, DNA has no inherent affinity to the change in the
magnetic fields of the surroundings. Thus, the responsiveness is brought
forth through modifications to the DNA. Actuation through the variation
of magnetic fields is external and can be conducted remotely without any
chemical or other additions to the systems. Thus, waste-free switching can
be achieved.

Lauback et al. demonstrated several DNA origami designs for magnetic
actuation, namely a nano lever, a nano rotor, and a nano hinge.(89) The
response to changes in magnetic fields was introduced by attaching micro-
magnetic beads to the origami structures. 1 µm beads functionalized with
anti-digoxigenin were linked to the digoxigenin-labeled overhangs of the
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arms of the structures. In contrast, the actuator structures were attached
to surfaces via biotin-streptavidin modifications. The hinge had one arm
fixed on the surface and one free to move along the superparamagnetic
bead. While the lever was attached with an overhang directly to the sur-
face, and the rotor was attached with a DNA overhang to a base plate which
was then surface-bound, thus, leaving the rotor with bead attachment-free
to rotate. The authors used four orthogonal electromagnets and a solenoid
to generate magnetic fields.

Here we take the lever structure as an example. The assembled structure
allowed a 360◦ continuous rotation of the lever arm, which was achieved
with a weak (<100 Oe) magnetic field. The bead experienced a torque due
to the anisotropic component of magnetization.(89) The bead movement
was followed using a brightfield microscope. The speed of the actuation
(rotation rates) could be modulated by tuning the frequency of the external
magnetic field. The lever could also be precisely held with a constant
in-plane magnetic field. The other designs demonstrated a similar 360◦

rotation for the nano rotor with a weak (40 Oe) magnetic field. The hinge
opening and closing were demonstrated with the in-plane external mag-
netic field.(89) Moreover, the authors showed that the hinge could be
opened to and held at intermediate angles. Highlighting that the approach
allows for manipulation of DNA-based nanodevices with sub-second re-
sponses with torques of 20 to 80 pN nm rad−1 achieved with weak magnetic
fields of 10-100 Oe.(89)

Maier et al. took a biomimetic approach to magnetic field-stimulated
DNA systems. The authors attached different DNA constructs to biocom-
patible magnetic microparticles to mimic a self-propelling peritrichous
bacteria.(90) The authors designed three different artificial flagellar with
straight 8-helix tubes, twisted 8-helix tubes, and supertwisted 13-helix
tubes. The tubes of DNA were attached to 1 µm magnetic beads with
biotin-streptavidin modifications. The DNA tubes were modified with Cy3
dyes on 5’ ends to allow imaging and tracking. The authors subjected
the DNA-flagellated magnetic particles to external rotating homogenous
magnetic fields up to 100 G.(90) There was no observable qualitative differ-
ence between the flagellar bundle structure when exposed to the external
magnetic fields. Up to 0.6 µmm/s of propulsion speed was achieved with
an external field of 3 Hz.

Using electrical and magnetic fields to stimulate dynamic DNA-based
devices offers powerful and fast external stimuli. Moreover, such systems
usually are waste- and thus fatigue-free. However, they do not necessarily
offer the opportunity for a spatial stimulus of the system. Using light
(Section 3.9) can improve upon that. Publications I and II in this thesis
use light as a spatial, clean, and robust external stimulus.
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3.8 Variations in the pH as a stimuli

Modifying the system’s pH is a natural way to stimulate dynamic DNA
structures. DNA has inherent sequences, such as i-motif(91), that are
pH responsive. Another naturally occurring pH-responsive DNA form is
based on Hoogsteen base pairing.(92, 93) Stimuli-responsive DNA nan-
otechnology has taken advantage of these pH-responsive DNA sequences.
Using pH as the trigger in dynamic DNA assemblies could favor using
them in biological settings, such as cargo delivery into cells. Thanks to the
different inherent pH-responsive DNA structures, no modifications to the
DNA itself are needed.

Liu and Balasubramanian introduced a simple design for a proton-fuelled
DNA nanomachine.(94) The nanomachine is switched between open and
closed states by altering the proton concentration of the solution (Figure
3.8 A). The closed state was switched on due to the i-motif sequence that
forms a quadruple helix in slightly acidic conditions (transition pH 6.5).
The nanomachine was made out of two complementary strands: a 21 nt
strand with an i-motif sequence and a 17 nt complementary strand with
two mismatches that prohibit the folding of the C-quadruplex. Subsequent
additions of NaOH and HCl cycled the systems. A reversible fast switching
in multiple cycles over 5000 seconds was demonstrated. The switching was
achieved by cycling the system’s pH between 5 and 8.

Making synthetic DNA-based nanomachines responsive to pH stimu-
lus allows for the development of biological applications. For example,
Modi et al. demonstrated i-motif-based DNA pH-switch (Figure 3.8 B)
that would take advantage of the pH changes associated with endosome
maturation.(16) The DNA switch was a simple three oligonucleotide design.
Oligonucleotides (O1 and O2, Figure 3.8) have cytosine rich overhangs
that make up for the i-motif and are hybridized on oligonucleotide (O3
Figure 3.8). The hybridization onto oligonucleotide had one base pair gap
in the middle that allowed the movement to the closed state. Protonation
of cytosine bases on the overhangs in acidic pH brought forth the forma-
tion i-motif structure. The authors demonstrated reversible and efficient
switching between pH 5 and 7.3.(16)

Elbaz et al. devised an i-motif-based DNA tweezer logic-gate system.(95)
The basic operation of the DNA tweezer system was cycling in between
open and closed states (Figure 3.8 C) when pH was changed from 5.2
to 7.2. In the closed state, the tweezers were hybridized with a DNA
oligonucleotide that functioned as an activation unit between the tweezers’
closing and opening.(95) An improved stability, compared to the duplex
formation with the activation unit, was observed when the open state was
triggered due to a drop in the pH. While raising the pH dissociated the
C-quadruplexes, and the hybridization with the activation oligonucleotide
was energetically preferred.(95)
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Figure 3.8. A) A proton-fuelled DNA nanomachine design using the i-motif structure and
DNA oligonucleotide sequences. B) I-switch design and pH-fueled function.
C) A pH-stimulated DNA tweezer system with two i-motif sequences. A)
Reproduced with permission from (94). Copyright 2003 WILEY-VCH Verlag
GmbH & Co. KGaA. B) Reproduced with permission from (16). Copyright 2009
Springer Nature Limited. C) Adapted with permission from (95). Copyright
2009 American Chemical Society.

Willner’s group expanded on their previous DNA tweezer system(95) by
adding a functional DNA hairpin to the design.(96) The design allowed
for pH stimulated activation and deactivation of horseradish-peroxidase-
mimicking DNAzyme. Similarly to previous work (95) upon opening the
tweezer structure through pH stimulus, an oligonucleotide was released.
The released oligonucleotide acted as DNAzyme. Thus, the functional
DNA-based nanomachine could be turned ON and OFF via pH stimulus.

Hoogsteen base pairing-based nano switches were demonstrated by Idili
et al.(17) The nano switches were made out of two DNA strands. In basic
pH conditions, the two strands form a ten-base pair duplex with a five-base
pair overhang. The nanoswitch formed a DNA triplex when the system
conditions were adjusted towards acidic. This was due to the protonation of
cytosine bases. The authors showed that the duplex-triplex transition could
be tuned by altering the T-A-T base content in the triplex-forming region
(Figure 3.9 A). The DNA triplex-based nano switches displayed rapid,
reversible opening-closing kinetics. The authors found that the triplexes
with 0%, 50%, and 100% TAT content had opening/closing kinetics less
than 3 ms.(17) The work on the self-assembly of DNA triplexes allowed for
the construction of the system seen in Publication I of this thesis.
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Figure 3.9. A) DNA triplex-based nanoswitch design. Varying the TAT content in the
triplex sequence produces a specific pH window for switching. Reproduced
with permission from (17). Copyright 2014 American Chemical Society. B) A
pH-responsive plasmonic metamolecule design. Different TAT content in the
DNA triplex bridges produces different plasmonic responsive vs. pH of the
system. Adapted with permission from (97). Copyright 2017 the American
Association for the Advancement of Science (AAAS) Publishing.

Kuzyk et al. used the triplex formation to implement pH-responsive DNA
locks into plasmonic metamolecules that lock into a chiral position as a
function of pH.(97) The authors used four different (TAT content 50-80 %)
triplex bridges linking the metamolecules (Figure 3.9 B). By tuning the
TAT content, the authors tuned pKa of the triplex bridge. The plasmonic
metamolecule design had DNA origami with two arms and AuNRs attached
to each arm. Without the triplex bridge, the arms were able to move freely.
The formation of the triplex bridge locked the origami structure. The
AuNRs would thus be on a fixed angle in respect to each other. The
metamolecule formed a chiral structure with a strong plasmonic optical
activity. The authors observed the dynamic plasmonic switching with
circular dichroism spectroscopy.(97) Publication I in this thesis expands
on this work using triplexes on chiral plasmonic switches demonstrating
dynamic reversible DNA self-assembly and plasmonic switching.

The triplex locking mechanism has also been used for DNA origami drug
carrier design. Ijäs et al. demonstrated a DNA origami-based cargo vesicle
that could be triggered to open by changing pH in a biological setting.(55)
The cargo would stay shielded in acidic pH when the triplex is formed and
exposed for use when the pH of the solution was raised above the pKa of
the locks. As before, Hoogsteen base pairing made it possible to tune the
pKa of the triplex locks. Thus, the cargo could be set up to be exposed at
chosen pH of the surroundings. Thus, the triplex self-assembly can be used
in many applications, from plasmonic devices to drug carriers.
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3.9 Light

Light is an abundant and inexpensive energy source and attractive stimuli
for implementing dynamic responses. Moreover, using light as a trigger
allows external control over system properties. Using light, one can imple-
ment spatial control over the system. The system can be triggered rapidly
on and off without producing chemical additions and waste. Azobenzene
(azo) modifications of DNA have risen as a prime candidate for implement-
ing light-responsiveness into DNA nanostructures. However, azobenzene
structures experience slow switching kinetics and require elevated tem-
peratures.(98) Moreover, reversible azobenzene switching relies on light
excitation with two different distinct wavelengths, typically in ultraviolet
(UV) and visible (VIS) spectral regions.

Yang et al. assembled DNA origami structures into predefined pat-
terns.(99) The authors designed 2D hexagonal origami monomers with
protruding azo-modified oligonucleotides on the sides (Figure 3.10 A and B).
The single stranded azo-modified extensions were designed in such a way
that they would form a duplex with their counterpart under visible-light
when the azobenzenes are found in trans-conformation. Figure 3.10 B
below shows the chemical conformational differences between the states.
The monomers were first assembled into dimers or polymers with thermal
annealing. Therefore, before any external stimulus, the azo-groups were in
the trans-conformations (Figure 3.10 C). Upon UV irradiation, the azoben-
zenes would switch into cis-conformation, thus dissociating the hexagonal
monomers from one another. The cis-trans photoisomerization modified
the duplex’s melting temperature, which led to the bonds’ dissociation.
The authors demonstrated reversible dissociation and assembly of the
2D DNA-origami construct upon photoisomerization of the azobenzene
modifications (Figure 3.10 C and D).(99)

Similarly, Mishra et al. used azo-based switches for photocontrolled
assembly of DNA origami 2D structures. The authors used arylazopyra-
zole (AAP), which displays faster response times than traditional azoben-
zene.(100) The AAP was used to control the assembly and disassembly of
2D DNA origami structures, which was achieved with the subsequent irra-
diation with visible- and UV-light. Visible-light irradiation transitioned
the AAPs into trans-form, favoring the complementary strands from the
origami structures to hybridize. UV-light irradiation then switched the
AAPs into cis-form, dehybridizing the strands and dissembling the DNA
origami assemblies. Moreover, the authors used AAP photoswitches and
AZO photoswitches to demonstrate the wavelength-dependent assembly of
larger DNA origami constructs (Figure 3.10 E-G) which was possible due
to the photoswitches responding to different wavelengths.
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Figure 3.10. A) Schematic of the 2D DNA origami used with azo-modified extensions to
create a photoresponsive design by Yang et al..(99) B) The hybridization and
dehybridization photocontrolled mechanism of the azo-modified strands. C)
Schematic of the assembled and dissembled DNA tiles. D) the reversible
assembly process acquired from Agarose gel electrophoresis band intensities.
E) Assembly and disassembly of 2D trimer DNA origami using two different
photoresponsive modifications (AAP and AZO) by Mishra et al.. (100) F)
Proportion of monomer, dimer, and trimer of the assemblies with different ir-
radiation wavelengths. They were acquired from Agarose gel electrophoresis
band intensities. G) AFM image of a photo-assembled DNA origami trimer.
A)-D) Adapted with permission from (99). Copyright 2012 the American
Chemical Society. E)-G) Adapted with permission from (100). Copyright 2021
WILEY-VCH Verlag GmbH & Co. KGaA.
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Tekenaka et al. decorated DNA nanocage with azobenzene-modified
strands for the photocontrolled release of gold nanoparticles (AuNPs).(101)
The authors followed the opening and closing of the nanocage via TEM
and agarose gel electrophoresis. Multiple cycles of opening and closing
by subsequent UV and VIS irradiations were demonstrated. After the
opening of the nanocage, AuNP was released via toe-hold mediated strand
displacement. Another light-driven plasmonic system was demonstrated
by Kuzyk et al.(102) The design featured two DNA origami arms that
can be cross-linked via trans-azobenzene-induced hybridization. Due to
the temperature dependency of the azobenzene photoisomerization within
DNA reaction, the system was driven at an elevated temperature of 40
◦C. Azobenzene-driven switching also had relatively slow kinetics, even at
elevated temperatures. The authors characterized the switching times as
15 min and 10 min under 365 nm and 450 nm irradiation, respectively.

Another route for incorporating photoactuation into DNA nanostructures
is through photocaging. Liu et al. designed DNA nanotweezers that were
photoactuated between open and closed states with UV light.(103) The
tweezers were initially closed by a hairpin made out of single stranded
DNA. An external complementary trigger strand had been added. The
trigger strand had 7 thymidines protected with nitropiperonyloxymethy
(NPOM).(103) Irradiation with UV light released the NPOM groups and
allowed the trigger strand to hybridize with the hairpin strand, thus, open-
ing the tweezer. This design allowed for irreversible switching between the
closed and open state of the tweezer. Both azobenzene and photocaging-
based light-driven actuation require the addition of modification into DNA
strands. In contrast to pH-based actuation described above, which relies
on innate responses of DNA, the next chapter highlights a way to imple-
ment photo-actuation to systems through a photoresponsive medium. The
highlighted chemical in the next chapter favors the use of inherent pH
responses of DNA alongside external visible-light stimulus.
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4. Protonated merocyanine

Protonated merocyanine (MCH+) is a compound that can absorb a photon
to undergo a photoisomerization reaction.(104–107) During the photoi-
somerization reaction the compound releases a proton and undergoes a
reversible ring-opening reaction to spiropyran (SP) form. The reaction of
MCH+ is stimulated via blue light. Proton release lowers the pH of the
solution. In solution, some amount of the (MCH+) exists together with
a deprotonated form of the merocyanine (MC) ion. The SP form shifts
the absorbance of the compound towards UV, while the MC form shifts it
towards the red region. Hence, upon irradiation of MCH+ the reaction in
the solution is also photochromic. The reaction is fully reversible in the
dark

A photoresponsive medium realized out of MCH+ enables introducing
external visible-light control over self-assembled systems without the need
to use light-responsive elements on the components. The robust, spatial,
and external control is realized through an environment. Furthermore, the
MCH+ provides dynamic control over the pH of the system. The amount
of deprotonated molecules is directly proportional to the visible-light con-
ditions, e.g., time, intensity, and wavelength. Moreover, the switching is
rapid in both directions. A particular deprotonation state of the system
can be achieved by keeping the external stimulus at a fixed intensity. Thus,
the system can reach multiple reversible out-of-equilibrium states by alter-
ing the intensity of the light stimulus. The states of the photoresponsive
medium are fully tunable by the external stimulus.

Shi et al. first reported a photochromic reaction of a compound later
known as Liao’s photoacid.(104) The authors demonstrated through UV-
VIS spectroscopy that a broad (MCH+) peak in the blue region would
diminish upon irradiation at 419 nm. The solution was irradiated for 3
minutes and then kept in the dark for 10 minutes. The reaction fully re-
versed in the dark. The compound was operated at room temperature with
a single wavelength stimulus. Figure 4.1 below highlights the reversible
photoisomerization reaction of the photoacid. The reversible photoacid
reaction above was conducted in an aqueous solution. The pH of the solu-
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tion was effectively cycled between 5.5 and 3.3 without any apparent signs
of fatigue. One cycle took place within approximately 5 minutes. Tatum
et al. further studied the photo-induced ring-closing reaction in water by
coupling it to water-soluble pH-responsive hydrazone.(108) The two-state
reaction system was followed by NMR spectroscopy. The reversible reaction
cascade was cycled up to 20 times in water without apparent fatigue. The
authors also highlighted how the visible-light stimulated photoacid used
for switching eliminated any waste formation in the designed system.
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Figure 4.1. Reversible reaction mechanism for Liao’s photoacid. Adapted with permission
from (104). Copyright 2011 the American Chemical Society.

Modifications of the photoacid’s chemical composition have been demon-
strated to change the effective pH operation range. Liao’s group replaced
the OH group with an aromatic heterocycle, giving indazole tautomeriza-
tion as the reaction mechanism.(109) The authors demonstrated that the
modified compound could undergo proton release and capture reaction in
a physiologically relevant PBS buffer. The reversible reaction was cycled
from initial pH of 7.4, and a pH drop of up to 1.7 units was reported.(109)

The MCH+ aromatic rings feature several sites for adding functional
groups that allow for tuning the operational pH range and stability in
aqueous solutions.(106, 107) As the protonated merocyanines can hy-
drolyze irreversibly in aqueous solutions, improving stability is critical
for many practical applications.(110) Berton et al. introduced ortho- and
para-substitutions on the indolium or the chromene moiety with electron-
donating groups to increase the hydrolytic stability of MCH+.(106) The
authors synthesized four protonated merocyanines with methoxy substitu-
tions on the aromatic rings on four sites. These were compared to Liao’s
photoacid. The authors found that para-substituted compounds performed
the best in hydrolysis resistance. The authors demonstrated the fully
reversible proton release and capture reactions of the para-substituted
photoacid in an aqueous solution from pH 7 to 4. The system was cycled
multiple times over 120 minutes.

Wimberger et al., on the other hand, introduced a whole series of me-
rocyanine photoacids.(107) The authors presented a plethora of different
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substituents incorporated at three different positions (Figure 4.2). The
goal of the substitutions was to increase the pKa of the photoacid to push
the application range to neutral pH values. The authors demonstrated
how the substitutions or lack thereof on the three sites affect the pKa of
the photoacid (Figure 4.2). By tuning the molecular constituents of the
photoacid, one can effectively tune the pH change range and the kinetics of
the proton recovery of the molecule. On the phenolic moiety (R3 on Figure
4.2), either no substitution or weakly electron-donating group was used,
which was done in order not to decrease the pKa of the compound. Simi-
larly to Berton et al.(106), the authors studied methoxy substitution on the
indolinium ring. More importantly, the authors studied the alkyl chain,
comparing a negatively charged sulfonate group to a positively charged
trimethylammonium group.(107)
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Figure 4.2. Substitution sites of protonated merocyanine and substituents are currently
explored in literature. Adapted with permission from (107). Copyright 2011
the American Chemical Society.

Wimberger et al. later reported a modified MCH+ compound which can
induce basic-to-acidic reversible pH switching under visible-light irradi-
ation.(111) Previously, the photoacid had been mainly operated in acidic
conditions. Thus, the modified compound expanded the usability on a pH
scale and the potential applications of the compound. Furthermore, the
authors achieved significantly higher solubility (up to 3 mM) in comparison
to Liao’s photoacid (approximately 0.1 to 0.4 mM) by extending the side
chain (R2 on Figure 4.2) by one methylene group.(104, 106) Increasing the
concentration of the photoacid allows for larger pH drop and pushing the
pH operation range to basic conditions. Furthermore, the authors modi-
fied the merocyanine with methoxy group on the indolinium ring, which
increased the pKa value of the compound. The authors demonstrated ten
cycles of reversible basic to acidic cycling. When the starting pH was set to
7.3, a drop to a pH of 3.8 was observed. When the starting pH was set to
8.3, a drop to a pH of 5.2 was observed.

Spatial and remote control over the pH of the solution with protonated
merocyanines has found applications in supramolecular chemistry and
the self-assembly of nanosystems.(112, 113) Kundu et al. controlled self-
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assembly of functionalized gold nanoparticles (AuNP) in solvent solution
using MCH+.(112) The AuNPs were functionalized with monolayers of 11-
mercaptoundecanoic acid (MUA) that gave rise to COOH functional groups
on the nanoparticle surfaces (Figure 4.3). The authors demonstrated a
light-controlled assembly of NPs without photoresponsive modifications on
the particles themselves. The nanoparticles formed aggregates in the dark
due to hydrogen bonding of the functional groups. Visible-light irradiation
triggered the release of protons from the photoacid leading to the change in
the surface charge and the disassembly of the nanoparticle aggregates. The
disassembly and reassembly of nanoparticles resulted in fully reversible
modulation of optical plasmonic responses (Figure 4.3). The authors, thus,
demonstrated reversible control over the self-assembly of nanoparticles,
which was further utilized to create erasable patterns in a hydrogel with
irradiation through a photomask.
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Figure 4.3. A) Protonated merocyanine-based photoresponsive medium for the controlled
self-assembly of nanoparticles. B) The reversible assembly and disassembly of
the nanoparticles followed over several cycles by the color change of the plas-
monic nanoparticle solution. C) The color change in the solution is observed
due to the plasmonic nanoparticles assembling into larger assemblies. TEM
micrographs highlighting the assembly and disassembly of of the nanoparti-
cles. Adapted with permission from (112) Copyright 2015 Springer Nature
Limited.

Samanta and Klajn further expanded light-controlled nanoparticle as-
sembly to water.(114) In this work, the nanoparticles were functionalized
with 6-mercaptohexanoic acid (MHA). Similar to the previous work (112),
nanoparticles were assembled once irradiated with blue light and disas-
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sembled in the dark. The system was operated in 3.5 mM pH 6 phosphate
buffer with 52 mM concentration NaOH. The terminal carboxylic groups
remained deprotonated in pH 6 and were then protonated due to the re-
action of MCH+ under irradiation. Protonation of the functional groups
allowed for the Van der Waals (vdW) interactions between nanoparticles.
The authors observed a rapid disassembly of the nanoparticle assemblies
in the dark, thus, demonstrating a light-induced, dissipative self-assembly
system in water. (114)

The protonated merocyanine photoacid has also been used as a light
trigger for supramolecular self-assembly. Maity et al. used MCH+ for
remote and spatial control over the self-assembly of a hydrogel.(113) The
authors demonstrated a low-molecular-weight hydrogel formed through
acid-catalyzed building blocks. The protons provided by the photoacid
triggered the formation of the gel. The authors demonstrated that light-
triggered gel patterns could be formed through photo masking. Rizzuto
et al. demonstrated light-stimulated dissipative pathway for DNA fiber
self-assembly using MCH+ (Figure 4.4).(115)
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Figure 4.4. A) Mechanism for DNA fiber formation by light activation through a pho-
toresponsive medium with protonated merocyanine. B) AFM images of the
fiber formation before the external light stimulus. C) AFM images of the fiber
formation after an external light stimulus. Adapted with permission from
(115). Copyright 2021 Springer Nature Limited.
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The authors designed a three-stage system that functions through the
proton release of the photoacid and proton dissipation back to the mero-
cyanine. A static triplex oligomer with gaps was formed using poly-A15

strands with cyanuric acid. Protons released by the MCH+ under light
illumination pronated the poly-A strands, forming a dissipative duplex
intermediate. When light irradiation was removed, the duplex state was
disassembled, and the DNA strands reassembled into triplex fibers without
gaps. The poly-A duplex formation took place at a pH below 4. The system
was operated in the following aqueous non-buffered conditions: 15 µm
poly-A15, 12 mM CA, 10 mM MgCl2 and 0.2 mM MCH+.(115)

The research on protonated merocyanine photoacids is highly active.
Perillat et al. recently (2022) studied the effect of temperature on the
function of MCH+s in aqueous solutions.(116) The authors used a modi-
fied MCH+ previously introduced by Shafaat et al.(117) The authors used
rate-equations to study the physicochemical properties of the compound
and found that the photoacidity of the compound increases with decreas-
ing temperature of the aqueous solution.(116) The engaging research on
photoacids brings it forward to wider audiences, making the photoacids
permeate various fields of science and engineering. Thus, enabling novel
applications from transient materials to remotely controlled plasmonics
and drug delivery.
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5. DNA nanotechnology facilitated chiral
plasmonics

As discussed in Chapter 2, DNA origami is a powerful method for assem-
bling nanoparticles with nanoscale precision. DNA-based chiral plasmonics
takes advantage of the precise nanoscale accuracy of placing plasmonic
nanoparticles on DNA-based structures. Furthermore, the DNA origami
technique allows for computer-aided design of nanoscale structures of
almost any arbitrary shapes. Thus, chiral and also achiral designs are
possible when it comes to DNA origami. In particular, chiral assemblies are
engaging because they exhibit a strong correlation between the structural
parameters and the optical responses.

The chirality of structures and molecules is abundant in nature. Chiral
objects do not have inversion symmetry, i.e., the mirror image of the object
can not be simply rotated to match the original object. DNA origami tech-
nique has been widely used to assemble metal nanoparticles into plasmonic
metamolecules, including chiral ones. Moreover, as seen previously, DNA
nanotechnology enables the assembly of a plethora of dynamic stimuli-
responsive systems. Many of these assemblies undergo structural changes
upon being stimulated. By carefully crafting structural changes corre-
sponding to changes in chirality, the minuscule changes can be translated
into significant optical responses. Therefore, dynamic plasmonic assem-
blies can be realized that are highly sensitive to an external stimulus that
either 1) where the plasmonic response is the main output of the system or
2) where the plasmonic output is a reading for the structural changes due
to the stimulus. Such systems can be used, for example, for applications
such as adaptive displays or biosensors.

Science and engineering often take inspiration from the natural world.
One chiral structure that can be frequently found in nature is a helix. For
example, double stranded DNA has a double helical structure. The first
DNA origami-based chiral plasmonic assemblies of NP were demonstrated
by Kuzyk et al. who arranged 10 nm gold nanoparticles (Figure 5.1 A)
around a 24-helix bundle origami.(20) When assembled, the nine AuNPs
formed either left- or right-handed helical structures. The chirality of
the DNA-AuNP constructs was observed with circular dichroism (CD)
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spectroscopy (Figure 5.1 C). Circular dichroism spectroscopy (CD) uses the
differences of absorption of left- and right-handed circularly polarized light
to asses the optical activity of samples (Figure 5.1 B).(118, 119) Notably
when larger 16 nm particles were used, the CD signal increased over 400
times (Figure 5.1 D).
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Figure 5.1. A) Chiral gold nanoparticle functionalized DNA origami helix design. B)
Circular dichroism of the chiral DNA-AuNR structures was measured as
the difference of absorbance of left-hand circularly polarized and right-hand
circularly polarized light. C) Experimental and simulation-based CD spectra
of the chiral DNA-AuNR structures when 10-nm gold particles were used. The
inset features a TEM micrograph of DNA-AuNR structures. Scale bars, 20
nm. D) Experimental and simulation-based CD spectra of the chiral DNA-
AuNR structures when 16-nm gold particles were used. The inset features a
TEM micrograph of DNA-AuNR structures. Scale bars, 20 nm. Adapted with
permission from (20). Copyright 2012 Springer Nature Limited.

Shen et al. placed AuNPs on a 2D DNA origami sheet.(120) Then, the 2D
template was rolled into a 3D construct. The precise placement of AuNPs
on the sheet allowed for the generation of a chiral helical structure when
rolled into a 3D tube. The authors used 10 nm AuNPs, producing a weak
CD signal (<1 millidegrees). Shen et al. achieved higher CD responses
when mimicking the structure of tetravalent carbon as a chiral center.(121)
The authors demonstrated a chiral signal by precisely placing 20 nm
AuNPs on asymmetric tetrahedron on four binding sites on a DNA origami
sheet. The achiral response was observed with three gold nanoparticles.
Both right- and left-handed responses were achieved with CD values higher
than 2 mdeg.
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Kuzyk et al. not only significantly increased the CD response of
DNA-based chiral plasmonic nanoconstructs but also made them
reconfigurable.(21) Instead of using gold nanoparticles to create the chiral
plasmonic nanostructures, the authors used gold nanorods (AuNR). Two
AuNRs were each placed on a 14 helix-bundle DNA origami arm (Figure
5.2 A). The two arms were connected by the scaffold strand allowing for
the dynamic movement of the arms. High chiral plasmonic responses were
observed due to the plasmonic coupling of the AuNRs. Furthermore, the
dynamic structures were cycled between right, relaxed, and left-handed
states (Figure 5.2 B), which was achieved by locking DNA strands
bridging the arms. One of the bridging strands had a double stranded
region that could be removed by toe-hold mediated strand displacement
reaction by adding fuel strands.
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Figure 5.2. A) TEM micrograph of reconfigurable DNA-based chiral plasmonic meta-
molecule. Scale bar, 200 nm. B) Fuel-driven actuation of the chiral plasmonic
metamolecule system that can be switched between three distinctive states:
left-handed, relaxed, and right-handed. Adapted with permission from (21).
Copyright 2014 Springer Nature Limited.

Zhou et al. also achieved dynamic chiral plasmonic response with toe-hold
mediated strand displacement reactions.(122) In this study, the nanorods
were attached to two sides of an origami sheet in a chiral configuration. One
of the rods was kept stationary while the other acted as a plasmonic walker.
The movement was due to the hybridization of DNA strands covering the
AuNRs, with protruding strands onto the sheet. The hybridization sites
were activated and deactivated through a carefully designed set of toe-hold
mediated strand displacement reactions. The movement of AuNR brought
forth a change in the chirality from left- to right-handed.

The chiral plasmonic response has also been achieved with a toroidal de-
sign of DNA origami templated assembly of spherical AuNPs.(123) The au-
thors designed four DNA origami monomers decorated with gold nanopar-
ticles. The monomers were hybridized together in a head-to-tail fashion.
Each monomer featured 24 helix-bundles, while each toroidal assembly
had 24 AuNPs. Two sets of capture strands with alternating order on the
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monomer were used to ensure the high efficiency of AuNP hybridization:
the monomers were assembled to create left- and right-handed chiral plas-
monic toroids. The toroidal assemblies of 13nm AuNPs resulted in CD
responses in the range of 1-2 mdeg.

Schreiber et al. used the chiral helical assemblies previously introduced
by Kuzyk et al. (20) and bound them to a surface.(124) By this, the authors
were able to achieve chiro-optical switching. First, the origami structures
were modified with biotins at the end of the 24 HB. This ensured that the
structure could stand on the surface. The origamis were then attached to a
surface that was treated with BSA–biotin–neutravidin. When the system
was dried, the origamis lied down on the surface, and a CD response change
was observed. Although the authors convincingly demonstrated switchable
CD responses, the amplitude of responses was relatively small.

DNA-based chiral plasmonics is an ever-advancing field where fundamen-
tal improvements propel signal strengths ever higher.(125) This makes it
possible for the field to branch to more application-oriented research such
as spintronics and biosensing.(78, 126–130) The next chapter highlights
how merging nucleic acid aptamer-based sensing with chiral plasmonics
creates new sensors with potential clinical applications.
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6. Nucleic acid aptamer-based systems

Nucleic acid aptamers provide a platform for designing various sensing
and dynamic DNA-based systems.(77, 131) Nucleic acid aptamers are
short single stranded sequences, usually with secondary structures, that
can specifically bind to proteins or small molecules. Combining aptamers
with DNA origami assemblies can endow them with responses to vari-
ous biomolecules, such as proteins and small molecules, which expands
the stimuli range of dynamic DNA nanotechnology assemblies. Hence,
aptamers can be utilized to develop various sensing and dynamic DNA
origami-based systems. Historically, aptamers have been coupled to FRET
for realizing sensing devices.(132) This carries limitations on the amounts
of analytes that can be detected. Using chiral-based structures where even
small amounts binding to the assemblies bring forth significant changes
in the chiral plasmonic outputs could bring aptamer-based sensing into
the realm of visual naked eye-based detection. In this chapter, various nu-
cleic acid-based aptamer systems are presented, spanning from molecular
machines to simple nanoparticle-based systems for colorimetric sensing.
Afterward, we will move towards aptamers incorporated into DNA origami-
based chiral plasmonic assemblies.

Dittmer et al. used an aptamer sequence to create a DNA-based molecu-
lar switch that can bind to a human-blood clotting factor α-thrombin.(133)
The simple molecular machine featured a 15 nt single strand DNA that has
an affinity to thrombin binding and a 12 nt toe-hold section. The system
had a reported dissociation constant in the range of 3–450 nM.(133) The
aptamer part formed a quadruplex secondary structure in the presence
of potassium ions. The full schematic of the operation of the molecular
machine is depicted in Figure 6.1 below. The device bound onto thrombin
on the aptamer sequence (1 in Figure 6.1). The secondary structure was
forced onto a duplex by adding a strand that hybridized through a toe-hold
mediated strand displacement reaction (2 in Figure 6.1). This duplex, sans
quadruplex, could not bind the thrombin. Thus, thrombin was released (4
in Figure 6.1). The first "fuel" strand was removed by another one through
a toe-hold mediated strand displacement reaction. Therefore, the origi-
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nal DNA aptamer-based DNA machine was free again to bind to another
thrombin, and the cycle continued (back to 1 in Figure 6.1).

2

1

3

Figure 6.1. Schematic of the operation of thrombin binding aptamer-based molecular
machine. Adapted with permission from (133). Copyright 2004 WILEY-VCH
Verlag GmbH & Co. KGaA.

Another route for functional aptamer-based devices is hybridizing the
aptamer with an aptamer-complementary element (ACE), thus, creating
a duplexed aptamer (DA) construct.(76) This type of construct is widely
used for the realization of aptamer-based switches for biosensing.(134)
The complementary part creates competitive binding with the aptamer
bound with a ligand (76), therefore, acting as the signal generator upon
dehybridization. Munzar et al. described two possible routes for the
binding dynamics of such systems (Figure 6.2). Either the duplex would
first dehybridize to yield free aptamer (conformational selection), or the
ligand would push into disrupting the ACE hybridization (induced fit). The
sensing mechanism for duplexed aptamers was due to analyte-induced
dehybridization.(76) Moreover, there is a competing factor between the
ligand and the complementary part.(15) An important aspect of such
an aptamer system is characterizing the binding with rate and affinity
constants.

Munzar et al. studied the rate constants for ATP-specific duplexed
aptamers.(76) The complementary strands were bound to a microarray
surface, and aptamer strands were labeled with Cy3 dye (Figure 6.2). The
authors used changes in relative fluorescence with various concentration
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Figure 6.2. ACE-scan schematic depicting the free-energy landscapes and routes for
conformational selection and induced fit. Reproduced from (76). 2018 Licensed
under Creative Commons CC BY.

to calculate kof f (spontaneous duplex dissociation rate), k*of f (induced fit
duplex dissociation rate) and KFit (induced fit binding affinity).(76) The
authors designed this microarray-based platform to aid in the design of
DA aptamers for sensing applications. Duplexed aptamers sensing designs
have used fluorescence and Förster resonance energy transfer (FRET) in
both solution phase and surface-bound elements.(15, 135–137)

Aptamers can also be directly combined with nanoparticles.(138) The
so-called aptamer nanoflare was constructed by attaching DAs on gold
nanoparticles to quantify analytes in a cell environment.(138) Highlighting
the multitude of use of aptamers in the field of sensing. The aptamers
utilized in this study had high affinity to ATP. Zheng et al. synthesized
13-nanometer gold nanoparticles. The authors hybridized ATP-aptamer
oligonucleotide with the complementary part before functionalization onto
the AuNP surfaces (Figure 6.3 A).(138) Target binding to the aptamer
resulted in a new secondary structure with the target and the complemen-
tary "reporter" strands with fluorophore modifications being released. The
fluorescence of the complementary was quenched when hybridized with
the aptamer part due to the proximity to the AuNP. Thus, the authors
could characterize the operation of the DNA aptamer sensing device even
in cells with fluorescence spectroscopy (Figure 6.3 B and C).

Instead of fluorescence spectroscopy, aptamer sensing can be imple-
mented by designing chiral plasmonic origami structures. Liu et al. de-
signed a chiral plasmonic origami device with two AuNRs attached to two
DNA origami arms.(139) The nanodevice stayed in a locked state until key
structure separated the arms apart (Figure 6.4 A). The two arms were
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A

B C

Figure 6.3. A) Aptamer gold nanoparticle nano-flare design and sensing mechanism.
B) Fluorescence spectra of nano-flare solutions with 2 mM of ATP, UTP,
GTP, and CTP. The spectra highlight the specificity of the aptamer sensing
device. C) Fluorescence spectra of aptamer nano-flare solutions with varying
concentrations of ATP. The intensity is a function of concentration. Adapted
with permission from (138). Copyright 2009 American Chemical Society.

locked with protruding scaffold strands connected with complementary
oligonucleotides into a three-way junction with a single-stranded toe-hold
for the DNA circuit amplified key structure to bind.(139) In this work, the
authors combined the reconfigurability of chiral plasmonic assemblies for
optical readout with a DNA-based amplification circuit to achieve sensing
to minute amounts of analyte. Thus, small amounts of analyte could lead
to large CD signals.

In the design of Liu et al. the aptamer was designed to bind with adeno-
sine (dissociation constant KD of 16.4 µM) while the complementary part
acted as a signal for cyclic amplification that would produce the prompt
for the plasmonic chiral nanodevice (Figure 6.4 B). The authors also used
DA that was sensitive (KD = 2.2 µM) only to one of the chiral enantiomers
of tyrosinamide. The aptamer would thus only bind to L-tyrosinamide
(L-tym) and not to D-tyrosinamide. Upon binding, the L-tym would release
the complementary strand from the DA, acting as a trigger in the DNA
amplifying circuit. Therefore, the same DNA key would be produced once
again, opening the chiral plasmonic device and enhancing the CD response
(Figure 6.4 C). In this design, even small amounts of analyte (1 pM) would
lead to large output CD signals (range of 100-200 mdeg).(139)
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Reconfigurable chiral plasmonic devices for sensing applications can
also be designed using duplexed DNA. For example, binding of double
stranded DNA to short viral RNA sequences has been used to bring forth
reconfiguration of chiral plasmonic metamolecules.(127) Funck et al. used
previously introduced chiral plasmonic nanodevice (21) with a DNA locking
mechanism sensitive to a short RNA sequence from the HCV genome.(127)
The nanodevice stayed in open (low CD) conformation until it encountered
the specific RNA strand. The two origami arms featured protruding single
strands. However, one of the single strands was protected by a comple-
mentary strand that inhibits the device’s locking. The complementary was
designed with a toe-hold where the RNA sequence was able to bind via toe-
hold mediated strand displacement reaction. Binding RNA analyte would
release the protruding single strand that would allow them to hybridize,
thus, locking the chiral nanodevice into a specific angle. Resulting in a
stronger CD response (10 mdeg range).(127) The response was concentra-
tion dependent. CD-based RNA detection was also demonstrated in 10%
human serum with 1 nM of analyte RNA.

Huang et al. used similar chiral plasmonic nanodevice (Figure 6.4 D) but
with an aptamer lock between the two arms.(126) The authors used two
different aptamer designs: DA and a single stranded aptamer (Figure 6.4
E and F). The single stranded aptamer lock design consisted of two partial
single strand aptamers that would bind together onto the analyte locking
the nanodevice in a chiral configuration with strong CD responses. (Figure
6.4 F and I). The DA lock transitioned from closed to open configuration
upon the analyte binding to the aptamer part (Figure 6.4 E). The authors
analyzed two complementary hybridization lengths between the aptamer
and complementary part: 9 and 12 nt.

The important part of DA design was the hybridization strength between
the aptamer and the complementary part. The hybridization should be
strong enough that the duplex does not dehybridize spontaneously. Nev-
ertheless, also weak enough that the analyte can compete with the com-
plementary sequence for binding with the aptamer. Huang et al. demon-
strated that the 12 nt DA lock was sensitive to adenosine in a mM range
(Figure 6.4 G).(126) The authors reported that the limit of detection of
adenosine was approximately 270 µM.

The selectivity to adenosine was confirmed by comparing CD responses in
the presence of guanosine. By shortening the complementary part to 9 nt,
the detection of adenosine was lowered to approximately 20 µM (Figure 6.4
H), highlighting the sensitivity of marrying nucleic acids to DNA origami-
based chiral plasmonic assemblies. Small amounts of analytes binding to
the aptamers can bring structural changes to the dynamic assemblies that
result in significant CD responses.(126) This property was also used in
publication III of this thesis.
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Figure 6.4. A) Design of a chiral plasmonic nanodevice by Liu et al. (139) B) Duplexed
aptamer design that triggers the DNA circuit amplification that produces the
key to unlocking the chiral plasmonic nanodevice. C) The CD signal of the
nanodevice, when treated with 10 µM of different nucleoside molecules (A, C,
G, and U), displays high specificity to adenosine. D) Design of a chiral plas-
monic sensing device by Huang et al.(126) E) Operation principle of duplexed
aptamer-based molecular lock. F) Operation principle of single-stranded or
split aptamer-based molecular lock. G) Relative CD response of 12 nt duplexed
aptamer nanosensor to various adenosine concentrations. H) Relative CD
response of 9 nt duplexed aptamer nanosensor to various adenosine concen-
trations. I) Relative CD response of the split aptamer nanosensor to various
adenosine concentrations. It highlights that the device can be made to lock
in a left-handed configuration as well. A)-C) Adapted with permission from
(139). Copyright 2022 WILEY-VCH Verlag GmbH & Co. KGaA. D)-I) Adapted
from (126). 2018 Licensed under Creative Commons CC BY.
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Huang et al. further proceeded to characterize the aptamer-target affin-
ity constants with similar DNA origami-based chiral plasmonic sensing
devices.(78) The authors characterized the DA aptamer system by:

1. Aptamer and complementary hybridization.

2. Aptamer and complementary dehybridization.

3. Aptamer binding to the analyte and aptamer and complementary
being separated.

The authors varied the hybridization length of the complementary strand
to the aptamer (9 to 12 nt) and measured the CD responses according to
a fixed concentration of the analytes. Moreover, the authors studied the
aptamer sensing characteristics when the complementary strand was hy-
bridized to either 5’ or 3’ end. The chiro-optical response of the dynamic
nanoswitch was correlated to the aptamer-analyte dissociation constant
by introducing a parameter β.(78) The parameter was defined as the ratio
of aptamer-complementary strand concentrations in the presence and ab-
sence of the analyte.(78) The authors were able to relate the changes in the
chiro-optical plasmonics responses of dynamic DNA-origami metamolecule
in order to characterize binding affinities of a wide range of aptamers. The
system was completely solution based without any modifications required
on the aptamers or analytes. Furthermore, the developed system leans
on CD spectroscopy’s strengths, allowing the optical characterization of
non-transparent solutions. Further developments of this system can be
seen in Publication III.

The nucleic acid-based aptamer systems, demonstrated here, highlight
the high affinity of nucleic acid aptamers to their targets (proteins and
small molecules). Moreover, the marriage between DNA origami assem-
blies and aptamers has proven robust in biosensing. Especially chiral
plasmonic DNA-based assemblies allow for detecting minute amounts of
analytes, where small structural changes due to the analyte binding can be
transferred to significant plasmonic signals. Furthermore, using aptamers
with chiral DNA-based plasmonics provide several benefits such as strong
signals, good noise-to-signal ratio, and no need for aptamer modifications.
In conclusion, aptamers allow the implementation of structural reconfig-
urability in DNA-based nanostructures and materials in response to the
presence of specific small molecules or proteins.
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7. DNA-based hydrogels

As mentioned in the previous chapters, DNA has branched out in multiple
directions in the nanoscale assemblies and systems. A plethora of stimuli
have been implemented in dynamic systems, and structural changes have
been used for applications such as biosensing and drug delivery.(55, 126)
Furthermore, DNA-based hydrogels have emerged as a prominent strategy
to bring DNA nanotechnology into macroscale applications. Hydrogels are
polymeric networks with hydrophilic tendencies that allow them to retain
large amounts of water inside the three-dimensional polymer matrix. Thus,
hydrogels are mostly water. The popular characterization of hydrogels is
cross-linked polymer matrices that are swollen with water.(140) Due to the
water content, hydrogels provide promise to biomedical applications due to
their similarity to natural tissue.(141)

The popular way to alter the material properties of hydrogels is to adjust
the degree of cross-linking in the polymer matrix. The composition, thus,
can be altered from ultra-soft to ultra-stretchable.(142) Cross-linkers in the
matrix provide a viable option to incorporate dynamic stimuli-responsive
elements. Common chemical-based stimuli-responsiveness incorporated
into hydrogel materials are pH, ionic strength, solvent composition, and
molecular species.(140) Nucleic acids as cross-linkers aim to bring pro-
grammability, biocompatibility, and stimuli-responsiveness to hydrogel
materials. Publication II in this thesis sees DNA brought in as a dynamic
cross-linker for a hydrogel material.

Initially, hybrid polymer-DNA emerged as an approach to building nu-
cleic acid hydrogels. Nagahara and Matsuda coupled oligonucleotides
with poly(N,N-dimethylacrylamide-co-N-acryloyl-oxysuccinimide)s.(143)
The oligonucleotides played a role in creating the cross-linking side chains
in the copolymer matrix. Thus, the hydrogel only formed when the poly-
A and poly-T DNA side chains hybridized into double stranded DNA.
Therefore, the DNA provided a dynamic stimuli-responsive element to
the material in the form of thermoresponsiveness. The DNA-copolymers
were created by mixing the polymer with DNA in DMF solution and were
incubated at room temperature for 7 days. The oligonucleotides were
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cross-linked to the matrix via amino groups at the 5’-ends. The authors
explored two designs. One where the hydrogel was formed due to DNA
duplex formation and another where it was formed due to DNA triplex
formation. The two approaches provided two different melting curves for
DNA cross-linkers. A biphasic melting curve of the hydrogel was found
with triplex formation. The first melting temperature was attributed to
the Hoogsteen bonding and the higher melting temperature to the du-
plex melting. The authors presented a gel formed at room temperature
and allows for the dynamic thermal dissociation of the gel when heating,
thus, creating a dynamic thermoresponsive hydrogel due to oligonucleotide
cross-linkers present in the gel matrix.

Lin et al. introduced thermoresponsiveness to a hydrogel by cross-linking
DNA with polyacrylamide.(45) The DNA strands were cross-linked to the
polymer backbone by modifying the 5’ ends with acrydite moieties. Two
different oligonucleotides were used, which were then hybridized together
with a third strand. The authors characterized the gel by the change in vis-
cosity in certain temperatures depending on the cross-linker concentration.
The viscosity increased non-linearly by increasing cross-linker density.(45)
Moreover, there was a decrease in viscosity as a function of increasing
temperature. Viscosity stayed constant for a control sample without DNA
cross-linkers. At approximately 75 ◦C, all the DNA-containing samples dis-
played the same viscosity as the control sample. The gel was constructed
with DNA cross-linkers to demonstrate dynamic solid-to-liquid transi-
tions of the materials. Furthermore, the hybridizing third strand design
featured a toe-hold for toe-hold mediated strand-displacement reaction.
Adding a removal strand allowed the transition from solid to liquid-like gel
without any heating, highlighting the dynamic nature of oligonucleotides
as cross-linkers can bring to hydrogel materials.(45) Cross-linkers are an
important part of hydrogel polymer networks when it comes to mechanical
properties. Therefore, it is only natural that dynamic elements to alter
the mechanical properties of the material are brought in as cross-linkers,
which is further highlighted in publication II of this thesis.

DNA-based hydrogels allow for the same functional tactics that work
on the nanoscale to be operated at the macroscale.(144–148) Cheng et al.
demonstrated a fully DNA-based hydrogel design that could be triggered
with pH.(144) The design featured a Y-shaped DNA nanostructures with
three interlocking sites (Figure 7.1 A and B). Each Y-unit consisted of three
37 nt single strands with 11 nt pH-responsive i-motif and 26 nt part for
double strand hybridization. Due to the i-motif design, the interlocking
domains remain at random orientation at high pH. Electrostatic repulsion
keeps the Y-shape motifs apart. Lowering pH protonates the cytosine
bases. This leads to triple hydrogen bonding between the domains and
interlocking the structures. The authors demonstrated the pH-dependent
hydrogel formation through rheological measurements. The i-motif fea-
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tured a pKa of 6.3. Thus, a no-gel to gel transition was observed at pH
just below 6. The transition was observed both visually and with real-time
UV-Vis spectroscopy by addition of base (Figure 7.1 C & D).(144)

A

C D

B

Figure 7.1. A) Schematic formation of the gel matrix with the interlocking Y-shaped motifs.
B) Y-shaped DNA motif design highlighting the circled interlocking domain
in A. C) Visual results using AuNPs of the gel switched by altering the pH.
D) UV-Vis absorption at 520 nm before and after the addition of NaOH base.
Reproduced with permission from (144). Copyright 2009 WILEY-VCH Verlag
GmbH & Co. KGaA.

Xing et al. also introduced a Y-shaped DNA motif-based full DNA hy-
drogel.(149) The design aimed for a stimuli-based sol-to-gel transition
of the DNA-based gel. The gel scheme aimed for reversible thermal re-
sponse by appropriately programming the sticky-end DNA sequences. As
previously mentioned, the Y-shaped DNA motif was formed with three
single stranded DNA. Each branch contained sticky-ends for hydrogel
formation with the other Y-shaped motifs. Two Y-shaped DNA motifs were
connected via double stranded DNA with 8 nt long sticky ends. The Y-
shaped scaffolds were mixed with linkers in a 1:1.5 ratio.(149) Visual cues
and rheology determined that a complete gel network was formed when
500 µM of the Y-shaped scaffold was mixed with 750 µM of the linker. The
authors displayed reversible sol-to-gel transitions when the gel was heated
from room temperature to 50 ◦C, illustrating how having programmable
oligonucleotide cross-linkers in the hydrogel can provide reversible stimuli-
responsiveness. The temperature remains a significant stimulus when it
comes to actuating the mechanical properties of hydrogel materials. The
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structural changes via thermal actuation are used for additional plasmonic
features in publication II.

Xing et al. furthermore, studied the mechanical properties of formed full
DNA gels when the sticky end lengths were varied. It was concluded that
the longer the sticky ends, the stronger the gels were formed. The gel to
the sol transition temperature TM was found to increase with the length of
the sticky ends. Thus, the gel’s stability and thermoresponsiveness could
be tuned by tuning the sticky ends. The authors further studied the enzy-
matic responsiveness of a DNA hydrogel. The linkers had restriction sites
inserted that provided enzymatic stimuli-responsiveness.(149) The gels
underwent a gel-to-sol transition upon the addition of the corresponding
restriction enzyme. The design was thus particular to the specific enzyme,
which allowed for the design of controlled release of matter from bulk
materials.

DNA hydrogel described above was programmed to be responsive to mul-
tiple stimuli. Hybrid-DNA gels that feature DNA cross-linkers, controlling
the gel’s mechanical properties, have also been programmed to be respon-
sive to multiple stimuli.(145) Functional elements were brought into the
gels with DNA and Poly(N-isopropylacrylamide) PNIPAM (Figure 7.2 A).
The authors demonstrated two different hybrid gel designs. The first gel
had polyacrylamide-co-PNIPAM polymer network with tethered nucleic
acid strands. The DNA strands included a pH-responsive i-motif sequence.
The gel displays sol-gel transition in between pH 7.5 and 5.2 (Figure 7.2
A). The authors also found that the number of nucleic acid cross-links in
the gel matrix directly affected the gel’s stiffness. Thus, concluding, the
higher the loading of DNA higher the stiffness.(145) NIPAM units were
incorporated in the gel matrix to provide thermoresponsiveness. Further-
more, the two functional elements acted in cooperation. The gel could be
dynamically switched by altering both the temperature and pH. Thus, the
reversible gel-to-solid transition was observed at pH 5.2 when the gel was
heated from 25 to 45 ◦C, which was not observed at pH 7.5.

The second gel design reported by Guo et al. had DNA oligonucleotides
with self-complementarity and C–C base pair mismatches.(145) As seen
previously, DNA systems can be stimulated using different cations. The
following DNA programming allowed the gel to be triggered with the
Ag+/cysteamine combo (Figure 7.2 B). The solution-to-gel and back could
be cycled by the subsequent addition of silver ions and cysteamine. The
gel-to-sol transition temperature for the Ag+-bridged was found to be
32.5 ◦C. The thermal transition was reversible (Figure 7.2 B). The design
demonstrated how using DNA as cross-linkers can program the material
to be responsive to multiple stimuli. Furthermore, it indicated how the
dynamic cross-linkers affect the material’s mechanical properties, further
illustrated in the hybrid-DNA hydrogel design in publication II.

Later on Guo et al. demonstrated shape memory properties of a hybrid
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DNA hydrogel.(150) This was achieved by using i-motif DNA as cross-
linkers in a polyacrylamide gel matrix (Figure 7.2 C), which produced a
stimuli-responsive DNA hydrogel with pH change acting as a stimulus.
The acrylamide co-polymer matrix was cross-linked with both DNA duplex
and i-motif strands. By cycling the pH between 8 and 5, the gel resulted in
gel transition between quasi-liquid state and predefined shape-gel (Figure
7.2 C). The dynamic DNA hydrogel could be cycled between high and low
storage modulus in rheological terms.(150) Dynamic mechanical analysis
was used in publication II to illustrate the dynamic changes of the material
in terms of storage modulus.

A

B

C

Figure 7.2. A) Formation and pH-responsive switching of a hybrid PNIPAM-DNA gel.
(145) B) Formation of a hybrid PNIPAM-DNA gel and the reversible re-
sponsiveness to Ag+/cysteamine and temperature. C) Formation of DNA-
acrylamide hybrid gel with double strands and pH-responsive i-motifs as
cross-linkers. The pH responsiveness of i-motif strands was demonstrated. A)
& B) Reproduced with permission from (145). Copyright 2014 WILEY-VCH
Verlag GmbH & Co. KGaA. C) Reproduced with permission from (150). Copy-
right 2015 WILEY-VCH Verlag GmbH & Co. KGaA.

The authors also demonstrated a second design with DNA i-motif/duplex
cross-links in the polymer matrix. The cross-linking was achieved with two
acrydite-modified DNA strands, which would hybridize into a duplex. How-
ever, both of the strands also featured the cytosine-rich i-motif sequence.
The predetermined gel structure was achieved at pH 5, while dissociation
to a quasi-liquid state followed when the pH was adjusted to 8. At pH
5, the i-motif was formed, pulling the polymer backbone together like a
spring. At pH 8 the i-motif unfolded, and the spring relaxed. This process
was proven to be fully reversible.

Liu et al. demonstrated similar hydrogel design but utilized azobenzene
modified strands instead of i-motif as cross-linkers.(146) This allowed for
light-stimulated switching of the gel between quasi-liquid state and prede-
fined shape-gel. As seen previously, with azo-modified stimuli-responsive
DNA-based systems, the double stranded cross-linker was hybridized with
trans-conformation. While the dehybridization took place when irradiated
with UV-light, and the azobenzene switched to cis-conformations. By dy-
namically triggering the cross-linker of the gel, the material could switch
between states of high and low stiffness.
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Moreover, a gel cut into two pieces could be healed by triggering the
conformational change from cis-azo back to trans-azo. The two pieces were
put into contact and irradiated with visible-light. Visible-light irradiation
ensured the formation of the trans-conformational of azobenzene and
enabled double stranded DNA cross-links. After healing, further switching
between cis- and trans-states retained the shape memory of the gel.

DNA-based hydrogels are a prime candidate for macroscale biomimicking
materials. Merindol et al. took inspiration from nature and mechanosen-
sitive systems found in living organisms.(151) Mechanotransduction is
where mechanical stresses are turned into signals in living systems. The
authors designed a 3D DNA-based hydrogel for mechanofluorescence (Fig-
ure 7.3 A). Rolling circle amplification was used to generate the hydrogel
precursor oligonucleotides. The hydrogel was formed with two 72 nt DNA
strands with 12 nt hybridization domains. The hybridized duplexes cre-
ated cross-links on the gel backbone. The degree of cross-linking affects
the stiffness of hydrogels. Moreover, the DNA cross-links grant the gel
dynamic mechanosensitivity in this case. The force sensing part was
forged with four single stranded DNA oligos. Two of which had featured a
fluorophore and quencher combo, where one part of these functionalized
strands hybridized with complementary units to form the force sensor and
the other part hybridized into specific parts of the DNA gel backbone. The
full-DNA hydrogel was formed by stoichiometric mixing of the two strands
and annealing. (151) The functionalization of mechanofluorescent DNA gel
was rather simple. The full DNA gel was first formed with the two long
oligonucleotides. After which, the so-called mechanofluorescent module
was mixed in. The mechanosensing was observed due to the FRET pair
and reference green fluorophore in the gel matrix. Under no stress, the
fluorescent signal in the mechanofluorescent module was quenched, and
only the green signal from the reference fluorophore was observed (Fig-
ure 7.3 B). When stress was applied to the gel and the gel was stretched,
the duplex in the mechanofluorescent module broke, and FRET pairing
was pulled apart. The gels in action were characterized with fluorescence
imaging, and the ratio of red/green signals was plotted.

DNA hydrogels also open an avenue to bring DNA nanotechnology into
macroscale soft robotics. Zhao et al. created a polyacrylamide gel with
bis-acrylamide as polymer cross-linkers.(152) Therefore, the gel already
featured polymer cross-linkers in the synthetic polymer backbone. Many
of the gels introduced had only DNA cross-linkers. Here, further cross-
linking was added in the form of double-DNA cross-linkers (Figure 7.3 B).
The DNA linkers were functionalized with a methacrylate group at the
5’-end, which would co-polymerize the DNA strands into the co-polymer
network via a free-radical polymerization process.(152) In this design, the
authors varied the length of the protruding single stranded DNA that
varied the responsiveness of the gel. The hybrid-DNA gel would swell upon

76



DNA-based hydrogels

adding a DNA bridge that hybridized with both DNA linkers, thus creating
the double DNA cross-linker (Figure 7.3 B). The gel could be reversibly
swelled and de-swelled upon adding the bridging strand and heating to
de-hybridize the strands. The authors reported high reversibility of the
volumetric changes (up to 10 cycles). The construct featured poly-A DNA
linkers. The length of the linkers varied from 6 nt to 12 nt. The authors
reported that linker lengths shorter than 6 nt lead to no volumetric changes
while linker lengths of 12 nt lead to the maximum observable change. Thus,
it could be concluded that the longer that linker, the greater the volumetric
change of the gel.(152) Moreover, the authors also found that longer linkers
and their corresponding bridging strands drove a faster response of the
gels because shrinking started to take place even before the strands were
fully hybridized. The design aimed for dynamic macroscale actuation due
to volumetric changes in the material.
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Figure 7.3. A) Synthesis and operational mechanism of a mechanofluorescent DNA hy-
drogel highlighting a FRET-based force-sensing module. B) A representation
of a double-DNA cross-linked hybrid gel. The gel can undergo reversible
swelling and deswelling. C) The formation of DNA-decorated hydrogels and
their DNA-directed self-assembly mechanism. A) Adapted with permission
(152). Copyright 2019 WILEY-VCH Verlag GmbH & Co. KGaA. B) Adapted
with permission from (151) Licensed under Creative Commons CC BY. C)
Reproduced with permission from (147). Licensed under Creative Commons
CC BY.
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Furthermore, a hydrogel palm was fabricated with the help of a
stereolithography-based 3D printer.(152) Due to the use of photopolymeriz-
able hydrogel precursors, the desired shape could be easily formed. The
hydrogel was cured in a layer-by-layer fashion. Most of the palm was
fabricated with a non-responsive poly-acrylamide (PAAm). Double DNA
hybrid, D-gels, were implemented in some regions of the palms to mimic
muscles. Specific DNA triggers would contract the palm only from the
positions of the D-gels. Individual parts of the palm could be contracted
by designing unique DNA linkers to different parts of the D-gels. Thus,
unique triggers would contract only, for example, specific fingers of the
palm. This studied gel emphasized how functionalities can be added to a
gel matrix by adding additional cross-linkers in the form of nucleic acids.
Moreover, the gels’ mechanical properties can be altered by altering the
additional nucleic acid cross-linkers.

DNA nanotechnology can also be used with hydrogels to bring pro-
grammable self-assembly to the macroscale. Sontakke and Yokobayashi
introduced a way to incorporate DNA oligonucleotides into polyacrylamide-
based hydrogel post-polymerization.(147) Here, the DNA did not act as
a cross-linker, thus, drawing a great difference from the previously in-
troduced DNA hydrogels. The poly-acrylamide gels were functionalized
with azide groups (Figure 7.3 C), and the DNA strands were integrated
with copper-mediated click-chemistry. The authors prepared 1 mm hy-
drogel cubes with 25 nt oligonucleotides protruding from the faces. Only
a minuscule amount of 1.25 nmol of DNA was required per cube. The
cubes decorated with DNA and complementary strands were colored green
and red, respectively. Due to DNA specificity, self-assembly was only
observed between the red and green cubes.(147) The self-assembly was
achieved by placing the cubes into the assembly buffer and shaking them
horizontally.(147) The self-assembly took place within 10 minutes.

Sontakke and Yokobayashi concluded that when cubes with
non-complementary sequences were added into the mix, the self-assembly
proceeded as before.(147) The self-assembly of the gel cubes was then
highly dependent on the stability of the formed DNA duplex. When 12 nt
DNA oligos were used, only partial assembly was achieved with 20
minutes of mixing. Thus, a higher number of hydrogen bonding in
between cubes stabilized the assembly. Moreover, the authors found that
the surface density of the DNA strands on the hydrogel directly correlated
to the self-assembly. The higher the density, the more complete the
self-assembly. As predicted, the self-assembly was highly sensitive to
temperature variations as well.

Moreover, the authors introduced dynamic nanotechnology into the
macroscale through toe-hold mediated strand displacement reactions,
which was achieved by designing 35 nt strands containing 25 nt com-
plementary sequences and 10 nt toe-holds.(147) Addition of a fuel strand
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would trigger the toe-hold mediated strand displacement reaction. The
strand displacement reaction led to the disassembly of the hydrogel cubes
for one hour.(147) The reaction time was relatively slow, most likely, due to
the slow diffusion of the fuel strand at the hydrogel interfaces.

Introduced here was the influence of DNA in a hydrogel matrix to provide
stimuli-responsiveness and the ability for the gel to reversible structural
changes. A standard method is having the hydrogel backbone made out of
synthetic polymer and DNA cross-linked into the matrix. It is inexpensive
as it uses only tiny amounts of oligonucleotides per gel. Therefore, just
by programming the cross-linkers in the gel matrix, reversible dynamic
properties can be introduced into the material, as demonstrated later in
publication II.
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8. Methods

8.1 Transmission electron microscopy

Transmission electron microscopy (TEM) is a method that allows character-
izing various materials in the nanoscale with accelerated electrons.(153–
156) TEM has proven to be especially useful in characterizing soft and
condensed materials.(154) In this method electrons are accelerated with
high tension (0-1000 kV). Due to the high acceleration voltages, the elec-
tron wavelengths can reach several orders of magnitude smaller than the
atomic spacing found in materials.(154) The electron beam is focused and
guided with magnetic lenses. The resolution limitations in the system
arise from the quality of the magnetic lenses. As the name states, the
electrons are transmitted through the sample before the detector collects
them. The samples are often drop-casted on girds, which are usually made
of carbon. In the case of soft matter, some samples do not provide enough
contrast compared to the gird they are on. Thus, they need to be stained
using salt of a heavier element, such as uranyl formate.

8.2 Circular dichroism spectroscopy

Circular Dichroism Spectroscopy (CD) uses the differences in absorption of
left- and right-handed circularly polarized light to asses the optical activity
of samples.(118, 119)

∆A = AL − AR

Which can be denoted using molar absorption coefficient and path length
as follows:

∆ϵ= ϵL −ϵR = ∆A
cl
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Where A is the absorbance, ϵ is the molar absorption coefficient, l is
the path length, and c is the concentration. When light is circularly
polarized, two electromagnetic waves are at a 90-degree phase difference
from one another. This plane of the electromagnetic waves rotates in the
direction of the beam.(118, 119) When a chiral object is illuminated with
circularly polarized light, the different electromagnetic waves will provide
a different extent of electronic excitation.(119) CD spectroscopy can be
operated from the ultraviolet range to near-infrared. Biological molecules
absorb in the UV range, while some plasmonic elements go near-IR. CD
spectroscopy needs to be operated on the object-specific wavelength range:
the wavelengths where the sample absorbs light.

8.3 UV-Vis spectroscopy

UV-Vis spectroscopy is an optical characterization method of various ma-
terials and chemicals.(157, 158) UV-Vis measures the absorbed light by
the sample in the spectral range from ultraviolet to near-infrared. The
absorbance value can be used analytically to characterize the concentration
of the sample using the Beer-lambert law:

A = ϵlc

Where A is the absorbance, ϵ is the molar absorption coefficient, l is the
path length, and c is the concentration. Traditionally, UV-Vis spectroscopy
can be used for solids and solutions as long as the sample transmits light
in the operational range of the device. However, some accessories allow
measuring the reflectance of materials.

8.4 Microrheology

Microrheology allows the analysis of the local mechanical properties of a
material on a microscale.(159) Electromagnetic coils are used to create
magnetic fields that exert force on magnetic microbeads used as probes
to map the viscoelasticity of the sample.(159) During a measurement,
beads are manipulated using sinusoidal forces, and the displacement of the
probes is tracked from a video. The displacement amplitude and phase shift
between the force and the displacement are extracted from the signal using
a sinusoidal fit. The amplitude and phase shift are then used to compute
stiffness (Shear modulus) and loss tangent values.(159) Depending on the
properties of the sample material, various surface modifications on beads
are used to minimize interaction between the sample and beads.
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8.5 Dynamic mechanical analysis

Dynamic mechanical analysis (DMA) provides an elastic and viscous re-
sponse of a material with the oscillating load. The method allows the
response to be analyzed against varying temperatures, time scales, or
frequencies.(160–162) DMA can be used to analyze the sample with fre-
quencies from 0.01 to 100 Hz and in a temperature range of -150 ◦C to 300
◦C. The method also allows for controlled humidity for sensitive samples.
Depending on the sample, different strain is applied. The method dynami-
cally measures the visco-elastic properties of the sample through elastic
and shear modulus.(160) An oscillating strain is applied to the sample:

ϵ(t)= ϵ0sinωt

This results into sinusoidal stress on the sample:

σ(t)=σ0sin(ωt+δ)

Where δ is the phase difference due to the sample’s visco-elastic prop-
erties, the tangent of δ will give information on the changes in the visco-
elastic properties of the samples due to temperature change.(160) Thus,
the method can give information on the transition temperatures of the
sample visco-elastic properties.

8.6 Tensile testing

Tensile testing pulls a material until it breaks, providing information on
tensile strength and yield strength.(163) Thus, the force required to break
a material when elongated is measured. Furthermore, in this method, the
sample is pulled apart by clamps with a pre-defined force (from kN range
to hundreds of kN) and speed (up to 1000 mm/min). Thus, a stress-strain
curve is obtained when a sample is pulled towards its breaking point:
which allows the acquisition of several material properties such as tensile
strength (at yield and break), tensile modulus, tensile strain, elongation,
and percent elongation at yield, elongation, and elongation at break in
percentage.(163)

8.7 Agarose gel electrophoresis

Agarose gel electrophoresis is a method to analyze and quantify macro-
molecules, for example, DNA and proteins, based on their molecular
weights.(164–167) Size separation is achieved in the gel with smaller
molecules moving faster than larger. The agarose concentration in the gel
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can control the porosity of the gel. Electric potential is applied to the two
ends of the gel (usually in the range of 80 to 200 V). Thus, only charged
molecules will move towards the electrode. The potential difference and
the running time can be controlled. The size fragments of the samples can
be calibrated with known size standards.(164–167)
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9. Publication summaries

9.1 Publication I

We designed a remotely controlled chiral plasmonic actuation system.
Here, the system was actuated through visible-light. The chiral plasmonic
metamolecules were created through a marriage of DNA origami and gold
nanorods, where the assembled origami properties were translated into
plasmonic signals. Therefore, DNA origami was used to create a dynamic
structure that can lock into an asymmetrical, chiral configuration. The gold
nanorods absorbed light in the visible-color spectrum and, thus, brought
the chiral signal into the visible wavelengths.

DNA is inherently responsive to changes in pH. The self-assembled pH-
sensitive DNA motifs are called i-motif and triplex. These mainly use the
protonation of cytosine bases and the hydrogen bonding following the extra
protons available. Here we take advantage of hydrogen bonding between
the bases called Hoogsteen base pairing. Hoogsteen bonding forms due to
a suitable amount of protonated cytosine bases in a sequence. Hoogsteen
bonding brings a third strand around a DNA duplex forming a DNA triplex
(Figure 9.1 B). Therefore, the pH range where triplex self-assembly takes
place is tunable by the sequence.

Here we designed a DNA triplex sequence to feature 40% TAT, bringing
the self-assembly between pH 5.5 and 7. The DNA triplex acted as the
dynamic element on a DNA origami-based plasmonic metamolecule. When
the system’s pH was altered towards more acidic, the metamolecules would
lock into a chiral configuration. The extent of the metamolecules locked
into chiral position depended, therefore, on the pH of the solution (Figure
9.1 E).

Here, we designed a light-responsive medium that allowed external
waste-free control over the system without any light-responsive modifi-
cations to the DNA origami. The photoresponsive medium was created
using a protonated merocyanine, MCH+. Protonated merocyanine, is water-
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Figure 9.1. A) A reversible photochromic isomerization reaction of MCH+ under blue-
light irradiation that releases a proton in the process. B) A proton-mediated
reversible self-assembly of DNA triplex via Hoogsteen bonding. C) the chi-
ral plasmonic metamolecule (CPM) design that locks into a chiral position
depending on the pH of the solution. D) A TEM micrograph of the CPMs.
Scale bar: 100 nm. E) CD response of the CPMs at different pH of an aqueous
solution. Adapted from (168). 2021 Licensed under Creative Commons CC
BY.

soluble and undergoes a reversible photochromic proton-releasing reaction
under blue-light irradiation (Figure 9.1 A). The triplex locking mechanism
was designed to follow the reversible pH changes brought upon by the
light-stimulated reaction of the MCH+.

The plasmonic features of the system come from the gold nanorods func-
tionalized on the DNA origami structure (Figure 9.1 C & D). The gold
nanorods absorb visible-light in the red region. In contrast, the MCH+

absorbs in the blue region, which allows for the chiral plasmonic output
to be observed simultaneously as the system is stimulated with blue-light.
Moreover, the chiral plasmonic output was observed using CD spectroscopy.
The photoresponsive medium is a colored solution that undergoes a pho-
tochromic reaction upon irradiation. Therefore, the obtained CD response
only depends on the molecule’s chirality and the absorbance of the gold
nanorods. Therefore, the chiral actuation could be observed in real-time
(Figure 9.2).
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Figure 9.2. Reversible cycling of the pH of the system and the chiral plasmonic response
under the blue-light stimulus and when the stimulus is removed. Adapted
from (168). 2021 Licensed under Creative Commons CC BY.

The sample was irradiated with a wavelength of 415 nm. Reversible
fatigue-free switching of the system pH was observed (up to 10 cycles).
The self-assembly of the DNA triplex and, thus, the switching of the
chiral plasmonic metamolecules closely followed the rapid kinetics of the
photoresponsive medium (Figure 9.2). Moreover, the DNA self-assembly
and chiral actuation were observed in magnesium and buffer-free medium.

The system could be switched with low-intensity incident light. Not
only was it found that the system has a turn-on light intensity, but also
the extent of the self-assembly and, therefore, the expression of chiral
conformation of the system could be controlled with the intensity of the
incident light. The system could be pushed into steady-out-of-equilibrium
states with the external visible-light stimulus (Figure 9.3). The chiro-
optical states of the system are fully intensity-dependent. After reaching a
particular state, the system would stay in it as long as the intensity stays
constant. These states could be fully reversibly cycled.
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Figure 9.3. Reversible cycling of the steady out-of-equilibrium states of the light-
responsive system. Adapted from (168). 2021 Licensed under Creative Com-
mons CC BY.
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In conclusion, we demonstrated an externally controlled chiral plasmonic
system. The chiro-optical signal could be viewed as the output of the
system. However, the CD response could also be viewed as the externally
controlled DNA triplex self-assembly characterization method. Moreover,
here we presented DNA based chiral plasmonic setup that exhibits dissi-
pative self-assembly in aqueous magnesium and buffer-free solution.

9.2 Publication II

DNA nanotechnology is branching out to multiple disciplines. Moreover,
it is also expanding from nano to micro and bulk materials. Here we
designed a DNA-engineered hybrid-hydrogel to bring DNA into bulk mate-
rial applications. Moreover, we engineered the bulk material with DNA,
demonstrating photothermal mediated modulation of mechanical proper-
ties towards programmable optical responses. Practical strategies that
allow DNA modifications make it possible to conjugate DNA with more
extensive moieties such as polymers.

Parafilm 
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PMMA glass 

Pregel

Hydrophobic 
coverslip

Photopolymerization

Hydrogen bondsBis-acrylamide

DNA-AuNR 
hydrogel film
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Hydrogen bonds
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Figure 9.4. A) Schematic of the functionalization of the AuNRs with DNA duplexes. B)
Procedure for synthesizing the poly(acrylamide-co-sodium acrylate-co-DNA-
AuNR) co-polymer matrix. C) Highlighting the AuNRs bound on the polymer
matrix. D) Further focusing the DNA around the AuNRs acting as cross-
linkers in the gel matrix. Also, additional cross-linking was provided by bis-
acrylamide. Reproduced from (169). 2022 Licensed under Creative Commons
CC BY.

As previously demonstrated, the gel matrix’s cross-linkers affect the
material’s mechanical properties. Therefore, the material properties can
be dynamically altered by introducing stimuli-responsive cross-linkers.
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Here, we used DNA double strands conjugated to AuNRs from one end
and to a polymer matrix from the other (Figure 9.4 A). Therefore, creating
a poly(acrylamide-co-sodium acrylate-co-DNA-AuNR) co-polymer matrix
(Figure 9.4 B). The dynamic DNA cross-links bound the gold nanorods into
the polymer matrix, which was achieved by modifying the DNA oligonu-
cleotides with thiol and acrydite moieties. The co-polymer synthesis was a
simple photo-initiated polymerization process on a PMMA mold (Figure 9.4
A). Thus, by using a mold and spatially controlled polymerization, we could
form various sizes and shapes of the material. DNA provided thermore-
sponsive programmable cross-links onto the polymer matrix (Figure 9.4 C
and D). Bis-acrylamide was used for additional cross-linking to create a
more stable hydrogel for handling (Figure 9.4 C and D).

Three different DNA duplex cross-linkers were designed (Table 9.1),
providing not only three different melting temperatures (low, medium, and
high) but also different mechanical characteristics of the cross-linkers. The
varied lengths and sequences directly affected the functionalization of the
single strands on the surface of the gold nanorods; thus, as seen in Table
9.2 depending on the design of the single strands with thiol modifications
different coverage of the double stranded cross-linkers was achieved. Due
to this, various mechanical properties of the hydrogel were attained.

Table 9.1. Sequences of the three DNA duplexes cross-linking the AuNRs onto the polymer
matrix. Reproduced from (170). 2022 Licensed under Creative Commons CC
BY.

DNA Strands

1
5’-ATATATCCCTAACCCTAACCCTATATATAAAAAAAAAA-3’

5’-TTTTTTTTTTTTTTTT-3’

2
5’-AATAATAATAAAAA-3’

5’-TTTTTATTATTATT-3’

3
5’-CCCACCAACGAATTCCTGAGAAAAAAAAAA-3’

5’-TTTTTTTTTTCTCAGGAATTCGTTGGTGGG-3’

Table 9.2. Sequence-dependent functionalization of the AuNRs. Reproduced from (169).
2022 Licensed under Creative Commons CC BY.

DNA #DNAss/AuNR
1 783 ± 178

2 1491 ± 296

3 974 ± 274

Tensile testing and microrheology highlighted (Figure 9.5 A & B) varied
mechanical responses of the different hydrogels (DNA1-AuNR, DNA2-
AuNR, and DNA3-AuNR) based on the varied cross-linker design. Pro-
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gramming different DNA duplex cross-linkers could modify the mechanical
properties of the material. Moreover, the dynamic mechanical analysis
demonstrated how having the DNA cross-linkers affected the temperature-
dependent mechanical properties. The designed varied thermorespon-
siveness of the dynamic DNA cross-linkers presented in the DMA as a
transition temperature from solid to liquid-like (Figure 9.5 C). When no
DNA cross-links were used in the hydrogel, such a transition temperature
was not observed.
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Figure 9.5. A) Microrheological properties of the hydrogel networks made with the three
different DNA cross-linkers and a control without DNA duplex cross-linking
the AuNRs. B) Tensile testing of the hydrogel networks made with the three
different DNA cross-linkers and a control without DNA duplex cross-linking
the AuNRs. C) DMA spectra of DNA1-AuNR cross-linked co-polymer. Repro-
duced from (169). 2022 Licensed under Creative Commons CC BY.

As seen by tensile testing, the hydrogels were highly flexible. The plas-
monic response from the array of AuNRs in the hydrogel could be altered
by applying a strain on the gel (Figure 9.6 B). The dichroic ratio, DR, of the
gels was improved upon stretching. DR was used to quantify the alignment
of AuNRS found within the material. Furthermore, DR can be used to
provide a numeric value for the polarized optical responses of the hydrogel.
DR is defined with the following equation:

DR = Aparallel − Aperpendicular

Aparallel + Aperpendicular

Where Aperpendicular is defined as absorbance of polarized light perpendic-
ular to the sample and Aparallel as absorbance of polarized light parallel as
indicated on Figure 9.6 A. An increasing DR value upon stretching the gels
indicated that the alignment of the assemblies of AuNRs was improved.
Moreover, the DR under strain highlights the differences in mechanical
properties of the three DNA cross-linkers. Demonstrating that when the
AuNRs are cross-linked to the polymer network, the degree of alignment
achieved depends on the dynamic DNA cross-link design.

The gold nanorods not only act as the plasmonic but also as heating
elements of the material. The gold nanorods were designed to absorb light
in the red region of the visible-light spectrum, which gave an advantage to
externally stimulating the system with a visible-light. When the nanorods
absorb light, they heat up and start heating the surrounding matrix. The
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Figure 9.6. A) The schematic of polarization of the light in regards to the stretching
direction of the hydrogel sample. B) DR values obtained for the different
DNA-engineered hydrogels upon stretching the samples. Adapted from (169).
2022 Licensed under Creative Commons CC BY.

heating was found to be dependent on the intensity of the incident light. A
simple 660 nm LED, matching the absorbance peak of the rods, was used
when the gels were externally stimulated with a red-light LED (Figure 9.7
B); a heating gradient was observed based on the intensity gradient of the
beam (Figure 9.7 A).

0 5 10 15 20
20

40

60

80

Te
m

pe
ra

tu
re

 (O
C

)

Positions

 1.67 W/cm2

 1.33 W/cm2

0.67 W/cm2

A B

Figure 9.7. A) Heating gradient observed on the sample upon red-light LED irradiation.
B) A photo depicting the irradiation of a gel in progress. Reproduced from
(169). 2022 Licensed under Creative Commons CC BY.

As observed with DMA, due to the melting temperature of the different
DNA cross-linkers, the gels would transition from solid to liquid-like at
different temperatures. As a result, the DNA duplexes would dehybridize
to a different extent at various temperatures. Depending on the melting,
a particular amount of AuNRs was free to orient in the gel matrix. More-
over, when a slight strain was applied to the gel while heating, the AuNR
assemblies would align, creating a varied polarized plasmonic response.
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Upon irradiation of the gels, the alignment of the rods was improved de-
pending on the heating and the cross-linking strands used (Figure 9.8).
The improving alignment could be characterized by polarized light trans-
mitted through the material. The dichroic ratio, as seen previously, gave
a numerical value for this alignment. The improving alignment was also
seen as two distinctive colors transmitted by the gel when viewed with
parallel and perpendicularly polarized light: red and green (Figure 9.8).
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Figure 9.8. Polarized absorption spectra and polarized adaptive color responses for various
stages of DNA3-AuNR engineered hydrogel. A) Initial when no strain was
applied. B) 100% strain applied and after irradiation when the gel was either
heated to 50 or 70 oC C) Sample was recovered overnight in a humidity
chamber, under no strain. Adapted from (169). 2022 Licensed under Creative
Commons CC BY.

The heating and the plasmonic response could be controlled entirely by
the time and intensity of the external stimulus (Figure 9.9). The material
was reconfigured and its properties with external visible-light stimulus.
The material would recover to the original state after the external stim-
ulus is removed. The hydrogels were fully recoverable when placed in a
humidity chamber. The process was shown to be fully reversible over five
cycles. Moreover, the hydrogel achieved multiple plasmonic states upon
subsequent irradiation.

In conclusion, we demonstrated light-responsive DNA-engineered hydro-
gels. The materials undergo light-mediated deformation and reversible
reconfiguration due to the DNA incorporated in to gel matrix. The material
was fully reversible, and the visible-light stimulus created no waste in
the process. This work demonstrated DNA dynamic stimuli-responsive
nanotechnology brought into a bulk material. Furthermore, the material
was able to undergo photothermal modulation of macroscopic colors.
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Figure 9.9. Various plasmonic responses for different irradiations for DNA(1-3)-AuNR en-
gineered hydrogels under 100% strain. Reproduced from (169). 2022 Licensed
under Creative Commons CC BY.

9.3 Publication III

Stimuli-responsiveness and reconfigurability of DNA nanotechnology have
been used for a plethora of applications. As seen previously, DNA origami-
based chiral plasmonic assemblies can provide a plasmonic output with
a high signal-to-noise ratio. As demonstrated in previous chapters, chi-
ral plasmonic assemblies are a powerful tool for creating novel biosens-
ing applications with potential clinical applications. Here we used DNA
origami-based chiral plasmonic assemblies as an analytical tool for charac-
terizing aptamers. The chiral plasmonic output functioned as a reporter
for aptamer-target interactions. Here we used duplexed aptamers (DAs)
for a competitive hybridization reaction with the targets.

Similarly to publication I, a cross-structure design of DNA origami-based
chiral plasmonic metamocules was used. The dynamic structure was this
time designed to be responsive to small molecules through aptamers. The
DNA origami with two arms decorated with gold nanorods was bound into
a chiral position with a DA linker (Figure 9.10). These arms featured
two 13 nt protruding strands that dock the aptamer and complementary
part onto the structure; as demonstrated before, the chiral assemblies
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are susceptible to the structural parameters and provide a CD responsive
accordingly. Therefore, the quality of the assembly plays an integral part
in the system’s function. The procedure from purifying the DNA origami
assemblies to functionalizing them with gold nanorods and purifying the
final chiral assemblies was further developed and improved based on past
research. The design of the chiral sensing assemblies allowed for the
incorporation of the DA linker, here depicted as oligonucleotides of interest
(ONI), after the assembly and purification of the DNA origami-based chiral
reporters (Figure 9.10).
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Thermal 
annealing

AuNRs

DNA origami-AuNRs reporters
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ONI-incorporated probes

Figure 9.10. Schematic of the chiral plasmonic probe assembly procedure. Reproduced
from Publication III. 2022 Licensed under Creative Commons CC BY.

Here, we designed the chiral plasmonic aptamer system to be an an-
alytical tool for a reliable characterization of dissociation constant KD

value of an aptamer-target combo. Separation of the states where the
target is bound and unbound to the aptamer usually requires the exact
characteristics of the aptamer-target pair in question, which is generally
achieved by labeling one of the target or aptamer in the pair. However,
this can affect the interactions between the two. Thus, using a competitive
hybridization-based approach would allow the information of the bound
and unbound states to be obtained through obtaining concentrations of
duplexed aptamer and the separated aptamer-complementary strand. How-
ever, obtaining a reliable KD for the system has been problematic, often
requiring the knowledge of the Gibbs free energy of the DA. The Gibbs free
value can be attained from calibrations and various computational means.
However, such data is insufficient for any RNA/DNA hybrid or RNA/RNA
hybridizations. Here, we thus demonstrate a model to obtain a relative
KD for the system that can be used for RNA/DNA hybrid, RNA/RNA, and
artificial nucleic acid hybridizations.

The DA linked onto the chiral plasmonic DNA origami metamolecule
produced a high CD response. Thermal annealing for the DA linker, here
depicted as oligonucleotides of interest (ONI), improved the hybridization
of the origami structure (Figure 9.10). Here, we introduce a design for a
reference analyte, which was done to generalize the approach to encom-
pass RNA aptamers. The reference analyte is designed by criteria of easy
accessibility and low batch-to-batch variability to function as a competing
strand that displaces the complementary strand in the DA. Thus, mov-
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ing the equilibrium of the hybridized DA to the separated state. All the
while acting as a reference point for the relative KD of the aptamer-target
complex. The reference analyte was designed to bind on the toe-hold and
thus open the linker between the chiral metamolecules. The reference
analyte binding onto the aptamer linker causes the structural configura-
tion of the metamolecule (Figure 9.11 A & B). When the arms open, the
metamolecules are no longer locked onto a chiral conformation, which was
observed as the lowering of the CD signal. The complementary strand on
the duplexed aptamer was designed to achieve relatively rapid dissociation
when the reference analyte was present. More so, the complementary part
was long enough that hybridization was favored in the equilibrium when
no reference analyte was present.
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Figure 9.11. A) The state of the chiral probes in the presence and absence of the target
molecule. B) The state of the chiral probes in the presence and absence of
the reference analyte. Reproduced from Publication III. 2022 Licensed under
Creative Commons CC BY.

Screening of competing strands as reference analytes was performed.
The designed competing strands shared the length with the complemen-
tary, but the length of the toe-hold was varied. The binding kinetics were
followed in real-time with CD spectroscopy. We found that the fastest
strand displacement kinetics occurred with 4-5 nt toe-hold regions. As
seen in Figure 9.12, two possible pathways for the competing strand bind-
ing were thought to be involved. The results for reaction kinetics point to
conformational selection with the shorter toe-holds and induced fit with the
longer toe-holds. The targets needed to compete with the complementary
strands for binding. The strand displacement kinetics and, thus, the recon-
figuration of the dynamic DNA origami-based chiral metamolecules were
followed with real-time CD spectroscopy. Three different configurations for
the complementary strands were tested:

• Hybridizing to the 5’ end.

• Hybridizing to the middle region.
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• Hybridizing to the 3’ end of the aptamer strand.
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Figure 9.12. A) The aptamer, complementary strand sequences, and competing strands
with a different toehold, overlapping, and hybridization lengths. B) The
schematics of the energy landscapes for the two possible binding pathways.
C) The normalized CD amplitudes for the hybridized state of Apt1-CS1 after
adding various competing strands and a MATLAB simulation of the reaction
kinetics of the competing strands. Reproduced from Publication III. 2022
Licensed under Creative Commons CC BY.

First, the choice of the complementary region is demonstrated with a
DNA glucose aptamer (Figure 9.13 A and B). The CD amplitude diminished
instantly after adding glucose for the samples where the complementary
strand was hybridized to the middle region and 5’ end. Moreover, there
was no observable change in the CD response when the complementary
strand was hybridized to the 3’ end (Figure 9.13 B). Next, we examined
the separation kinetics of the RNA ATP aptamer (Figure 9.13 A and C).
We observed similar results for the DNA glucose aptamer. Therefore, The
complementary strand hybridization was set to block different parts of
the aptamer, which directly affects the energy landscape of the strand
displacement reaction and thus the intermediate seen (Figure 9.12 B) on
the induced fit pathway.

In conclusion, here we introduced a reference analyte to establish a ther-
modynamic model for the dissociation constant of the aptamer system. A
reconfigurable chiral plasmonic DNA origami metamolecules were used as
a probe for the aptamer-analyte interactions. Thus, using CD spectroscopy
gave an advantage of a high signal-to-noise ratio. The chiral probe al-
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lowed for high concentrations of the aptamer and complementary strand
to be used. High CD responses were achieved for all the test systems.
The method allowed for only small amounts of analytes to be used. The
binding of the analytes onto the aptamer bridges led to reconfiguring the
chiral probes, which translated to high CD responses. The DNA-origami
chiral plasmonic assemblies were used as an analytical tool for the reliable
determination of a relative KD of DNA/RNA aptamer systems.
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10. Conclusions

In this thesis, we have explored the evolution of DNA nanotechnology from
structural aspirations to dynamic assemblies and, further, all the way
to potential applications. Using DNA allows for bottom-up self-assembly
of dynamic materials. However, in this case, the bulk material and the
stimuli-responsive parts can be self-assembled with DNA. We demon-
strated how different stimuli could be used to bring forth reconfiguration
of DNA nanotechnology-based assemblies and materials. Moreover, how
these reconfigurations lead to changes in the plasmonic optical outputs.
Furthermore, we demonstrated how CD spectroscopy provides a high
signal-to-noise ratio and translates even minor reconfigurations in the
chiral structure to strong chiral plasmonic responses.

Here, various stimuli-responsiveness of DNA are used with AuNRs to
provide dynamic plasmonic responses in the visible spectrum. Moreover,
the stimuli-responsiveness was demonstrated with reversible self-assembly
of DNA in nanoscale and bulk material applications. All the DNA-based
responsive systems in this thesis were achieved without modifying the DNA
strands. As a result, various plasmonic outputs could be used in dynamic
screen technologies and sensing applications. These can further lead to
the advancement of reconfigurable plasmonic systems with programmable
optical outputs.

DNA nanotechnology has brought together multiple disciplines to build
complex structures and devices on nano- and molecular scales. However,
using a synthetic chemistry route to fashion complex supramolecular as-
semblies can be tedious and resource-intensive. On the other hand, more
complex dynamic molecular assemblies can be constructed using bottom-up
self-assembly of just four programmable bases. Moreover, the process is
more straightforward, lacking harsh chemicals and extreme experimental
conditions. Furthermore, DNA is more stable than most chemicals in
synthetic supramolecular chemistry.

Synthetic organic chemical systems struggle to make dynamic systems
and materials in aqueous solutions. On the other hand, DNA-based sys-
tems are always assembled and function in aqueous solutions. As the
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Conclusions

research in the field progresses, using DNA to construct dynamic materials
and molecular machinery is bound to become ever more popular. As this
thesis highlights, an increasing amount of dynamic systems and materials
can be constructed using nucleic acids.

The current Covid-19 pandemic has highlighted the importance of nucleic
acids as therapeutic agents. As a result, there will likely be a push for
investments in all nucleic acid technologies. Similar to what has already
been seen in New South Wales, Australia, regarding RNA.(171, 172) More-
over, technological development in the upcoming decades will progress
toward biocompatible systems. As a result, more and more technologies
will likely be interfaced with living biological systems, where nucleic acid’s
inherent biocompatibility will be highlighted.

More complex and more extensive structures are being built out of DNA.
Moreover, as this thesis highlights, DNA nanotechnology is branching
towards macroscale materials, eventually leading to more everyday tech-
nologies, such as smart screens, featuring nucleic acids.
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Errata

Publication I

Fig. 3A. The proton arrows go in the wrong
direction.
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